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Welcome 

  
After about two years of discussing the ’birth’ of SASOR (Southern African 
Society of Rheology) with the European Society of Rheology, SASOR was 
formed in 2005.  It was decided that it would be a good idea to have SASOR 
inaugurated while hosting the 1st Southern African Conference on Rheology, 
SASOR 2006.   
 
 
We are very grateful for the support of the international rheological community 
with plenary speakers from the United Kingdom, Russia, Switzerland and India, 
along with delegates from Brazil, Canada, Czech Republic, Germany, Iran, 
Russia and Sweden.  Special thanks as well to our local rheological community 
for their support and excellent response to the conference. 
 
SASOR 2006 will consist of plenary lectures and oral presentations.  We hope 
that you will find the conference stimulating and that you will enjoy what Cape 
Town has to offer in terms of its rich history, vibrant culture and beautiful 
surroundings. 
  
 We wish to express our gratitude to the individuals and organizations that have 
contributed to the success of the conference. 
  
  
  
  
 
  
SASOR 2006 Chairman 
  
 Prof Paul Slatter 
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This lecture contains a personal view of some of 

the fascinating problems that still remain unresolved 
in non-Newtonian Fluid Mechanics.  The particular 
problems highlighted are: (i) The flow of elastic 
liquids through planar and axisymmetric 
contractions, with particular reference to flow fields 
and overall pressure drops (ii) The flow arising when 
a sphere falls under gravity through an elastic liquid, 
with particular emphasis given to the so-called 
“depleted region phenomenon” and also the 
extravagant drag increases found in high Deborah 
number flows (iii) The “splashing” experiment, 
where a solid sphere or liquid drop falls onto the free 
surface of an elastic liquid.  Particular attention is 
paid to the so called “Worthington jet”, which can 
sometimes reach extravagant heights in the case of 
Newtonian liquids. Very small levels of fluid 
elasticity can dramatically reduce this height. 

 The lecture will appeal to published, and also to 
some as yet unpublished, research in the three 
general areas cited.   

 
INTRODUCTION 
 
 Shortly before his death in 1727, the famous 

British scientist, Sir Isaac Newton, looked back over 
his life and expressed an amazing humility for 
someone so manifestly successful: 

 “I do not know what I may appear to the world, 
but to myself I seem to have been only like a boy 
playing on the sea shore, and diverting myself in now 
and then finding a smoother pebble or a prettier shell 
than ordinary, while the great ocean of truth lay all 
undiscovered before me.” 

 I am particularly attracted to the idea of “the great 
undiscovered ocean of truth” and I have sought to 
borrow it for this lecture.  Not that I would wish to 
compare myself in any way with the great man; that 
would be ridiculous! But I can look back on a 
research career in Rheology spanning 50 years and I 
certainly share the frustration of having simply 
picked up the odd smooth pebble, while the great 
ocean of rheological truth still lay all undiscovered 
before me. 

 I am aiming my remarks particularly at those young 
scientists who are just about to embark on research 
careers in Rheology, looking for problems that an old 
sage considers fascinating and important, but are largely 
unresolved. 

So, I shall provide a personal view of just some of the 
unresolved rheological problems that have occupied my 
attention in recent years.  These have also been well 
worked by other international scientists and they would 
no doubt share my fascination and frustration with the 
current position. 

 In view of time constraints, I shall need to be 
selective and I shall limit my attention to so-called 
Boger fluids (see, for example [1], [2]).  These have had 
an important influence on research in non-Newtonian 
Fluid Mechanics in the last three decades – the 
combination of a  constant shear viscosity and high 
elasticity being the major attraction. 

 For the sake of completeness and for future 
reference, we remark that the Trouton ratio for Boger 
fluids (which is the ratio between the extensional and 
shear viscosities) can be far in excess of the value of 3 
expected for Newtonian liquids (see, for example [3]). 

 

 
 
Fig 1. Schematic presentation of contraction flow. 
 
 

FLOW THROUGH CONTRACTIONS 
 
 We firstly consider flow through a contraction, 

which is shown schematically in Fig. 1 (see, for example 

 
A RHEOLOGICAL “OCEAN OF TRUTH” 

Ken Walters 
 

University of Wales, Aberystwyth, UK 
 Email: kew@aber.ac.uk 



 
[4]).  The contractions are abrupt and, in the 
axisymmetric case, we have pressure driven flow 
from one capillary into another of smaller diameter.  
In the planar version, the third dimension is 
considered long enough for the flow to be deemed 
two-dimensional.  We are basically interested in the 
pressure differences required to produce given flow 
rates, and also in the flow structure.  In particular, we 
are interested in the existence or otherwise of so- 
called “ vortex enhancement” . When this 
phenomenon is present, it is accompanied by a 
relatively high pressure gradient to produce a given 
flow rate, and this is usually studied through the so- 
called “ Couette correction” . 

 Let me first remind you of a famous sequence of 
photographs for an axisymmetric contraction 
obtained by D.V. Boger and his colleagues [Fig. 2].  
This and similar pictures have occupied the attention 
of rheologists, both experimental and computational, 
for the best part of 30 years.  Vortex enhancement is 
clear and dramatic (see, for example, [4]). 

 
Contraction Flow of Boger Fluids 

Axisymmetric Contraction 
 
Fig 2. (From D.V. Boger, D.U. Hur and R.J. 

Binnington, J.Non-Newtonian Fluid Mechanics, 20, 
1986, 31.) 

 
 
 Contrast this with what happens when Boger 

fluids flow in planar geometries (see, for example, 
[4], [5] ) (Fig. 3).  In this case, the salient corner 
vortex is almost swept away, as if fluid inertia were 
becoming important, which it is not! 

 

 
 
Fig 3.  Flow visualization pictures for two Boger 

fluids in a 4:1 planar contraction geometry. (From 
K.Walters and D.M Rawlinson, Rheologica Acta 21, 
1982, 547). 

 
 
 Moving on to the “ Dynamics” , we now compare 

the pressure drop/flow rate response for a Boger fluid 
of the same shear viscosity (see, for example, [5]).  In 
the axisymmetric case, the difference is dramatic 
(see, for example, Fig. 4).  A far higher pressure drop 
is required to produce a given flow rate in the case of 
the Boger fluid. 

 

 
 
Fig 4. Flow curves for a Boger fluid and a Newtonian 

fluid of the same viscosity (Axisymmetric contraction). 
 
 
 Contrast this with the situation in the planar case 

(Fig. 5).  In this case there is virtually no difference 
between the responses for the Newtonian and Boger 
fluids of the same shear viscosity.  At the same time, no 
vortex activity is encountered right up to the onset of 
instabilities. 

 

 
 
Fig 5.  Flow curves for a Boger fluid and a 

Newtonian fluid of the same viscosity (Planar 
contraction). 

 
 
Let us now try to understand and explain what we 

have just seen by asking Computational Rheologists: “ Is 
it possible to predict and simulate the observed 
behaviour?”   They would point us to the need for a 
convenient constitutive model which is able to predict 
the behaviour of Boger fluids – at least in simple 
rheometrical flows.  An immediate choice comes to 
mind that most would agree to be appropriate and 
reasonable, at least as a first guess – the so-called 
Oldroyd B model [6], which in conventional notation 
has the following constitutive equations: 
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where ikV is the stress tensor, ikd the rate-of-strain 
tensor, p an arbitrary isotropic pressure (for the 
incompressible fluids of interest here), ikG is the 
Kronecker delta, the triangle signifies the non-linear 
upper-convected time derivative and 10 ,OK and 

2O are material constants.   

 The associated predictions for some rheometrical 
flows are, in the case of steady simple shear flow 
with shear rate J� ,  
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In a uniaxial extensional flow with strain rateH� , 

the corresponding extensional viscosity EK  is given 
by 
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Briefly, we have a constant shear viscosity, a 

positive quadratic first normal stress difference and a 
zero second normal stress difference. Eq.(4) implies a 
potentially high extensional viscosity .EK  

 At the University of Wales Institute of non-
Newtonian Fluid Mechanics (UWINNFM), we have 
studied contraction flows for the Oldroyd B model 
using a variety of numerical methods (see, for 
example, [7]).  

 In Figure 6, from reference [7], there is evidence 
of vortex enhancement in the axisymmetric case and 
the simulations confirm the general trend to vortex 
inhibition in the planar case. 
 

 
Fig 6.  Streamlines in planar and axisymmetric 
contractions for the Oldroyd B model. 
 
 
Computational Rheologists can clearly take some 
comfort from such qualitative agreement between 
simulation and experiment in what is a non-trivial flow 
situation.  But what of the Couette correction?  What of 
the pressure gradients required to produce a given flow 
rate?  Sadly, without exception, in our simulations 
viscoelasticity is predicted to have a negligible effect on 
the Couette correction, even when there are substantial 
changes in the flow structure.  One can obviously live 
with this in the planar contraction flow of constant 
viscosity liquids, but certainly not in the axisymmetric 
case. 

 This is disappointing and a matter of concern, 
especially since the UWINNFM is not alone in coming 
to this negative conclusion.  So far as I am aware, 
everyone, without exception, has been unable to 
simulate measurable and meaningful increases in the 
Couette correction – and this remains one of the 
unresolved problems in the field! 
 
THE “SETTLING” PROBLEM 
 

 We now turn to the “ settling”  problem, where a 
sphere is released from rest under gravity in an 
otherwise quiescent liquid, which fills a cylindrical 
container.  We assume that the sphere falls along the 
axis of the cylinder. 

 
 Once the inevitable transients have disappeared, the 

sphere reaches a terminal velocity, which we denote by 
U.  In general, U is a function of the density and radius 
of the sphere and the density and rheological properties 
of the test liquids, especially the shear viscosity 0K .  

For the Boger fluids under discussion, the drag on the 
sphere is conveniently written in the form: 
 



 
,6 0UaKF SK  (i) 

 
Where a is the radius of the sphere and K is a drag 
coefficient, which is a function of the ratioE  
between the radius of the sphere and that of the 
cylindrical vessel R and also the rheological 
properties of the test liquids. 

 Now, I first need to draw attention to an unusual 
phenomenon first reported by Bisgaard [8] in 1983.  
Specifically, under some conditions (and it is 
important to emphasise the implied lack of 
universality) dropping a second sphere some minutes 
later, along identically the same path as the first, 
results in a measurable increase in the terminal 
velocity!  After a succession of drops, the terminal 
velocity does settle down to an equilibrium value, but 
this is often about 25% higher than in the first drop.  
It can sometimes take hours for the test liquid to 
recover its virgin state and for the terminal velocity 
to return to its initial value. 

 We shall refer to this as the “ depleted region 
phenomenon” , although there is strong reason to 
believe that this is a misnomer (see, for example, 
[9]). 
 

 
 

Fig 7.  Terminal velocity as a function of drop 
number for a Polybutene-based Boger fluid in two 
different  programmes. 
 
Figure 7 contains some of our own published data 
from [10], but to demonstrate the scale of the effect, I 
shall appeal to some as yet unpublished research 
carried out in collaboration with a Mexican P.D.R.A., 
A.E. Chávez. 
 We shall present data for a Newtonian fluid and 
two Boger fluids, one a glucose syrup/water-based 
fluid, with a 0.1% concentration of polyacrylamide, 
and the other based on polyisobutylene in a solvent 
consisting of a mixture of polybutene and 2-
chloropropane. 
 The time interval between each sphere release 
was 15 minutes, which was far longer than the 
relaxation times of the Boger fluids. 
 

 

 
 
Fig 8.  Data for a Newtonian fluid.  2.9 Pa s. R= 2.76cm. 
� ��������������� � �������������. 

 
 
  
Figure 8 contains the terminal velocity variations as a 
function of the drop number for a Newtonian fluid and 
two values of E .  In this case, there is clearly no 
evidence of a depleted-region effect.  Figure 9 shows 
how the terminal velocity varies with E  in this case.  In 
these experiments, the increase in the mass of the sphere 
with increasing radius (i.e. increasing E  for fixed R) is 
more important than the increased fluid resistance with 
increasing E , so that the terminal velocity U increases 

with E  over the range of the experiments. 
 

 
 
)LJ�����7HUPLQDO�YHORFLW\��� �Gata for a  Newtonian Fluid. 
2.9 Pa s.  R  = 2.76cm. 
 
 
 Figure 10 contains data for the polyacrylamide-based 
Boger fluid for E  = 0.088.  There is now clear evidence 
of the depleted-region phenomenon. 



 

 
Fig 10.  Data for the polyacrylamide based fluid.  R = 
4.5cm,  = 0.088. 
 
 
 Figures 11 and 12 are also for the 
polyacrylamide-based fluid.  They are interesting in 
that, over the duration of the experiments, different 
spheres were used. 
 

 
Fig 11.  Velocity / drop number data for the 
polyacrylamide based Boger fluid.  R = 4.5cm�� �  �
0.105, 0.088, 0.078. 
 
In Figure 11, the largest sphere was released first and 
the experiment repeated at 15 minute intervals until 
an equilibrium terminal velocity was obtained.  The 
largest sphere was then replaced by the second in the 
series, followed finally by the smallest sphere ( E  = 
0.078). 
 The observed behaviour is as one would expect, 
with the largest sphere providing an adequate 
mechanism for the subsequent spheres.  We confirm 
that the equilibrium terminal velocities for E  = 

0.088 and E  = 0.078 are as one would obtain from a 

virgin series of drops for these E  values, once the 
depleted-region effect in the early experiments had 
been accommodated. 
 

 
 
Fig 12.  Velocity / drop number data for the 
polyacrylamide based Boger fluid.  R = 4.5cm. �  �
0.078, 0.088, 0.105 
 
 Of more interest, perhaps, is the behaviour when the 
smallest sphere is dropped first, as in figure 12.  The 
depleted region effect is clearly evident for E  = 0.078, 
but the larger spheres in subsequent drops are already 
experiencing their equilibrium terminal velocities, with 
no evidence of any further “ restructuring” . 
 We are led to enquire whether there is a limit on the 
“ smallness”  of the first sphere, for which subsequent 
experiments on much larger spheres would be 
unaffected by the gradual build up to the equilibrium 
terminal velocity; i.e. would we find a behaviour of the 
sort found in Figure 12 when the first sphere has a very 
small radius?  I’m afraid that we have not been able to 
pursue this interesting question and currently it remains 
in the “ great undiscovered rheological ocean of truth” . 
 

 
 
Fig 13.  Velocity/Distance data for the polyacrylamide 
based Boger fluid.  R = 4.5cm. � ��������)RU� WKH�ILUVW�
16 drops. 
 
 During the course of the experiments, Chávez had 
access to a high speed camera, which enabled him to 
investigate the detailed motion of the spheres as they 
moved through the test liquids. Figures 13 and 14 
contain data referring to the situation studied in Figure 
10 for the polyacrylamide-based Boger fluid.  Figure 13 
confirms that the equilibrium velocity is reached after 
the fall of the 12th sphere, i.e. after about 3 hours.  
Figure 14 contains data for the first two releases, 
concentrating on the response shortly after the release of 
the spheres. There is clear evidence of an initial 



 
overshoot, oscillation, and the depleted-region effect 
when the velocity settles down. 
 

 
 
Fig 14.  Velocity/Distance data for the 
polyacrylamide based Boger fluid.  R = 4.5cm,  = 
0.088. 
 
 
 Interestingly, in experiments involving the 
polybutene-based Boger fluid (Figure 15), there is 
clear evidence of an undershoot following the initial 
overshoot.  However, the depleted-region effect is  
much weaker in this case. 
 

 
 
Fig 15.  Velocity/Distance data for the polybutene-
based Boger fluid.  R = 2.6cm.  = 0.129. First 6 
drops. 
 
 Clearly, far more research needs to be carried out 
on the depleted-region effect, especially since the 
published research and analysis to date, although 
detailed and reliable, is still not conclusive ([9], [10], 
[11]). 
 But we now need to proceed to considering the 
case when the depleted region phenomenon is either 
absent (as it is for some elastic liquids [10]) or  
accommodated, so that we can  unambiguously refer 
to the “ terminal velocity” .  As time constraints make 
it necessary to restrict the discussion, we chose the 
case of an infinite expanse of liquid, corresponding 
to 0oE .  Other values of E  are discussed in [10] 
and elsewhere. 
 

 
 
Fig 16.  The effect of Weissenberg number on the non-
dimensional drag coefficient for five constant-viscosity 
elastic liquids (from D.V. Boger and M.J. Solomon, 
1996). 
 
 
 For 0oE , computational rheologists at my 
University predicted virtually no change in the drag 
coefficient K up to a Weissenberg number of 4 [12], and 
I do not know of any other simulations that significantly 
contradict this conclusion.  By contrast, experimental 
results provided by S. Muller of Berkeley and others 
(see, for example, [13], [14]) often show a very 
significant increase in drag (see Figure 16).  Caution is 
again needed at this point, since the precise 
Drag/Weissenberg number observations depend 
critically on the physical chemistry of the polymer 
solutions – shades again of the depleted-region situation! 
 Again there is progress on all fronts, but a frustrating 
lack of agreement between experiment and simulation – 
and even some of the experimental results are reluctant 
to give up all their secrets. 
 
THE SPLASHING EXPERIMENT 
 
 We now introduce some fascinating phenomena 
associated with the “ splashing”  experiment. 
 

 
 
Fig 17. The splashing experiment. 
 
 



 
 In the axisymmetric case, a sphere is dropped 
from some distance above the free surface of a liquid 
and a rich sequence of events unfolds (Figure 17).  
The initial crater, the crown structure and the vertical 
jet (with the possibility of distinct satellite drops) are 
all features that can occur in a single experiment.  
The vertical jet can often reach exceptional heights. 
We call it “ the Worthington Jet”  after the British 
scientist who first investigated the effect over a 
century ago. 
 In the planar version of the splashing experiment 
(see, for example,[15]) a long horizontal rod is 
released onto the free surface of the liquid. 
 In the splashing experiments, the fluid recipe is 
such that the viscosities are quite low (of the order of 
0.5Pas).  This restriction is important, since the 
“ window of opportunity”  in the splashing experiment 
is rather limited.  When the viscosity is too low, 
satellite drops can dominate, and if the viscosity is 
too high, the flow is uninteresting with no sizeable 
Worthington jet. 
 In our experiments (see, for example, [15]-[17] 
the polymer concentrations were quite low and the 
test liquids could be considered to be in the “ slightly 
elastic liquid”  category, with very small 
characteristic relaxation times.  However, in the 
splashing experiments, polymer concentrations as 
low as 10wppm can result in significant changes in 
the flow characteristics. 
 Let us now concentrate on the Worthington jet 
and how its height can be dramatically affected by a 
very small amount of viscoelasticity.  The timescale 
of each experiment is very short and the phenomena 
are sometimes invisible to the naked eye.  Hence the 
availability of a high-speed camera is desirable. 
 It is possible to compare the response of slightly 
elastic polymer solutions with that of the solvent, or 
to modify the recipe sonewhat to ensure that the 
Newtonian and Boger-fluid viscosities are the same.  
There is no great issue here, since the polymer 
concentrations of interest are so low as to have a very 
small effect on the viscosity. 
 

 
 
Fig 18.  Photographs for the jet on reaching its greatest 
height.  Picture taken 200ms after impact for the 
Newtonian fluid and approximately 150ms after impact 
for the Boger fluid.  (The greatest height of jet is 
approximately 2cm). 
 
 
 In Figure 18 we see published pictures from [16] 
involving a Newtonian fluid and a Boger fluid of the 
same shear viscosity.  The polymer concentration of 
50wppm means that the characteristic time of the 
polymer solution is quite low. 
 The pictures tell their own story!  A slight amount of 
viscoelasticity can have a dramatic influence on the 
height of the jet.  We quantify the scale of the effect for 
a typical set of conditions and a polyacrylamide-based 
test fluid (Figure 19 [17]).  We see that a concentration 
as low as 10wppm can have a massive influence on the 
height of the jet, although any change in the shear 
viscosity is insignificant. 
 

 
 
Fig. 19. Worthington jet heights for various 
concentrations of polyacrylamide. 
 



 
 
 We clearly need to consider the questions of 
likely mechanisms and the possibility of numerical 
simulation. However, let us first address the same 
issue that occupied our attention in connection with 
contraction flows; i.e. what is the effect of slight 
elasticity in the corresponding two-dimensional 
planar splashing experiment?  As mentioned earlier, 
this involves the release of long horizontal cylindrical 
rods onto the free surface of the liquid (see, for 
example, [15]).  The representative figure (Figure 20) 
shows that, in this case, there is essentially no change 
in the maximum height of the jet over the range of 
conditions that we were able to study.  This mirrors 
our findings in the contraction flow experiments for 
Boger fluids discussed in section 2. 
 

 
 
Fig 20.  Photographs for a sphere and a long rod 
(from [15]). Newtonian fluid on the left and a Boger 
fluid of the same viscosity on the right. Falling 
sphere in top pictures and falling rod in the bottom 
pictures. Concentration of polyacrylamide in the 
Boger fluid is 10wppm. 
 
 
 
 In passing, we remark that the splashing 
experiment is relatively simple to perform and is 
clearly very sensitive to small changes in the making 
up of the test liquids.  For this reason, we have 
recommended that, in some circumstances, it can be 
used as a sensitive test to distinguish fluids that 
appear to be the same rheometrically, and yet behave 
differently in practical situations; i.e. it may be useful 
in an Industrial Quality Control context. 
 
 
 
 

 
 
Fig 21.  Worthington-jet heights for two inks and a 
Newtonian liquid of the same viscosity and surface 
tension. 
 
 
 For example, we have used the splashing experiment 
to exhibit differences in two fluids used in ink-jet 
printing, which could not be distinguished using 
conventional rheometry, although the inks behaved quite 
differently in an industrial context.  Figure 21 contains 
data for the two inks and one Newtonian liquid.  All 
three liquids have virtually the same shear viscosity and 
surface tension, but they obviously behave differently in 
the splashing experiment.  The QC potential of the 
splashing technique is clearly self evident. 
 Before concluding this section, let us now give some 
attention to the possibility of simulating the provocative 
flow features we have described.  In the splashing 
experiment the Computational Rheologist is faced with a 
challenging numerical problem, since the flow is clearly 
unsteady and involves free surfaces. 
 Recently, I have been associated with some 
innovative numerical work generated in Sao Carlos in 
Brazil by Cuminato, Tome and others, ably assisted by 
McKee of the University of Strathclyde in Scotland [18].  
Currently, the simulations are for the simpler falling 
spherical drop problem (from a numerical point of 
view), rather than a solid sphere, but from published 
experiments [17] we can expect a similar reduction in 
the height of the Worthington jet due to slight elasticity 
in this case also. 
 
Figure 22 shows representative simulations of the flow 
development for an Oldroyd B fluid as an appropriate 
non-dimensional number increases.  Clearly, we can 
simulate the flow and there is a difference in the height 
of the jet as the viscoelasticity increases.  Furthermore, 
the difference is at least qualitatively consistent with 
experimental data.  Clearly, this research is encouraging, 
but there is no doubt that major challenges remain in 
what is a very difficult numerical problem. 
 Concerning mechanisms for the dramatic changes in 
the height of the axisymmetric jets, we have in the past 
related the changes to the extensional viscosity 
characteristics of the Newtonian and Boger fluids, this 
being one rheometrical function which is known to be 
quite sensitive to changes in polymer structure.  In a 
“ hand-waving”  fashion, we have even gone as far as to 
propose the splashing technique as a means of 
“ estimating”  extensional-viscosity levels. 
 Interestingly, for the contraction flows discussed in 
section 2, the extravagant increases in the Couette 



 
correction for the axisymmetric contractions have 
also been associated with the extensional-viscosity 
characteristics of the liquids (see, for example, [19], 
[20]). 
 
 

 
 
Fig 22.  Numerical simulations for conditions when 
the Worthington jet reaches its maximum height 
(from [18]). 
 
  
 
POST MORTEM 
 
 It is now necessary to assess the progress, if any, 
in the three areas of research we have majored upon 
and to be realistic about the questions that remain 
unanswered.  Is it reasonable to talk of “ a great 
undiscovered rheological ocean of truth”  or is that a 
draconian assertion? 
 Certainly, we are able to point to a substantial 
body of experimental research, which, although not 
complete by any means, is sound and convincing and 
may certainly confront theoreticians with several 
challenging problems, some of which are very 
reluctant to succumb to critical scrutiny.  We shall 
list some of the more pressing of these as we 
conclude this presentation. 
 
1. It is obvious that the physical chemistry of the 
polymer solutions is very important in some of the 
experiments, notably in determining the drag on a 
sphere in the “ settling”  experiment and in the 

associated depleted-region phenomenon.  At the very 
least, it points to some situations where a continuum 
approach, in and of itself, will not be sufficient to 
resolve outstanding issues. 
 
2. Some of the existing numerical simulations are a 
long way from being able to match available 
experimental data, especially in the excessive drag 
increases sometimes found in the settling experiment 
and in axisymmetric contraction flows. 
 Of course, one is able to point to the inadequacies of 
the Oldroyd B model, but if one takes such an evasive 
position, it still leaves unanswered why simulations for a 
model, which is generally acknowledged to have many 
of the features of importance, are totally inadequate to 
match observed behaviour.  Furthermore, we know of no 
simulations for other more elaborate and possibly more 
realistic models which result in increased drag 
predictions of the sort found in many of the experiments. 
 
3. If we are correct in asserting that both “ contraction 
flows”  and “ splashing”  can be used to provide an 
estimate of “ resistance to extensional deformation” , why 
is it that no vortex enhancement is found when Boger 
fluids flow in planar contractions, while no reduction is 
observed in the planar Worthington-jet height due to 
viscoelasticity?  There is certainly no evidence to 
suggest that Boger fluids exhibit high Trouton ratios 
only in uniaxial extension and not in planar extension! 
 
4.   In this presentation, we have not been able to 
address the question of the likely impact of such 
rheometrical features as “ shear thinning” .  This is of 
course absent in the Boger fluids on which we have 
majored.  Sufficient to say that the presence or absence 
of shear thinning can raise further provocative questions, 
but these are outside the scope of the present lecture. 

 
5. What is ‘The way forward’?  Presumably to throw 
the odd smooth pebble or pretty shell into the great 
rheological ocean of truth and study the resulting 
ripples!  In these days when “ industrial relevance”  and 
“ rapid publication in ‘respectable’ journals”  is becoming 
ever more important, there is the strong possibility that 
the outstanding questions we have raised will remain 
unanswered for some considerable time.  We sincerely 
hope that this will not be the case! 
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INTRODUCTION 

Time effects are one of the milestones of rheology. 
The main field of application of time effects is 
viscoelasticity (either linear or non-linear) [1-3] 
where the concept of time effects reflects the time-
dependent behaviour of a material, its inherent 
properties being untouched. However there is another 
vast field of time effects, which appeared due to 
time-dependent properties of a material. This could  
be the well-known effects of thixotropy, rheopexy 
and so on, related to changes of the material structure 
due to applied stresses (deformations) and complete 
or partial restoration of the initial structure after 
cessation of deformations. It could also include 
changes of properties, due to chemical and/or 
physical processes occurring in time, and resulting in 
irreversible changes of material structure and 
rheological properties of a matter. The latter case is 
treated as “rheokinetic” processes [4], which is the 
subject of this presentation.   

The following classification of time effects can be 
proposed: taking T as a characteristic time of an 
observer, T,  is a characteristic relaxation time and W 
is a characteristic time of a chemical (or physical) 
transformation. In that case the situation T >> W; T 
<< T corresponds with a “stable” liquid (either 
Newtonian or non-Newtonian), the relationships T | 
T�7����W� � � reflects the conception of a viscoelastic 
medium, and the following relationships T | W; T » T 
determine the field of rheokinetic liquids. 

CLASSIFICATION OF RHEOKINETIC 
LIQUIDS  

Rheokinetic processes are the most interesting for 
polymeric substances. It is related to a possibility of 
profound changes in rheological properties of 
polymers in chemical processes, while the viscosity 
of low-molecular-mass substances is, generally 
speaking, of the same order.  

There are two possible types of rheokinetic 
liquids. Firstly, due to chemical processes (mainly 
polymerization processes and reactions of chemical 
groups in polymeric chains), a material passing from 
the initial to the final stage remains a liquid, i.e. it 
can flow and its rheological properties are 

characterized by viscosity, though viscosity can 
change in the range of many decimal orders. The 
second case is related to the process of curing, 
characterized by the loss of fluidity at some stage of 
the process. In this case rheokinetic studies are 
focussed on the process of viscosity growth up to the 
gel-point (time related the loss of fluidity). Here the 
rheological properties of a material are characterized 
not by the viscosity profile, but by the evolution of 
other rheological properties, primarily elastic 
modulus of a material. 

The rheokinetic processes under discussion 
generally start in a homogeneous system. However, 
as a result of chemical transformation, the transition 
from a homogeneous to a heterogeneous system can 
take place. This transition can be detected by 
rheological methods and vice versa, phase transition 
(in particular, phase separation) influences the 
rheokinetics of the process.  

And finally, the flow of rheokinetic liquids has 
some important peculiarities. In fact, if the viscosity 
of a liquid is changing in time, one can expect 
transformation of a velocity profile along the length 
of a tube. In this event it is necessary to formulate the 
dynamic equation for a rheokinetic liquid and to 
analyse these equations for several standard 
situations, primarily for a polymerizing liquid 
(remaining fluidity) and for a curing material (losing 
fluidity). 

 

RHEOKINETICS OF POLYMERIZATION 

When a process of polymerization takes place in a 
homogeneous system, a newly formed polymer is 
dissolved in a reactive medium. This medium is a 
solution of a polymer in a low-molecular-mass 
solvent. The dependence of viscosity of such system 
on polymer concentration, M, and molecular mass, M, 
of a polymer is described by well-known power-type 
relationships (see, e.g.[ 3.5]): 

 
baKM MK  ,   (1) 

 
where K, a and b are constants. 
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 It should be kept in mind that the evolution 

of molecular mass and concentration in time depend 
on the nature and kinetic scheme of the concrete 
polymerization process. The kinetic equation of a 
reaction gives us the time dependence of the degree 
of polymerization, E(t), and the mechanism of a 
reaction predicts the dependencies M(E) and M(E). 
Finally, this approach points towards the time 
dependence of viscosity, K(t), of a reactive system. 
This is a result of rheokinetic calculations that can be 
compared with experimental data, or used for 
predictions of a viscosity profile in the concrete 
process under discussion. 

 
Principle kinetic schemes 

It is reasonable to distinguish three principle 
polymerization models.  

 Firstly, let us assume that there are N active 
centres, at which polymer chains are growing. In this 
model (which is close to the real ionic 
polymerization process) M = E and M v EN-1. As a 
result, one can expect the viscosity evolution to be 
described by the equation: 

 

 1��v NK baEK .  (2) 
 
Secondly, let us consider the situation when chain 

growth occurs up to a certain degree of 
polymerization, after which another chain begins to 
grow (this is a model of free-radical polymerization 
process). According to this model M = E and M  = 
const. This means that the viscosity profile is 
expected to be 

 
aKEK v .   (3) 

 
Thirdly, the formation of a polymer can proceed in 

the following way: all monomer, oligomeric and 
polymeric molecules in a system interact 
simultaneously by their reactive ends (such process is 
a model of step polymerization, or 
polycondensation). In this case E = 1 and M  = (1 - 
E)-1. A viscosity profile corresponding to this model 
can be presented as 

 
1)1(

��v EK .   (4) 
 

The viscosity profiles described by Eqs 2-4 are 
different, as is clearly seen from the structure of these 
equations, illustrated in Fig. 1  
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Fig. 1. A comparison of viscosity profiles for 

different mechanisms of polymerization: ionic (I), 
free-radical (FR) and step (SP). 

Experimental data and complicated cases  
Experimental data for all types of polymerization 
types confirm the validity of this approach based on 
the analysis of principle kinetic schemes (Figs 2-4) if 
a process takes place in a homogeneous system.  
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Fig. 2. Anionic polymerization of dodecalactam 
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Fig. 3. Free-radical polymerization of methyl 

metacrylate.  
 

0,5 1,0 1,5
0,0

0,5

1,0

1,5

2,0

tan �  = 3.5

1800C

1700C
1600C

1500C

log t  [min]

log 	 [Pa*s]

 
Fig. 4. Step polymerization of polysulphone. 

 



 
Meanwhile, this simplest situation becomes 

invalid in several cases, the most important of them 
being phase transition in a reactive system.  

If this happens, the following effects are 
observed. According to Eq. 2 in the case of ionic 
polymerization, the exponent should be equal to the 
sum of exponents in Eq. 1, but an experiment 
demonstrates that a = 0. It means that only the 
concentration is changing, but chains do not grow. 
This is possible if a reactive system finds itself in a 
phase separation domain. 

 In free-radical polymerization, phase separation 
results in inversion of a viscosity profile (Fig. 5). It is 
well known that the rate of the reaction in free-
radical polymerization increases at the definite 
degree of the conversion. This phenomenon was 
treated as the gel-effect.  

Meanwhile rheokinetic analysis shows that the 
polymerizing system continues to be homogeneous in 
the range of degrees of conversion corresponding to 
the gel-effect, i.e. there is no formation of gel. 
However, this point corresponds with the special 
point on concentration dependence of viscosity, 
which relates to the change in the slope on the K(M) 
dependence that is treated as the transition from 
diluted to concentrated solutions. It means that the 
so-called gel-effect is related not to gel formation, 
but to the appearance of the entanglement network in 
long-chain macromolecules at the definite 
concentration of a polymer in a solution. 

Step polymerization can result in the formation of 
a giant macromolecule extending throughout the 
whole volume of a reactive mass. Naturally, it leads 
to the increase of viscosity up to the complete loss of 
fluidity, due to the formation of polymeric molecules 
of extremely high MM. This situation is illustrated in 
Fig. 6. 

Consequently, the following reasons can result in 
deviations from the three basic (principle) schemes 
of polymerization processes:  

- phase transition in the process of polymerization; 
- existence of parallel reactions; 
- branching; 
- kinetic-to-diffusion domain transition; 
- inhomogeinity of a reactive medium (gel-effect). 
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Fig. 5. Rheokinetics of polymerization of MMA in a 
binary solvent (50% solution in 
cyclohexane/toluene). Arrows show the point of 
phase separation as detected by the optical method. 
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Fig. 6. Solution-to-gel transition in synthesis of 
polysulfone in DMMA/water solution 
 

 
 
 
Initial Stage of polymerization 
A special case of rheokinetic studies is related to the 
investigation of the very first stage of 
polymerization. A special method of following the 
kinetics of the process was proposed, based on the 
Toms effect [6]. It is interesting to note that the 
kinetics of the process at the very beginning of 
polymerization might be quite different from the 
kinetics of the main part of the process. This 
approach, though not yet developed, can be useful for 
the estimation of the quality of a catalyst system used 
in a specific process. 

 
 

GELATION 
 

Gelation occurs in the polymerization of poly-
functional monomeric or (usually) oligomeric 
products. As a general rule, it is correct to speak of  
oligomer curing. 

There are two domains of oligomer curing – the 
growth of viscosity up to the gel point (at the gel 
time, t*) and an increase in the density of the network 
of chemical bonds beyond the gel point. This means 
that the methods of rheokinetic analysis differ, 
depending on the domain of the process under study. 

 
The growth of viscosity before the gel point. Gel-
point determination 
Many methods of gel point determination were 
proposed and discussed in literature. However, the 
most rigorous method should be based on the formal 
definition of the gel-point: this is the moment when  
a material loses fluidity (or viscosity grows 
unlimitedly). In this case the rheokinetic 
determination of the gel point should be based on 
extrapolation of the K(t) dependence to the time 
when K o f. As shown in Fig. 7, it can be done by  
presenting experimental data in coordinates K-1 vs. t  
to that time value when K-1 = 0.  
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 Fig. 7. Determination of the gel point by 
extrapolation of the K-1 vs. t  to K-1 = 0. (curing of 
epoxy resin compound). 

 It is interesting to note that the gel time 
determined as the moment when K o f corresponds 
with the position of the maximum of loss tangent 
(Fig. 8). 
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Fig. 8 Correlation of the gel times determined by 
viscometry (as t at K o f) and tanG maximum 
(curing of epoxy resin compound). 

 
The form of time dependence of viscosity before 

the gel point was widely discussed in literature due 
to, firstly, theoretical interest in this effect, and 
secondly, the applied importance of knowing the 
length of the period before t* for technological 
purposes.  

 Scaling conception operates with the 
following equation for the viscosity growth near the 
gel point: 

 

 > @ att �� */(1/ 0KK   (5) 

where the exponent a should be universal and equal 
to 0.7 [7. 8]. 

 An equation of this type can in fact be used 
for the approximation of experimental data (Fig. 9), 
but they should be treated as fitting equations only 
because the exponents a do not appear to be constant 
(see e.g. Fig. 9 and 10). 
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Fig. 9. „Scaling“ construction for melamine resin 
solutions of Different concentrations. 

 

0 20 40 60 80 100
0,0

0,5

1,0

1,5

2,0
 1
 2
 3
 4

a

 

Theory

t0C

 Fig. 10. Values of the exponent a at different 
temperatures in the curing of epoxy oligomer 
compounds (1-4 different concentrations of the 
curing agent). 

 
 It is clearly visible that the slopes of straight lines  

in Fig. 9 and the values of the exponent a in Fig. 10 
are not constant, but vary in a rather wide limits.  

Time dependence of viscosity before the gel point 
can be also described by the exponentional equation: 

 

 
tke KK 0    (6) 

 
where k �  is a rate  constant and K0 is an initial value 
of viscosity before curing commences.  

It is evident that this equation does not predict the 
existence of the gel point that contradicts the physics 
of the process. However, this equation is rather 
convenient for applied purposes, because it can be 
used for the calculation of the technological window 
where viscosity remains below some definite limit.  

  



 
It is useful to establish an empirical correlation 

between two main constants determining rheological 
properties of a curing oligomer in the initial stage of 
the process, i.e. correlation between a rate constant k �   
and the gel time. 

The correlation between these constants does in 
fact  exist, and is shown in Fig. 11.  
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Fig. 11. Correlation between the rate constant k �  and 
the gel time for phenol-urethane oligomer and its 
compounds with glass beads. 

 
The fitting straight line in this figure can be 

described by the equation: 
 

(t*kh)= 7.0 ± 0.5  (7) 
 

     This relationship roughly corresponds with the 
empirical rule: K*/K0 | 103, i.e. gelation (from a 
technological point of view) takes place when 
viscosity increases by 1000 times in comparison with 
its starting value. This rule can be used for rough 
estimation of the “life-time” of curing oligomeric 
compounds. 

  
Microgelation  
Rheokinetic studies show that the process of curing 
has some peculiarities, which seem rather unusual on 
face value. The inconstancy of the exponent in the 
scaling Eq. 5 has already been mentioned. Fig. 12 
demonstrates that the gel time (as the rate 
characteristics of the curing process) does not depend 
on the concentration of oligomer in a reactive 
system.  
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Fig. 12. Curing of melamine-formaldehyde resin in 
water. The gel time for solutions of different 
concentrations. 

 
It looks rather strange from kinetic positions, because 

one of the central conceptions of chemical kinetics is 
the dependence of the rate of a reaction on the 

concentration of reagents. Fig. 13 shows that gelation 
takes place at different degrees of conversion, which 
contradicts a pure topological approach to this 
phenomenon. 
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 Fig. 13.Curing of melamin-formaldehyde resin in 
water. Concentration at the gel point depends on 
temperature. 
 

The new insight concerning the 
phenomenon of oligomer curing can be obtained by 
examining Fig. 14. One can see that the position of 
the gel point (as determined by viscometry) 
correlates with loss tangent maximum, as before. 
Therefore this is a real gelation point. 
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Fig. 14. Gelation takes place at the gel time t*. 
Appearance of a new phase – microgelation at tf. The 
dependence of the rate of curing on shear stress has 
been demonstrated. 
 
However, quite new phenomena appear before the 
gel point: the sudden growth of optical density at a 
particular moment, tf , and the dependence of the rte 
of the process on shear stress in the same time range 
– between tf and t*. It can be assumed that at tf 
colloid-size microparticles exist in a reactive mass. 
This is the phenomenon of microgelation, when 
small cured particles do not form a three-dimensional 
network through the whole system and a reactive 
mass becomes inhomogeneous. 

The ration tf/t* is different for various curing 
systems, but it is always less than unit. It means that 
the effect of microgelation is of general significance  
for numerous curing materials. This phenomenon 
alone explains the following set of experimental facts 
cited above: 
- non-constant values of the exponent in the 
scaling equation for viscosity near the gel point; 
- independence of kinetics of curing on 
concentration (Fig. 12); 
- dependence of the degree of curing on 
temperature (Fig. 13); 
- dependence of the rate of curing on shear 
stress at t > tf  (Fig. 14); 
- direct observation of the increase of the gel 
content long before the gelation of the material as a 
whole. 
 
Regarding the influence of shearing on kinetics of 
chemical reactions, shearing can result in different 
effects related to the rheokinetics of chemical 
reactions. Most evident is the increase of temperature 
due to energy dissipation. This leads to the shortage 
of the induction period in curing and the decrease of 
the gel time, i.e. to the increase of the rate of a 
reaction [9, 10]. The other quite evident case is the 
increase of the rate of chemical reaction due to 
intensive mixing. This is especially true of a reaction 
proceeding in a diffusion-controlled regime. In this 
case, mixing provides better contact of reagents. It 
was demonstrated that the rheokinetics of the 
isothermal urethane polymerization does not depend 
on superimposed shear rate [11]. However, it is 
possible to regard this result as having no general 
significance. In fact, Fig. 14 demonstrates that the 

rate of a reaction decreases in increasing shear stress. 
An analogous effect was observed in [12]. The 
authors attributed this effect as a shear-thinning 
behaviour in a two-phase colloid-like system. It is 
reasonable to agree that the system becomes two-
phase as a result of microgelation. Moreover a liquid 
can be non-Newtonian, like many colloid solutions, 
but the decrease of viscosity in increasing shear 
stress should be treated as a pure rheokinetic effect – 
the decrease of the rate of a reaction in increasing 
shear stresses. 

A rather impressive observation in respect of the 
role of shearing in rheokinetics of polymerization is 
presented in Fig. 15. It is seen that when 
polymerization takes place at 1900C (left part of the 
Figure), there is some influence of shearing on the 
rheokinetics of the process; but while polymerization 
proceeds at 1700C, the increase of shear rate leads to 
the suppression of polymerization. So, it is evident 
that there are situations when the increase of shear 
rate (or shear stress) leads to the decrease of the rate 
of a chemical reaction. The general cause of this 
effect is the shear-induced shift of the phase 
transition temperature that results in the transition of 
a reactive medium to the two-phase state [13].  
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Fig. 15a. Rheokinetics of caprolactam 
polymerization at 1900C. 
 
 

Fig. 15b. Rheokinetics of caprolactam 
polymerization at 1700C  
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FLOW OF A RHEOKINETIC LIQUIDS 
THROUGH TUBES (“TUBE AS A CHEMICAL 
REACTOR”) 
 
Flow of a reactive (“rheokinetic”) liquid through a 
tube is described by the following uni-dimensional 
equations: 

    (8) 
 
The main peculiarity of this equation is the 
dependence of viscosity on the degree of conversion, 
K(E). It leads to unusual velocity profiles, as was 
discussed in [14-16] and in particularly to the effect 
of the breakthrough of a stream in the central part of 
a tube. It results in different technological 
consequences, including the  inhomogeinity of the 
final product if  a tube is considered as a reactor. In 
fact, a tube is really used as a polymerization reactor 
in some technical applications. Therefore it is 
necessary to introduce rheokinetic relationships as an 
obligatory part of modeling a technological process. 
     One of the  rather important results of the 
breakthrough stream is the appearance of a bi-modal 
molecular weight distribution (MWD). In fact, 
different layers of a stream  at different radii of a 
channel take part in a chemical process at various 
times. Let us discuss a model situation when – 
according to chemical reasons – one can expect the 
synthesis of a polymer with a very narrow MWD, 
such as the Poisson MWD:  

     (9) 
  
       However, the “cup-averaged MWD” is described 
by the following equation: 

     (10) 
 
The  results of calculations for this “cup-averaged 

MWD” are shown in Fig. 16. The difference between 
very sharp uni-modal Poisson MMD, Eq. (8), and 
real MWD obtained in a tube reactor, Eq. (10), is 
quite evident.  
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Fig. 16 An example of a “cup-average MWD“ in 
polymerization of dodecalctam in a tube reactor.  
 

L/L* - relative length of a reactor in comparison 
with the length of the complete polymerization, L* 

One of  the possible applications of this result is 
governing the properties of the end product (via 
varying its MWD) by using the flow in a tube reactor 
of a different length. 

 
SUMMARY 
 
Rheokinetics is a branch of rheology dealing with the 
evolution of rheological properties of reactive 
materials. primarily polymerizaing materials and 
curing oligomers. If a polymerization process 
proceeds in a homogeneous medium such a system, it 
can be treated as a solution of a newly formed 
polymer in a reactive solvent. However, numerous 
special situations can be encountered: phase 
separation in the course of a reaction, kinetic-to-
diffusion regime transition, diluted-to-concentrated 
solution domain leading to the gel effect in free-
radical polymerization, and so forth. 
      Curing of oligomeric systems, generally speaking, 
proceeds in a inhomogeneous manner and 
microgelation occurs before a gel-point of a system 
as a whole. It is reflected by varying the scaling 
index just before the gel-point; the independence of 
the kinetics occurring on concentration of a solution; 
varying values of the critical concentration at the gel-
point; as well as optical effects before the gel-point and 
direct measurements of the gel-fraction content in a  liquid 
system. 
     Shearing can influence the rheokinetics of the chemical 
reaction, decreasing its rate when and if deformations 
provide phase transition of a reactive medium. 
    Flow of a rheokinetic system has several 
peculiarities related to the effect of the breakthrough 
in the central zone a stream. This results in a non-
linear pressure drop along the channel and leads to 
the appearance of a strongly inhomogeneous end 
product. 
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ABSTRACT  

The processing of complex emulsion systems is 
described in four main chapters which relate to the 
basic mechanisms of (i) single drop deformation and 
break-up in laminar flow fields, (ii) the impact of 
drop interactions in multi drop systems on deforma-
tion and break-up, (iii) the design of new drop 
dispersing apparatus as well as (iv) the relationship of 
disperse emulsion structure and product quality 
characteristics. Within the most recent developments, 
experimental, modelling and numerical simulation 
tools are demonstrated to allow for complementary 
approaches with potential for deriving optimized 
process and product design criteria. 

 

1. INTRODUCTION 

To tailor-make emulsion-based microstructures 
with distinct functional properties, the material 
behavior under processing and application conditions 
has to be known. As a consequence drop deformation 
behavior and structure building under process related 
flow conditions (1) the impact of process design and 
processing parameters on the microstructure-rheology 
relationships (2) and the final product microstructure 
based quality characteristics (3),were investigated. 
Deformation and break-up behaviour of the disperse 
drops are  dependent from the rheology of the 
disperse and continuous fluid phases as well as from 
the interface properties. - A detailed description of 
the velocity field in dispersing processes is received 
from flow visualization experiments and from CFD 
simulations. The coupling of local velocity field 
information and rheological material functions, 
received from rheometric experiments, allow for 
determining the related local shear and normal stress 
distributions. Micro-structuring is triggered by these 
stresses and occurs if critical structure specific 
stresses and/or  deformations are exceeded.  

 
 

2. FUNDAMENTAL ASPECTS 
 

2.1 Emulsions and drop interfaces 
 
Emulsion drop interfaces are in general stabilized 

by surfactants (emulsifiers), which form interfacial 
films and reduce the interfacial tension. Emulsifier 
molecules are also present in the bulk phases, where 

they can either be dissolved or form micelles. Under 
equilibrium conditions there is a defined emulsifier 
concentration at the interface, which increases with 
the concentration in the bulk fluid until the Critical 
Micelle Concentration (CMC) is reached. If this is 
the case the interface is expected to be fully covered. 
The dependency of the equilibrium interfacial tension 
V��from emulsifier bulk concentration can be approxi-
mated using equation 1 according to Szyskowski [1]. 

 
 

where k1, k2 are approximation constants and V0 
denotes the interfacial tension of the clean interface. 
The interfacial emulsifier concentration per unit 
interfacial area * at constant temperature T is given 
by the Gibbs isotherm (eq 2).  

 
 

 
 

The efficiency of interfacial coverage with emulsi-
fiers when the interfacial area is increased by drop 
deformation and breakup during dispersion proces-
sing strongly depends on the adsorption kinetics of 
emulsifier molecules at the interface. The emulsifier 
adsorption has to be considered in the context of four 
different steps: Emulsifier demicel-lation in the bulk 
fluid (1), diffusive/convective transport to the 
interface (2), interfacial adsorption (3) and structural 
changes at the interface (4). Numerous investigations 
on emulsifier adsorption kinetics which is found in 
literature relates to quiescent systems without 
convection [2]. For the simplified case of negligible 
re-diffusion Ward and Tordai [3] suggest: 

 
 
 

     with ce, �  as the emulsifier concentration in the 
bulk phase. D denotes the diffusion coefficient. Eq. 3 
is derived from the 2. Fickean Law and represents a 
lower limit for the emulsifier adsorption kinetics 
without impact of convection. In the following we 
consider the emulsifier adsorption kinetics using a 
convection-diffusion equation of the form given in 
equation 4. 
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Here u denotes the flow field vector, uS the 

tangential velocity on the drop interface, n the 
outward pointing unit normal to the drop interface, 
�S the surface gradient operator, �S n the local mean 
curvature of the interface and jn the net flux of 
emulsifier to the interface. In addition the parameter 
D �

 is introduced which is defined according to 
equation 5. 

 
 

 
In this equation r stands for the drop radius, Kc for 

the dynamic viscosity of the continuous fluid phase 
and DS for the surface diffusivity. PeS (eq 6) denotes 
a surface Peclet number, Ca (Eq. 7) the Capillary 
number 

 
 
 
 

 
with G as the deformation rate in laminar flow 

fields generally consisting of superimposed shear and 
elongation rate according to  

 

G �� �     (8) 

  
Consequently emulsifier adsorption kinetics is 

diffusion driven if D �
<< and convection driven if 

D� � >>. 
There has been a major lack of experimental 

methodology to get data for emulsifier adsorption 
kinetics on the short time scale which is relevant for 
the drop deformation and break-up in drop dispersing 
processes, until recently a new method has been 
introduced by Cramer et al [4]. 

 
 
2.2  Drop deformation and break-up in flow 
 
2.2.1    Laminar flow fields 
 
2.2.1.1 Basic relationships 
In laminar flow fields the deforming viscous 

stresses W acting on the surface of emulsion drops are 
generated proportional to the acting shear- and 
elongation rates and the related viscosity of the 
continuous fluid phase. The capillary pressure Pk 
acting against the deforming stresses is given by the 
Laplace equation leading to  

 
 
 
for a spherical drop. The dimensionless stress ratio 

W/PK  is denoted as the Weber number We which 
differs from the Capillary number Ca given in equ. 10 
by a factor of 2. The Capillary number Ca for drop 
dispersing in a laminar field can also be written in 
such a way, that the characteristic relaxation time of 
the drop td

*
 is expressed explicitly. To describe 

transient drop deformation and breakup behavior in 
dimensionless form td

* 
 is used for scaling. 

 
Drop break up occurs if a critical Ca (or We) 

number is exceeded. However these are not constant 
but complex functions of the viscosity ratio O = Kd/Kc 

for the disperse (Kd) to the continuous (Kc) fluid 
phase (i) and of the type of flow field (ii). The most 
relevant laminar flow fields are shear as well as 
uniaxial, planar and equibiaxial elongation. The 
deformation behavior of emulsion drops in such 
flows is schematically shown in figure 1. Related 
research work of major importance found in literature 
is described in the following. 

 

 
 
 
 
 
Shear flow 
Since first experiments performed by Taylor in the 

early 1930ies [5] there have been a number of 
intensive studies on the deformation and break up 
behaviour of single drops mainly in uniaxial shear 
flow. For a large variety of viscosity ratios and 
Capillary numbers experimental work was carried out 
by Bartok and Mason [6], Rumscheidt and Mason 
[7], Torza et al. [8], Grace [9], De Bruijn [10] Guido 
et al. [11] and Megias-Alguacil et al [12]. Most 
relevant theoretical investigations were published by 
Barthès-Biesel and Acrivos [13], Cox [14], Hinch 
and Acrivos [15] Rallison [16] and most recently by 
Dressler and Edwards [17]. 

 
Uniaxial elongation flow 
There is only few experimental work carried out 

with uniaxial elongation flows most probably due to 
experimental constraints. In Berg et al. [18] the 
elongation of drops contained in a liquid thread 
which is uniaxially elongated gives information 
within the viscosity ratio range of §���-4

 < O ���� 
Theoretical research results of major importance 

are available from Taylor [5], Buckmaster [19], 
Barthès-Biesel and Acrivos [13], Acrivos and Lo [20] 
and Rallison and Acrivos [21] 

 
Planar elongation flow 
Again Taylor did first intensive experimental work 

under planar elongation flow conditions [5]. Further 
related important publications are from Rumscheid 
and Mason [7] and Grace [9]. Recent work comes 
from Tretheway and Leal [22], Ha and Leal [23] and 
from our laboratory which focusses on a coupled 
experimental, modeling and numerical simulation 
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Fig.1:  Characteristic drop deformations in uni- 
and bi-axial shear /elongation flow fields 



 
approach (e.g. Kaufmann et al [24], Feigl and 
Windhab [25] and Feigl et al. [26] ). 

Among the major theoretical contributions again 
Taylor [5], Barthès-Biesel and Acrivos [13], Hinch 
and Acrivos [15] as well as Rallison [27] are found 
again. Our recent theoretical work is based on a non-
equilibrium thermodynamics approach and has been 
published by Dressler and Edwards [17] and Edwards 
et al. [28]. 

 
Equibiaxial elongation flow 
Due to strong experimental constraints there is no 

satisfying experimental results available until today. 
On theoretical work for drop deformation in 
equibiaxial flow fields few publications are available 
such as from Frankel and Acrivos [29], Kang and 
Leal [30] and Stone and Leal [31]. Own recent work 
has been carried out with respect to modeling and 
numerical simulation of highly viscous drops in 
equibiaxial elongation. This is published under 
Kaufmann et al [24], Feigl and Windhab [25], Feigl 
et al [26], Dressler and Edwards [17] and Megias-
Alguacil et al [12]. 

 
 
3. EXPERIMENTS, NUMERICAL SIMULA-

TION AND MODELLING OF DROP DEFOR-
MATION AND BREAK-UP 

 
3.1 Single drop - Steady flow conditions / 

surfactant free 
 
Some of our own experimental and numerical 

simulation results on steady state deformation and 
break-up of single drops in pure and mixed uniaxial 
shear- and elongation as well as equibiaxial 
elongation, are collected in figure 2. This shows the 
dependency of the critical Capillary number Cac for 
various viscosity ratios O as a function of the flow 
type expressed by the flow parameter D defined 
according to equations 11 and 12. 

The velocity gradient tensor L of a three-
dimensional flow field for mixed shear elongation 
flows can be described using equation 11 

 
 
 
 

 
in which the first tensor matrix indicates the 

velocity gradients of a elongation flow, the second 
tensor matrix denotes the velocity gradients in shear 
flow. 

If D is modified between -1 ��D�< 1 pure shear 
flow conditions are given for D = 0, pure uniaxial 
elongation for D = 1 and pure equibiaxial elongation 
for D = -1. All D values between these extremes 
indicate mixed flow with proportional contributions 
of the two mixed flow types according to equation 
12, 

 

HJ
HD

��

�

�     (12) 

where H denotes the elongation and J the shear 
deformation. Experimental results included into 
figure 2 were received from systematic trials carried 
out with a variety of emulsion systems in a Parallel 
Band Apparatus [12], an Eccentric Cylinder/Cylinder 
Apparatus and a Four Roller Apparatus [24]. 

The numerical results were received from flow 
field calculations using the FE-Program SEPRAN 
which was coupled with a routine for Numerical 
Particle Tracking (NPT). Particle tracking is a crucial 
step if the transient stress/deformation history of a 
drop along its path through an emulsion processing 
device shall be finally investigated. In order to get 
information about the drop deformation and breakup, 
a Boundary Integral Method (BIM) was applied for 
calculations along the particle tracks received from 
the NPT calculation mentioned before. The BIM 
code used was basically developed by Löwenberg 
and Hinch [32] and adapted / refined for solving our 
flow problems as reported in Feigl and Windhab 
[25]. 

 

 
 
 
 
 
From figure 2 it gets obvious that highly viscous 

drops with a viscosity ratio of l > §� �� FDQ� QRW� EH�
dispersed under pure shear flow conditions (D = 0). 
However if about 50% of uniaxial elongation are 
superimposed the drop break-up is nearly indepen-
dent from drop viscosity. Only little elongation 
contribution in the mixed flow field has a remarkable 
positive effect on the drop break up efficiency.  

Comparing the critical Capillary numbers for the 
three extreme steady flow types (D = -1, 0, 1) at 
constant viscosity ratio of O = 1 demonstrates, that in 
pure uniaxial elongation flow (D = 1) the lowest 
stresses lead to drop break up (Cac = 0.12), followed 
by the pure equibiaxial flow with Cac = 0.36 and 
worst, pure shear flow with Cac = 0.42. The 
numerical calculations indicate a maximum in Cac if 
uniaxial shear and a small fraction of equibiaxial 
elongation (§�����IRU�O = 1) are mixed. 

It is also demonstrated in figure 2, that for uniaxial 
shear and elongation and mixtures thereof 
experimental and numerical results are in satisfying 
agreement although some of the elongation data have 
also been taken from experiments under planar elon-
gation conditions. For equibiaxial elongation experi-
mental data are not yet available. 
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Fig.2:  Critical Ca-numbers for pure/mixed uni-
axial shear/elongation and planar elongation flows 



 
 
 
3.2 Single drop - Transient flow conditions /  

surfactant free 
 
Our model experiments for drop deformation and 

break-up in transient flows focussed on an eccentric 
cylinder geometry, because a well defined 
superposition of uniaxial shear and planar elongation 
can be adjusted [34]. Drops were inserted into such 
flow fields in order to follow a well defined particle 
track within the eccentric gap. From numerical NPT 
calculation the transient shear/elongation deformation 
and related stress history were received. Coupled 
BIM calculations provided the transient drop 
deformation along distinct particle tracks as shown in 
figure 3. Experimental and numerical results received 
for Newtonian fluids and clean surfactant free 
interfaces were in good agreement like demonstrated 
in figure 4. From figure 3 it is obvious that the drop 
break-up does not necessarily occur at the location of 
highest shear-/elongation rates and related stresses 
acting, but happens as the result of the transient 
deformation history.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To model transient single drop deformation and 

orientation in an arbitrary homogeneous flow field 
�u��recent phenomenological models developed by 
Maffetone and Minale [35] and in our own group by 
Dressler and Edwards [16] and Edwards et al. [28] 
have shown to be suitable. These models chose the 
drop shape tensor with constant determinant, det S=1, 
to describe the orientation and deformation of a 
volume preserving drop. This model reads 

 
 
 
 
 
 
 

 
where the Einstein summation convention over repea-
ted indices is adopted. In equation 13 S is a  symme 
tric second rank droplet shape tensor to account for 
orientation and deformation, t is a dimensionless time 
scale, �u is the constant velocity gradient 

characterizing  uni- or biaxial shear/elongation or 
mixed flow. 

 

 
 
 
 
 

Ca is the Capillary number defined before and the       
fi (i =1,2,3) are functions of the viscosity ratio.  
The first three terms of the right hand side of 
equation 13 represents a generalized mixed 
convective derivative describing the non-affine 
motion of the droplet in the homogeneous 
deformation field, where f2 quantifies the degree of 

non-affine motion. For -1 �� f2 < 1 these terms 
represent the Gordon-Schowalter derivative. The last 
two terms with the coefficients f1, f3 on the right hand 
side of equation 13 describe the relaxation behavior 
of the droplet. The first term on the right hand side is 
the well-established relaxation term introduced in the 
model of Maffetone and Minale [35]. The last term 
with the coefficient f3 describes oblate droplet 
configurations. The mixed convective derivative and 
the relaxation term proportional to f1 describe only 
prolate configurations. - If the above model is 
reduced to the small deformation limit of Taylor [5] 
one gets: 

 
 
 
 
 
 
 

 
In order to compare drop deformation results from 

experiments (1), numerical simulation using the BIM 
code along particle tracks (2) and the before 
introduced Dynamic Model (DM) (3) the major 
dimensionless droplet axis L/r (r = radius of non-
deformed drop) is plotted versus the Capillary 
number in figure 5 for uniaxial shear flow. The 
predictions from the Dynamic Model (DM) and the 
BIM calculations are in good agreement with the 
experimental results for two different viscosity ratios 
(l = 0.165; 0.331) [34]. 
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Fig.3:  Transient drop deformation in eccentric 
cylinder gap flow (D: Cross section of highest 
shear; G: Cross section of drop break-up under 
relaxation conditions). 

Fig.4:  Transient drop deformation in eccentric 
cylinder gap flow (comparison: experiment – 
numerical simulation (BIM) 
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3.3 Single drop - Steady flow conditions / 

surfactant covered 
 
As shown recently research results we can 

reproduce such drop deformation and break-up 
experiments as well as related numerical calculations 
also for drops with surfactant covered interfaces. As 
described in section 2.1, convection or diffusion 
dominated emulsifier (surfactant) behavior or mix-
tures thereof can be expected. For the example of a 
diffusion-dominated surfactant behavior fig. 6 shows 
the calculated transient drop deformation comparing 
a surfactant free and a surfactant covered drop. For 
this calculation the dependency of emulsifier concen-
tration at the interface * and the resulting interfacial 
tension was approximated using equation 17. 

 
 
Equation 17 represents a simplified (linear) equiva-
lent to the Szyskowski equation (eq.1) in which E is a 
constant and G represents the surfactant concen-
tration at the interface. For D* <<1 (see section 2.1, 
eq. 5) diffusion dominates the convection influence 
thus generating an even concentration distribution 
*(x,y,z) of the surfactant at the interface . Figure 6 
demonstrates *(x,y,z) in the case of D*=5 as a 
function of Ca. Increased Ca leads to larger drop 
deformation as well as to a more uneven surfactant 
distribution [4,6,7]. 

 
 
 
 

However the measured drop deformation crosses 
simulated curves for different D* from about 0 to 5 if 
Ca is increased. This can be explained by increasing 
Figure 7 confirms satisfactory agreement of numeri-
cal CFD drop deformation simulation and experi-
mental results for the surfactant covered drops [6,7]. 
impact of convection on the surfactant distribution at 
the drop interface. 
 

 
 
 
 
 
 

Results of similar accuracy for the other drop axes 
(B, W) were received. The dynamic model (NEQ-1) 
allowed for equally good description of the 
experimental results with surfactant covered drops 
under steady shear  (see Fig 8).  

 

 
 
 
 
 

 
3.4 Multi drop - Steady flow conditions 
 
Relevant publications on multi drop (emulsion) 

systems under well defined shear and/or elongation 
flow conditions are mainly found in the area of 
polymer blend research (Van Puyvelde et al [36]; 
Moldenaers [37]; Yang et al. [38], Utracki [39], 
Vinckier [40]). In shear and elongation flow fields 
the drops in the multi drop system behave in principle 
like single drops in related flows, however droplet 
interactions like superstructure formation and 

Fig.5:  Steady state drop deformation in eccentric 
cylinder gap flow (comparison: experiment,  
numerical simulation (CFD) and Model (NEQ-1) 

(   )   ( 0  ( 1 * + , )                                             (17)  

Fig.6: Surfactant concentration distribution calcula-
ted from CFD simulation for various Ca numbers and 
D = 5.0 (convection driven surfactant distrb.) 

Fig.7: Comparison of drop deformation from CFD 
simulations and experiments under steady shear for 
surfactant covered drops (1.0% w./w. Tween 20)  
  

Fig.8: Comparison of NEQ modeling and experi-
ments for surfactant covered drops (0.1% w./w. 
Tween 20) in simple shear (three viscosity ratios O� 



 
coalescence can also be superimposed. In the 
idealized case of concentrated emulsions which are 
well stabilized by efficiently and fast acting 
surfactants, drop coalescence should be negligible. In 
such a case it is expected that the critical Capillary 
number dependency from the viscosity ratio Cac (O� 
will be the same like measured for a single drops and 
the scaling can be done according to equation 25. 

 
 
 

Here KR,e denotes the relative emulsion viscosity. A 
related semi-empirical “effective viscosity approach” 
for multiphase systems has been introduced in 2000 
(Windhab [41]).  

 
 

3.5  Multi drop - transient flow conditions 
 
Since there is major interest in improved 

theoretical understanding of transient structure-
rheology relationships of complex emulsion systems, 
including such with viscoelastic matrix fluid 
properties, we have started in 2003 to develop a 
related Non EQuillibrium Thermodynamics based 
model (NEQ-1-model).  

The respective theoretical work has been based on 
a non-equilibrium thermodynamic model approach 
(GENERICS) which was introduced in 1997 by 
Grmela and Oettinger [42]. In equation 26, x is a set 
of variables to describe the emulsion, ���W�GHQRWHV�WKH�
time derivative, ���[� DUH� IXQFWLRQDO�GHULYDWLYHV��(� LV�
the total system energy, S is the total system entropy, 
L is the Poisson operator and M the (dissipative) 
friction operator. Thus the first term on the right hand 
side of Eq.26 is the reversible contribution to the 
system dynamics and the second term denotes the 
irreversible contribution.  

 
 
 
 
 
 
 
 

Equations 27,28 denote the mutual degeneracy 
requirements. Using this basic model approach, 
Dressler and Edwards [16] and Edwards et al [28] 
derived a full continuum theory for emulsions / 
polymer blends with a volume preserving droplet 
morphology and matrix viscoelasticity, introducing 
equations for the time evolution of the orientation 

tensor (�C -/. 0 /�W�� GHVFULEHV� WKH� IORZ� LQGXFHG�
structuring of the matrix phase) and of the drop shape 

tensor (S -�. 0 /�W�� GHVFULEHV� GURS� GHIRUPDWLRQ� DQG�
orientation in flow). 

 
 
 
 
 
 

 In the dissipative parts of these equations discrete 
relaxation times for the drops (WS) and a continuous 
viscoelastic matrix fluid phase (WC) have been 
introduced. Furthermore, a coupling parameter 
T��makes the drop and matrix fluid deformation 
depending on each other. Equation 29 demonstrates 
this for the dissipative term of the time evolution 
equation of the drops. In the case of isothermal, shear 
and/or elongation flow there is only the momentum 
balance equation to be considered additionally. Sij, 

Cij denote components of the drop shape tensor and 

the conformation tensor, In the invariants of the rela-
ted tensors. G is the elastic modulus of the 
viscoelastic matrix fluid and V��, the interfacial ten-
sion represents the elastic modulus of the drop. 
Finally I� denotes the volume fraction of the disperse 
drop phase. From the Non equilibrium modelling one 
gets relationships between transient structure 
formation in mixed shear/elongation flows and the 
related rheological characteristics such as viscosity 
function K�dJ�dt�, �st and 2nd Normal Stress 
Differences N1(dJ�dt) and N2GJ�dt� DV� ZHOO� DV� WKH�
drop orientation angle F�in the dispersing flow field 
due to the direct correlation of dynamic drop 
structure and rheology. For the model calculation 
here each, the drop and the continuous fluid system 
are principally assumed to be and characterized by 
relaxation times for the drop lS and the continuous 
matrix fluid OC, viscosity (K)- and elasticity (G) 
functions. A first order approximation of the 
viscoelastic continuous fluid phase rheology is done 
with an Upper Convected Maxwell model [2]. 
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Figure 9: Rheological functions and related micro-
structure (drop axis: L, B, W and drop orientation 
angle F) for emulsion system with 10% disperse 
volume fraction, GS/GC=4, lClS/ln

2 =1, q = 0.001) for 
three shear rates as a function of shear strain. 



 
 
 

 
 
 
 
     The NEQ1-model also allows to include drop 
recoa-lescence superimposed to break-up/dispersing 
treating the drop size distribution as a thermodynamic 
variable the time evolution equation (eq. 30) of which 
is then modelled accordingly. 
The NEQ1-model also allows to include drop re-
coalescence superimposed to break-up/dispersing 
treating the drop size distribution as a thermody-
namic variable the time evolution equation (eq. 30) of 
which is then modelled accordingly. 
Figure 10 demonstrates calculated drop size distribu-
tions, approximated with a Weibull function fit for 
applied shear rates between 0 and 1 s-1. 
 
 

 
In equation 30 the first term on the right represents 
the drop break-up, the second term the coalescence. 

 
 
4.  EMULSIFICATION PROCESSING 

 
4.1 New emulsification devices / principles 
 
New devices/principles for drop dispersion 

processing under laminar flow conditions which were 
derived from experimental, numerical and /or model 
comparisons like demonstrated in the chapters before 
are: (i) a Capillary Injection Co-flow channel (CIC), 
(ii) a “Micro Channel Membrane” (MCM), (iii) a 
Packed Bed Dispersing flow device (PBD) and (iv) 
an inclined toothed Rotor-Stator device (RS-K-1). 

Exemplary, Figure 11 shows CFD simulations of 
the elongation rate distribution in a multi-toothed 
rotor-/stator device with optimized tooth geometry 
(RS-K-1) [43].  

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

Figure 12 shows a “3-D application” of the RS-K-1 
geometry in a co-rotating twin screw extruder. 
 

 
 
 
 

 
 
 
 
 
Further new developments for emulsion 

processing devices which are mainly based on the 
experimental (i), CFD simulation (ii), NEQ 
modelling (iii) “toolbox” introduced before are: 

 
Capillary Injection Co-Flow Channel CIC (i) 
Within this device the disperse fluid is injected 

through a capillary into a straight channel flow such, 
that the generated fluid thread is elongated at the tip 
of the capillary and breaks up either at the tip or due 
to Rayleigh instabilities after formation of a long 
filament. This drop dispersing method is low in 
energy density (10 to 103 kJ/m3) and allows to 
generate up to 10

4
 drops/s from one capillary nozzle 

with extremely low drop diameter deviation (< 1% 
standard deviation)[44]. 
 

Micro Channel Membrane MCM (ii) 
The disperse fluid phase or a pre-emulsion is 

pressed through cylindrical micro-channels (diameter 
§� �-20 Pm) subsequently flows over a plate with 

Fig.10: Calculated drop size distributions (NEQ-1 
model) for shear rates in the range of 0 to 1 s-1 
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Fig.11: CFD calculated elongation rate distribution 
in optimized multi-toothed rotor-/stator geometry.  

  

Fig.12: Optimized multi-toothed rotor-/stator geo-
metry RS-K-1 in a co-rotating twin screw extruder 
for optimized drop dispersing in highly viscous 
emulsion/blend systems.  

  



 
adjusted surface properties in order to generate a 
large contact angle between drop and plane and 
finally over a sharp edge. The energy density is rather 
low and narrowly size distributed drops are formed 
[45]. 

 
Packed Bed Dispersing Flow device PBD (iii) 
A regular or randomly structured packed bed of 

particles forms a "multi nozzle" through which a pre-
emulsion is pressed. In the laminar and/or interme-
diate flow domain the drops experience an oscillatory 
mixed elongation/shear deformation which leads to 
drop break up after a certain number of such 
oscillations. The energy density in the PBF is in the 
range between a membrane and a high pressure 
nozzle [46]. 

 
 
 

5.  CONCLUSIONS 
 

The introduced coupled scheme of flow 
experiments, CFD based numerical flow simulation 
and non equilibrium thermodynamic modelling 
(NEQ) has proved to be a powerful toolbox for 
improved insight into drop dispersing mechanisms in 
complex emulsion systems with surfactant covered 
interfaces in viscoelastic matrices as well as for 
related dispersing apparatus design, scale-up and 
optimization and thus finally for tailor-made 
functional product design.  
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Rheology, defined as the science of deformation 

and flow, is an ancient science. Think of the tools 
made by cutting and shaping stones, the flow of 
blood in living creatures, the flow of water in rivers 
and canals, the spreading of lava, and gum dripping 
from trees! Returning to modern times, we find that 
the term “rheology” was introduced by Bingham in 
the early 20th century. It needs to be emphasised here 
that the definition of rheology includes all states of 
matter (gas, liquid, solid), but it is erroneously 
assumed that it applies to “fluid-like” systems only, 
although this situation is changing with time. One 
can classify a substance in a variety of ways, e.g. 
according to its response to changes in pressure 
(compressible or incompressible), though from a 
rheological viewpoint, it is more appropriate for 
substances to be classified according to their 
response in well-defined flows such as shearing, 
extension, oscillatory shearing, etc. For instance, the 
simple fluids (air, water, molten salts and metals, low 
molecular weight substances) all display the so-
called Newtonian flow behaviour which is 
characterised by a single value of shear viscosity 
(which varies with pressure and temperature, but not 
with the rate of shearing, or the value of the shear 
stress, or with time). In uni-directional elongation, 
the elongational viscosity is three times the shear 
viscosity, i.e., the so-called Trouton ratio being 3, 
and so on. All in all, the response of the simple 
Newtonian fluids is well understood and hence the 
technology for their processing is well established. 

On the other hand, most “structured” fluids (i.e., 
containing long and entangled molecules such as that 
of natural and synthetic polymers, suspensions 
containing aggregates and flocs, micellar solutions, 
foams and froths, emulsions, see Fig. 1)  exhibit a 
range of rheological features which cannot even be 
described qualitatively by the Newtonian fluid 

model. Think of the products one comes across 
walking down the aisles of a supermarket – jams, 
jellies, ice-creams, pharmaceutical suspensions, 
creams, lotions, ointments, liquid detergents, paints, 
wall coatings, cleaning aids, shaving creams/foams, 
toothpaste, processed foods, all of these bing 
“structured” fluids. Similarly, one only has to look 
around to see how many items are made of plastics 
and composites. 

 
Figure 1. A typical air cell in melting ice-cream with 
the bubble stabilised by de-emulsified fat. 
 

 
In industrial practice, most materials used are 

multi-phase mixtures, be it waste streams from 
mineral industries, mine tailings, sewage sludges, 
debris, muds, or filled polymeric systems. Indeed, so 
widespread is the occurrence of multi-phase 
mixtures, either during their processing or as an end 
product, that it will be no exaggeration to say that 
these substances are omni-present. Both their 
processing and the characterisation of their flow 
(rheological) behaviour pose enormous challenges, 
although considerable progress has been made in 
developing appropriate processing technologies for 
such materials, e.g., see [1 - 4]. 

Most multi-phase systems exhibit a range of 
rheological characteristics, including shear-thinning, 
shear-thickening, strain hardening (in elongation), 
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yield stress, thixotropy and viscoelasticity. Though it 
has been common practice to broadly classify such 
materials into time-independent (or purely viscous), 
time-dependent (thixotropic or rheopectic) and visco-
elastic types, it needs to be emphasised that such  
classification is quite arbitrary, and it is not 
uncommon for a single system to exhibit more than 
one of these features under appropriate 
circumstances. For instance, the concept of Deborah 
number helps to resolve the dilemma as to whether 
the response of a substance in a given flow situation 
would be fluid-like ( 0De o ) or elastic solid-like 
( De of ). Likewise, it is not rare for a thick 
suspension to show both shear-thinning and shear-
thickening characteristics over different ranges of 
shear rates. Fact is, that against this background and 
as of now,  we do not have a “ rheological equation of 
state”  for such complex fluids which can rival the 
Newton’s law of viscosity, let alone which can 
capture the underlying physics, or even describe 
qualitatively the wide range of rheological features in 
any reasonable manner. Likewise, the experimental 
characterisation of such fluids is much more difficult 
than that of homogeneous systems like polymeric 
melts and their solutions. Therefore, from an 
engineering application standpoint, it is customary to 
identify the dominant non-Newtonian feature 
coupled with the nature of flow (shearing, 
extensional, steady and unsteady, for instance), and 
using it as a basis of process engineering design 
calculations. Thus, for instance, viscoelastic effects 
are rarely significant in steady flows. On the other 
hand, flow in packed beds and rocks, occurring in 
narrow passages, is usually dominated by extensional 
effects. Based on the extensive experience and 
databases accumulated over the years, it is fair to say 
that particulate suspensions of non-interacting 
particles are characterised by the presence of yield 
stress and shear-thinning viscosity, although highly 
concentrated systems can also exhibit time-
dependent and/or shear-thickening behaviour. 
Depending upon the loading and characteristics of 
the constituents, emulsions also exhibit shear-
thinning, yield stress and weak visco-elastic effects – 
at least in pipe flows. Another complicating feature 
of such multi-phase systems is their tendency to 
stratify under static conditions, under the influence of 
gravity or even in flowing conditions – if the level of 
turbulence is inadequate to keep them in suspension, 
or unless stabilised by chemical agents, especially in 
the case of emulsions. This aspect also influences the 
way their rheology is measured.  Notwithstanding the 
fact that such multi-phase mixtures are required to be 
heated/cooled in a variety of heat exchangers, to be 
homogenised in static mixers and mixing tanks, to 
flow in all kinds of conduits of different shapes, to be 
metered, to be concentrated, to be filtered/de-
watered, and so on, one central theme is to study 
their sedimentation behaviour under static and 
dynamic conditions. This paper will focus on this 
aspect of the particle hydrodynamics in rheologically 
complex fluids. Though it is readily acknowledged 

that in real life applications, one encounters clouds of 
particles rather than isolated particles, experience has 
shown that the terminal falling velocity of a single 
particle frequently serves as a useful starting point 
which can be corrected for the presence of 
neighboring  particles. In particular, consideration is 
given to the estimation of the terminal settling 
velocity of rigid (spherical and non-spherical) 
particles and bubbles in power-law and visco-plastic 
fluids, the two widely used fluid models in applied 
rheology. 

 
(1) SOLID PARTICLES 
 

(a) Power-law Fluids 
 

    It is convenient to begin with the idealised case of 
a sphere falling in a sea of power-law type of power-
law fluid. This problem has been studied over the 
past 50 years and a reasonable body of knowledge 
has been accumulated [4]. The terminal falling 
velocity is influenced by a large number of variables 
and this information is conveniently expressed in 
terms of dimensionless parameters, namely, 
Reynolds number and drag coefficient. Reliable 
numerical results are now available for the steady fall 
of a sphere in quiescent power-law fluids up to 
Re 500NN   and 0.5 2nd d . These have been 
complemented by experimental results up to about 
Re 1100NN �  and 1n � . Based on dimensional 
considerations, Renaud et al. [5] recently put forward 
the following expression: 
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where CD0 and CD �  (= 0.44) are the values of the drag 
coefficient, CD in the creeping and fully inertial 
regions, respectively, F is the ratio of the surface area 
to the projected area of the particle (= 4 for sphere). 
The remaining three constants, namely, A0, B0 and b 
are evaluated using the numerical results in the range 
0.4 1nd d  and Re 100NN d , and are given as 
follows: 
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The remaining two functions Y (= 0 Re / 24D NNC ) 

and C are related and are functions of  n  as follows: 
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and finally, C0 = 3.  

 
    Extensive comparisons between the predictions of 
Eq. (1) and the experimental results for spheres 
settling in Newtonian and in power-law fluids show 
the correspondence to be excellent; the average 
deviations being about 8% for Newtonian fluid and 
about 25% for power-law fluids, (see Figs. 2  and 3). 
 

 
Figure 2. Comparison between the predictions of Eq. 
(1) and experimental data for spheres (F = 4) in 
power law fluids for RePL < 1 (modified after Renaud 
et al. [5]). 
 
    Further problems arise from estimating the 
sedimentation velocity of non-spherical particles in 
power-law fluids. One needs to use at least three 
attributes to characterise their shape, size and 
orientation for the sedimentation of a non-spherical 
regular shaped particle. The three commonly used 
measures are an equal volume sphere diameter ( sd ), 

sphericity (\ ) and an equal area sphere diameter 

nd . 
 

 
Figure 3. Comparison between the predictions of Eq. (1) and 
experimental data for spheres (F = 4) in power law fluids in 
the range 1 < RePL < ~ 1000 (modified after Renaud et al. [5]). 
 

It is readily seen that the parameter F  appearing 
in Eq. (1) combines all three these features into a 
single parameter as: 
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    Thus, if sd  is used, the characteristic linear 
dimension in the definitions of the Reynolds number 
and drag coefficient, Eq. (1), should also work for 
non-spherical particles. This conjecture is borne out 
by Figs. 4 and 5 for Newtonian and power-law fluids 
respectively. As expected, the resulting mean error in 
both cases is of the order of 30%, which is 
marginally higher than that for spheres.  
 

 
Figure 4. Comparison between the predictions of Eq. (1) 
and experimental data for a range of particle shapes in 
Newtonian media.  
 
 
    (b) Viscoplastic Fluids  



 
 

 
Figure 5. Comparison between the predictions of Eq. 
(1) and experimental results for non-spherical 
particles falling in power-law liquids.  
 
    Owing to the intrinsic difficulties in dealing with 
the existence of a yield stress, both in numerical and 
experimental studies, the available numerical and 
experimental results are limited primarily to the so-
called low Reynolds number regime. A particularly 
simple expression for the creeping flow is the one 
due to Atapattu et al. [6] as: 
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where ( )Y n is given by Eq. (3) and the Bingham 

number Bi  is defined as: 
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    Beyond the creeping flow conditions, the literature 
is not only scant, but also inconclusive. There is 
some evidence that the drag coefficient attains a 
constant value at about the Reynolds number of 
~1000. Conversely, yield stress is more relevant at 
low than at high Reynolds numbers. 
For Re 100 200NN ! � , one could perhaps use Eq. 
(1), depending upon whether the fluid shows any 
shear-thinning or not for 0W W! . 
    Limited numerical and experimental data are 
available for drag on long cylinders and on plates, 
but no general predictive expression is available for 
the purpose of estimating the terminal settling 
velocity of non-spherical particles in viscoplastic 
liquids.  
    Similarly, some qualitative observations are 
available on settling in sheared polymer solutions. 
Apart from the fact that the settling velocity is 
enhanced due to shearing, no quantitative 

information is reported which can be used for 
predictive purposes. 
 
(2) BUBBLES 
 
    There are several instances wherein suspensions 
and sewage sludges are aerated by introducing air 
into them in the form of tiny bubbles, using a sparger 
or a slotted plate. One of the key parameters is the 
mean residence time of the gas. Reverse situations 
are also encountered in which suspensions need to be 
de-gassed or de-aerated before further processing. In 
either event, reliable knowledge of the free rise 
velocity of single bubbles and swarms of bubbles is 
frequently needed. From a theoretical standpoint, 
numerical simulations of flows around bubbles are 
more challenging than those for rigid particles. This 
difficulty is mainly ascribed to the ability of fluid 
particles-bubbles and -drops to deform, owing to the 
action of various forces. Though the small bubbles, 
and/or at low Reynolds numbers, the bubbles tend to 
be spherical and behave more like rigid spheres, a 
large variety of bubble shapes have indeed been 
reported for bubbles rising freely in non-Newtonian 
fluids. Figure 6  shows representative shapes. 
Another phenomenon which is inevitably 
encountered in bubble swarms is the inter-bubble 
interactions which can lead to their breakage or 
coalescence. The phenomenon of coalescence may 
be desirable for de-aeration, but it has a detrimental 
effect on the efficiency of contacting, as coalescence 
lowers the available interfacial area. Figure 7 shows 
the phenomenon of coalescence between two and 
three bubbles growing on adjacent orifices in a 
polymer solution.  

Notwithstanding all these nuances, only limited 
results are available, even for spherical bubbles and 
for swarms of spherical bubbles. Numerical results 
for the free rise of single bubbles in power-law fluids 
are available up to Re 500NN   
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    This equation is based on numerical results 
encompassing the range of conditions as: 
5 Re 500NNd d  and 0.5 2nd d . The resulting 
mean error is 7%. This result is supplemented by the 
following result in the so-called creeping flow 
( Re 0NN o ) expression [7]. 
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    Similarly, the following empirical correlation 
based on experimental results extending over 



 
0.16 1nd d and Re 60NN � has gained 
acceptance in the literature [8]: 
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Figure 6. Shapes of air bubbles in a 0.5% Separan 
MG-700 in 20/80 glycerine water solutions.  The first 
and second members are the concentration of sodium 
dodecyl sulphate (SDS) in ppm and the volume of 
bubble in cubic mm (a) when the SDS concentration 
is below the critical micelle concentration (CMC) (b) 
When the SDS concentration is above the CMC 
value. (Photographs courtesy Professor Denis 
Rodrigue, University of Laval, Quebec). 
 
    The predictions of Eq. (9) and of Eq. (10) are 
within r 20% of each other.  
    For bubble swarms, Fig. 8 shows the effect of the 
gas volume fraction on the free rise velocity 
(normalised in respect of the single bubble value) in 
the two limits of Re 0NN o and ReNN of . The 
effect of power-law index appears to be much more 
prominent in the zero-Reynolds number limit than 
that in the high Reynolds number limit. Also, the fact 
that a bubble swarm can rise faster than the single 
bubble is counter-intuitive, but is a consequence of 
the two competing mechanisms, namely, the 
crowding effect verses reduction in viscosity due to 

enhanced shearing. This behaviour has also been 
observed experimentally [9]. 
 

 
Figure 7. Qualitative photographs showing 
coalescence between two and three bubbles in 1% 
polyacrylamide solution. Top: 

1bV = 9.33 cm3; 

2bV =3.53 cm3 and initial horizontal separation 2.4 

mm, Bottom: 5.7
321
   bbb VVV  cm3 with 

initial horizontal separation 3 mm. 
 
    Finally, turning our attention to the dynamics of 
bubbles in visco-plastic fluids, there has been very 
little activity in this area. Two issues need to be 
addressed here: firstly, a criterion is required to 
predict a priori whether bubble of given size and 
density will rise in a viscoplastic fluid of known 
density, yield stress, etc. Practically, nothing is 
known about this point, though oscillations and 
vibrations have been used to capture the bubbles in a 
viscoplastic liquid move (Fig. 9). Once of course the  
bubble begins to rise, its free rise velocity 
( Re 0;  Bi 0o o ) is given by 
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    There has not been much experimental activity in 
this field either, and it thus remains a virtually 
unexplored terrain. 

At this juncture, it is important to make a few 
observations. While the power-law and Bingham 
plastic fluid models are the joys of those who carry 
out numerical studies,  these pose enormous 
difficulties in the interpretation of experimental 
results due to the unaccounted viscoelastic effects. 
Also, the values of the power-law constants 
themselves are dependent on the range of shear rate 
which is not known a priori. Likewise, much has 
been written about the yield stress and its 
measurement, e.g., see [10]. 
 



 

 
Figure 8. Dependence of free rise velocity of bubble 
swarms (shown as broken line), in stationary power 
law media on gas fraction in creeping flow regime in 
the inviscid flow regime shown as a solid line.  
 
    Secondly, while a reasonable body of information 
is available on the gross parameters, like drag on 
rigid spherical and non-spherical particles in power-
law fluids, very little is known about the detailed 
kinematics and wake structure, etc. For bubbles, the 
simplest possible case of a single-clean and 
spherical-bubble has been investigated whereas in 
practice bubbles are neither spherical nor free from 
surface active agents. In summary, these studies must 
be regarded only as preliminary, and can hopefully 
be used to develop more realistic models in a 
systematic manner. 
 
CONCLUDING REMARKS 

 
    A short overview of the activity on the motion of 
bubbles and rigid particles in purely viscous non-
Newtonian fluids is provided. While reliable results 
for spherical particles falling in power-law and 
viscoplastic fluids are available over reasonable 
ranges of conditions, the corresponding information 
for regular shaped non-spherical particles is not only 
limited, but also less reliable and coherent,  due to 
the difficulties of characterising non-spherical 
particles. The free rise of bubbles in stationary 
power-law and Bingham plastic fluids has been 
investigated only at a preliminary level, which 
altogether ignores the roles of shape deformation and 
of surface active agents. 
 

 

Figure 9. Air bubbles trapped in a carbopol solution 
with yield stress of 8 Pa (Photograph courtesy 
Professor I. Frigaard, University of British Columbia, 
Vancouver, Canada).  
 

NOMENCLATURE 

Bi  Bingham number, dimensionless 

dC  drag coefficient, dimensionless 

(= 24 ( 1) / 3gd s V� ) 

d  bubble or particle diameter (m) 

nd  equal area sphere diameter (m) 

sd  equal volume sphere diameter (m) 

g  acceleration due to gravity (m/s2) 
m  power-law or Herschel-Bulkley constant (Pa 

sn) 
n  power-law or Herschel-Bulkley index, 

dimensionless 
ReNN  Reynolds number for power-law fluids, 

dimensionless  

(= 2 /n n
fV d mU � )   

s  specific-gravity of dispersed phase, 
dimensionless 

V  terminal velocity (m/s) 

fU  density of fluid (kg/m3) 

0
HW  yield stress (Pa) 

\   sphericity, dimensionless  
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Abstract 
 

The results of a complete study of super-concentrated emulsions are presented. These emulsions are the 
dispersions of an aqueous phase (with concentration of up to 95 w.%) in an oil phase. The dispersed droplets consist 
of a supersaturated aqueous solution of nitrate salts (below crystallisation temperature); and water comprises less 
than 20% by mass.  

The emulsions which are investigated are non-Newtonian liquids. If their viscous properties are measured 
in the upward shear rate sweeping mode, the flow curves are characterised by a rather long, low-shear rate 
Newtonian domain.  If these measurements are taken in the downward shear rate sweeping mode however, the yield 
stress existing in the descending branch of the flow curve opposes the Newtonian behaviour in the increasing branch 
of the flow curve. It was shown that the wall slip in the flow of emulsions investigated is negligible. 

The elastic modules are constant over a very wide frequency range. The viscoelastic relaxation processes 
might therefore be expected at time intervals of either >>100s or <0.01s. In high amplitude experiments strong non-
linear behaviour was observed. The elastic modules (measured during oscillating testing as well as during elastic 
recovery) is proportional to D-2, while the Newtonian viscosity is proportional to D-1. The concentration 
dependencies of rheological parameters are also discussed. 

Various time effects were observed. One of the most intriguing is the rheopectic behavior of emulsions 
expressed as a slow increase of viscosity over the low-shear rate domain. The difference in the viscous behaviour of 
emulsions in upward and downward shear rate sweeping is a consequence of this effect. A model which 
qualitatively explains the rheopectic behaviour of the emulsions was proposed. 

 The other time effect is the aging of such emulsions. Aging leads to the enchancement of the solid-like 
properties of the emulsions, which can be treated as an “emulsion-to-suspension transition“. This transition is 
incomplete, however, because dispersions store an ability to flow at stresses exceeding the yield stress value. It was 
proven that aging is related to the slow crystallisation of a super-cooled solution (inside droplets) without the 
coalescence of the droplets. There is a general correlation between the kinetics of the crystallisation and the 
evolution of the rheological properties of emulsions. 

The problem of the transport characteristics of such emulsions was also studied, keeping in mind the aim 
of answering the following question: is the choice of a rheological model for a flow curve crucial for pipe flow 
design? The answer is “no” and this result can be used for practical applications in the design of pipe transportation 
systems. 
 
 
INTRODUCTION 

 
Hundreds of publications are devoted to the 

rheology of various types of emulsions. At the same 
time, the absolute majority of them deals with 
emulsions that have a concentration of a disperse phase 
below some limit corresponding with the most dense 
packing of particles. It is well known that this limit is 
close to 0.74. Emulsions with a higher concentration of 
a disperse phase can exist, however. These super-
concentrated emulsions (SCE) are of great interest for 
various applications. It is necessary to note that 
systematic studies of rheological properties of SCE are 

 

 
absent and very few publications are devoted to such 
SCE. For example, it was found [1] that visco-elastic 
properties of oil-in-water (O/W) SCE (up to M = 0.96) 
are quite well fitted by the simplest Maxwell model 
with a single relaxation mode. Analogous results for 
water-in-oil (W/O) SCE (with M = 0.96) were obtained 
in [2], although somewhat more complex visco-elastic 
behaviour of the same SCE was found in [3]. 

In our publications [4-6] we started the 
systematic study of a rather unusual type of SCE, 
called “liquid explosives” [7]. Some very interesting 
effects were established, both for viscous and visco-
elastic properties of these SCE.  
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In this publication we attempt to summarise 

the results of our studies, while bearing in mind the 
various time effects, as these SCE are first and 
foremost visco-elastic materials; secondly, that they 

can be structurised in shearing; and thirdly, that they 
are unstable over the long-term scale. 
 

 
 
EXPERIMENTAL 
 
Materials 
 

The disperse phase in SCE consists of droplets 
of over-cooled supersaturated aqueous solutions of 
inorganic salts, mainly ammonium nitrate with a minor 
proportion of Ca and Na nitrates. Water comprises < 
20% of this phase, resulting in a very concentrated 
solution with an extraordinarily high ionic strength. 
The dissolution temperature for the complete 
disappearance of solid nitrates into such a solution in 
large bulk volumes is typically greater than 600C. As 
the experiments were carried out below this transition 
temperature, a super-cooled (thermodynamically 
unstable) solution resulted. 

The continuous phase is a solution of an emulsifier 
in hydrocarbon oils. The emulsifier comprises app. 
15% of the oil phase. The emulsifier is based on 
organic derivatives of PIBSA [PIBSA is an industry 
acronym for poly(isobutylene) succinic anhydride, 
which, when derivatised, forms an open-chain 
carboxylate]. The PIBSA has a MM in the range 900-
1300. The oil phase consists of straight chain paraffins 
and cyclic naphthenes and has a density of about 0.9 
g/cm3 and a chain length of more than 16. 

By varying the technology of sample 
preparation we changed the average size of the 
dispersed liquid droplets in the emulsions in the range 
from 8 to 20 Pm. The concentration of the disperse 
phase varied in the range 90-96 w.%.  
 
Rheological Measurements 
 

All the measurements were performed on a 
rotational stress-controlled rheometer MCR-300 (Paar 
Physica, Germany) with a concentric-cylinder 
measuring unit and a sand-blasted conic bob bottom. 
The following measurements were made: 

- Shearing in the sweep (up-and-down) mode 
or continuous deformation gives the values of apparent 
viscosity as a function of shear rate. The rate of shear 
rate changes in the sweep experiments was different:  
the time step between neighbouring points was 2, 5 or 
10 s. A total change in the shear rate was 8 decimal 
orders. 

- Periodic oscillations were made over a wide 
frequency range – from 10-2 to 102 s-1. The amplitude 
of deformations, J0, was varied from 0.01% to 400% 
units while the amplitude of shear stress, V0, can vary 
from 0.1 to 103 Pa. The dependencies of the 
components of the dynamic modules, G’ and G” , were 
measured as functions of frequency and the amplitude 
of deformation (stress), including linear and non-linear 
domain of visco-elastic behaviour as well.   

 - Creep at different shear stresses (starting 
from 1Pa). 
 
 

Additional Methods 
 
In addition to rheological measurements the following 
methods were used. 

 Thermal (DSC) analyses were made by means 
of differential scanning calorimeter Perkin Elmer DSC-
version 6. The DSC tests were conducted in the range 
of temperature between 30 and 800C with a heating 
rate of 10 K/min.  

 Optical analysis was made in order to obtain 
the visual image for observation of the size, shape and 
amount of crystals during aging. The analyses were 
carried out with a Leica optical microscope equipped 
with a digital camera, at a magnification of 500x. 
Optical methods were also used to follow the disperse 
phase particle size distribution. This was made with a 
Malvern Mastersize 2000 technique. This method is 
based on measuring the angle distribution of the He-Ne 
laser light scattered by particles.  

X-ray analysis (based on Bruker D8 X-ray 
powder diffractometer with Cu �  radiation) was used to 
characterise the relative crystallinity of the material. X-
ray studies were based on following the diffraction 
pattern of ammonium nitrate NH4NO3 as the main 
solid component of a disperse phase. 
 
 
RESULTS AND DISCUSSION 
 
Viscoelasticity and elasticity of SCE 
 

The typical results of measuring the 
viscoelastic properties of SCE are shown in Fig. 1. It 
can be observed that the storage modules are almost 
constant over a wide frequency range. Relaxation 
effects are found at characteristic times of less than the 
order of 0.03 s, and longer than 100 s. It is also 
noteworthy to mention that the amplitude dependence 
of elastic modules is rather weak and the linearity of 
viscoelastic behaviour is stored up to high stress (and 
strain) amplitudes (Fig. 2). These results are in line 
with the experimental data of other authors, obtained 
for different emulsions [1, 2]. 
 

-2 -1 0 1 2 
2 

3 

4 

D,  �  m 

20.5 

14 

11 

8.2 

logG’ [Pa] 

  

log Z  [s-1] 
 

Fig 1  Frequency dependencies of dynamic modules 
for emulsions with droplets of a different size  
(shown at the curves). 50°C 
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Fig 2  Typical stress amplitude dependencies of storage 
modules for SCE with droplet size 11 Pm 

  
It is then possible to characterise the elasticity 

of SCE by a single value of elastic modules 
corresponding with a plateau of the G’(Z) dependence, 
Gplateau. It was also found that these values of modules 
are equal to elastic modules obtained in the creep-and-
recovery experiment, Grecovery. Hence, the viscoelastic 
and rubbery elastic properties of SCE are decribed by 
the same values on modules, which can be considered 
as the characteristics of this system. These values 
depend on the size of the disperse phase droplets, 
characterised by the average diameter of droplets, D 
(Fig. 3) and the concentration of disperse phase, M 
(Fig. 4).  
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Fig 3  Dependence of elastic properties of SCE on size 
of droplets (M = 0.92)                                
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Fig 4  Concentration dependence of the “ reduced”  
modules. Dav =16 Pm. Two types of points correspond 
with a slightly different surfactant recipe 
 
 

     It is interesting to note that elastic modules 
are proportional to D-2, but not to D-1 as proposed in 
some theoretical models and experimental studies [3, 8, 
9]. It is a reflection of the droplet suface area as a 
factor determining their elasticity. 

Fig. 4 is built into the coordinates of the 
Princen theory [8,10]. It can be observed that the 
linearity of the G/M1/3 vs. M dependence is really 
observed for SCE. As was predicted, the straight line 
approximates the experimental data quite accurately 
wth the general initial point at M* = 0.71. The latter 
corresponds with the critical concentration as was 
obtained in [10]. Thus, we can say that the G(M) 
dependence corresponds with the theory, while the 
G(D) dependence does not. 
 
Viscous properties and rheopexy 

 
Viscosity measured at the shear rate-

controlled mode increases over time in the low shear 
rate domain (Fig. 5). This effect is known as rheopexy 
– “ the solidification of a thixotropic system by gentle 
and regular movement”  [11]. One of the consequences 
of this effect is that different flow curves are obtained 
when measured in a sweeping mode, increasing and 
decreasing shear rates. Typical results of this 
experiment are shown in Fig. 6.  

 
The following details warrant attention. 

Firstly, a rather long domain of Newtonian flow at low 
shear rates exists, although the values of the Newtonian 
viscosity depend on the ramp in the sweeping regime 
of viscosity measurements. Secondly, there are 
different viscosity values and different types of flow 
curves in the low shear rate domain (this is the 
reflection of rheopectic behavior of SCE). Thirdly, a 
flow curve measured in a downward sweeping mode 
transits to the yield stress, VY. 
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Fig 5  Viscosity growth over time at different
 shear rates 
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Fig 6  Viscosity evolution as measured in a sweeping 
mode in upward and downward regime with different 
time step in sweep 
 

Fourthly, a limiting flow curve that is 
observed as the final stage of rheopectic behaviour, as 
well as a flow curve in a downward shear stress mode, 
is the real time-independent rheological property of a 
SCE. Viscosity in the Newtonian domain, K0, depends 
on experimental conditions. Finally, the recovery of a 
system from downward sweep to the Newtonian 
branch proceeds in a jump-like mode, practically 
instantaneously. This is a reflection of a very short 
relaxation process as was discussed when examining 
Fig. 1. The values K0 (as measured at the same ramp in 
sweeping) and VY can be used as rheological 
characteristics of a SCE and considered as functions of 
droplet size and concentration. An example is shown in 
Figs 7 and 8 for the dependencies of K0 and VY, 
respectively, on droplet diameter. It is evident that the 
dependence of K0 vs. D-1 is linear, but VY is 
proportional to D-1; the same type of dependence as 
was observed for elastic modules. 
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Fig 7  Dependence of Newtonian viscosity on the 
disperse phase droplet size. 30ºC 
 

0 2 4 6 8 10
0

50

100

150

1

2
VY,  Pa

D-2*103, (Pm)-2

 
Fig 8  Dependencies of yield stress on droplet size for 
two concentrations –  92.6 (1) and 94.5% (2) 
 

As was mentioned, the downward flow curve 
is of physical value for SCE. This is illustrated by Fig. 
9, which shows that the position of this curve does not 
depend on the method of measurement. That is why for 
a better understanding the effect of rheopexy, it is 
justified to examine the downward flow curve more 
carefully. The detailed analysis of the combination of 
shear and normal stress is shown in Fig. 10.  
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Fig. 9 Flow curve obtained in various deformation 
modes (as shown by different points) 
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Fig 10  Shear and normal stresses of SCE in flow of 
SCE with different droplet size: circles – 20Pm; 
squares – 16 Pm 
 

Some rather unusual effects can be observed 
in Fig. 10. Firstly, there is a deflection on flow curves. 



 
A double yield stress seems to exist. Secondly, there is 
a constancy of normal stresses in the low shear rate 
domain. To the best of our knowledge we have never 
observed the independence of normal stresses on shear 
rate for any material. It is also important to note that 
the “ second”  yield stress corresponds with the sharp 
decrease of normal stresses.  

Experimental data presented in Fig. 10 prompt 
the consideration that there are possibly two different 
mechanisms of flow of SCE. In accordance with some 
direct optical observations, the following model might 
be proposed. In the low shear rate domain, liquid 
droplets can deform elastically and flow is 
accompanied by the alignment of droplets in rather 
regular rows. The flow proceeds by rolling larger 
droplets over smaller ones without visible deformation. 
In this case, normal stresses are a consequence of 
classical Reynolds dilatancy (as in wet sand). At some 
stress (corresponding to the “ second”  yield stress), 
plastic deformation of droplets occurs, resulting in a 
catastrophic suppression of the Reynolds mechanism 
of dilatancy. These arguments are illustrated in Fig. 11. 

 

 
Fig 11  A possible model for flow of SCE at low (a) 
and high (b) shear stresses 
 

In studies of rheological properties of 
emulsions (as well as other disperse systems), the 
problem of wall slip is very important. It is worth 
mentioning that wall slip in SCE is negligible or does 
nor exist at all. This is proven by measuring the 
viscosity in tube flow, using tubes of different 
diameter, as well as in rotational flows, using different 
gaps between solid surfaces (Fig. 12): 
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Fig 12  Flow curves obtained in tube flow using tubes 
of different diameter, D (top) and in rotational flow 
with different gap, G, between plates (bottom). 

 
Fig. 12 clearly demonstrates the invariance of 

flow curves in respect of the size of a measuring 
device. This is a direct proof of the absence of wall 
slip. 

 
Instability in time (“aging”) 
 

SCE are not stable systems and their 
instability (in time) has two causes. First, SCE are 
typical colloid materials and can exist due to the 
presence of a surfactant that is absorbed by the surface 
of dispersed particles and decreases surface energy 
(surface tension). It stabilises a two-phase system, 
preventing contact between dispersed particles. If such 
contacts does take place (for whatever reason) it results 
in the coalescence of particles and their flocculation. 
Secondly, in the case discussed in this paper, dispersed 
particles contain over-cooled aqueous solutions, and 
are therefore thermodynamically unstable. As a result, 
one can expect the evolution of rheological properties 
of such systems in time that can be treated as “ aging”  
of SCE. 

Direct measurements of size distribution over 
the course of many-month aging showed that there 
were neither essential changes in the droplet size 
distribution, nor in the average value of size 
dimensions. This means that all the observed changes 
in rheological properties should be related to inherent 
processes in side droplets, i.e. their transition from a 
meta-stable to equilibrium state due to the 
crystallisation of a super-cooled salt solution. 



 
Changes in the rheological properties of SCE 

in time can be detected by measurements of different 
parameters. The most impressive are the changes of the 
yield stress and elastic modules, as shown in Fig. 13.  

 Therefore, aging results in an increase in the 
solid-like properties of SCE, which can be treated as 
“ emulsion-to-suspension transition” . This transition is 
incomplete, however, because SCE can flow at stresses 
exceeding yield stress, even after very long period of  
aging, although their viscosity increases in line with 
increasing solid-like properties. 

Direct optical observations demonstrated the 
formation of crystals. This initially takes place inside 
the droplets, whereafter the growing crystals pass 
through the boundaries of individual droplets.  
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Fig 13  Evolution of yield stress (top) and elastic 
modules (bottom) in aging 

 
The crystallisation process is clearly evident 

in the results of the DSC measurements. The area of 
melting peak increases over time. The quantitative 
measure of crystallinity can be obtained based on the 
results of the X-ray analysis. It is interesting to 
compare these results with the data on the evolution of 
rheological properties. This is done in Fig. 14 and the 
relative change in the yield stress value was chosen as 
the measure of change in the rheology of SCE. 
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Fig 14  Correlation between growth of the yield stress 
and the degree of crystallinity, X, in the aging of 
emulsions. Surfactant I: concentration 92 (1); 93 (2); 
94 (3) and 95% (4). Surfactant II: concentration 92 (5); 
93 (6); 94 (7) and 95% (8). Concentration 93% varying 
regimes of mixing: surfactant I  - 2 (9) or 8 min (10); 
surfactant II - 2 (11) or 8 min (12). 

 
The kinetics of crystallisation can be 

described by the standard Kholmogorov-Avrami 
equation, although unusually high values of the 
exponent (about 6) were obtained in the best fitting of 
experimental data. 

 
Tube transportation 
 

The SCE under discussion are used as “ liquid 
explosives’. This implies their transportation through 
pipelines at long distances. It is then necessary to 
choose the appropriate rheological equation for fitting 
experimental data on the viscous properties of SCE. If  
the upward flow curve is borne in mind, one can 
attempt to use a Cross-type equation with a Newtonian 
branch in the low-shear rate domain and a power-law 
branch at high shear rates. If based upon the downward 
flow curve, it is reasonable to fit experimental points 
with a Hershel-Bulkley equation with a yield stress 
component. 

The results of the calculations of the transport 
characteristics of the pipeline in comparison with 
experimental data obtained in real technological 
situations are presented in Fig. 15. The comparison of 
predictions based on different fitting equations gives 
five rather similar results. The same was true when 
other rheological models were used [12]. This means 
that the choice of a fitting equation is not crucial in 
predicting pipeline characteristics in the transportation 
of SCE. The cause of this result is related to the fact 
that the rheopexy effects are important in a low shear 
rate domain, while transport characteristics in real 
technological applications are determined by the high 
shear rate rheological properties of a material. 
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Fig 15 Comparison of the results of transport 
characteristics of the pipeline based on the Cross (top) 
and Hershel-Bulkley (bottom) equations with 
experimental data  
 
 
SUMMARY 
 

 Super-concentrated emulsions is a rather new 
and intriguing subject for rheological study. The 
subject of this work are water-in-oil emulsions with a 
concentration of the disperse phase of up to 95 w.%; 
i.e. far beyond the close packing limit. Dispersed 
droplets consist of a supersaturated aqueous solution of 
nitrate salts (below their crystallisation temperature); 
and water comprises less than 20% by mass. The oil 
phase is a solution of emulsifier in hydrocarbon oils. 
The emulsifiers comprise |10 - 20% of the oil phase.  

 The following main experimental results were 
obtained in the study of  rheological properties of such 
emulsions. 

1. The emulsions under study are non-
Newtonian liquids. Their viscous properties depend on 
the pre-history of deformations. Measuring the 
viscosity vs. shear rate dependence in the upward- 
shear rate sweeping mode, demonstrates flow curves in 
the long low-shear rate Newtonian domain.  Repeating 
these measurements in the downward-shear rate 
sweeping mode however, reveals the existence of yield 
stress in the descending branch of a flow curve. It was 
shown that wall slip in the different geometries of flow 
of emulsions under study is absent. 

2. The elastic modules are constant over a 
very wide frequency range. Hence the viscoelastic 
relaxation processes might be expected at times of 
either >>100s or <0.01s. Strong non-linear behaviour 
was observed in high amplitude periodic deformations.  

3. Elastic modules (measured in oscillating 
testing and in elastic recovery as well) are proportional 
to D-2, while the Newtonian viscosity is proportional to 
D-1. Concentration dependencies of rheological 
parameters are also discussed. 

4. Various time effects were observed. One of 
the most intriguing is the rheopectic behaviour of 
emulsions expressed as the slow increase of viscosity 
in a low shear rate domain. The difference in viscous 
behaviour of emulsions in upward and downward shear 
rate sweeping is the consequence of this effect. 
Rheopexy can be treated within the frames of the 
proposed qualitative model. 

5. Normal stresses are constant over a wide 
low shear rate domain that is related to Reynolds 
dilatancy. Normal stresses sharply decrease beyond the 
rheopexy domain. An unusual shear rate dependence of 
normal stresses was discussed in terms of the proposed 
model.  

6. The rheological properties of emulsions 
change over time. Aging leads to the enchancement of 
the solid-like properties of emulsions, that can be 
treated as “ emulsion-to-suspension transition“ . This 
transition is incomplete, however, because dispersions 
store an ability to flow at stresses exceeding the yield 
stress value. It was proven that aging is related to the 
slow crystallisation of a super-cooled solution (inside 
droplets) without the coalescence of droplets. There is 
a general correlation between the kinetics of 
crystallisation and the evolution of rheological 
properties of emulsions. 

7. The problem of transport characteristics of 
such emulsions was studied while keeping in mind the 
aim of answering the following question: is the choice 
of a rheological model for a flow curve crucial for pipe 
flow design? The answer is “ no” , and this result can be 
used for practical applications in the design of pipe 
transportation systems.  
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INTRODUCTION 
 

The laminar/turbulent transition is of great importance for 
the pipe system designer, because at this point the behaviour 
of the fluid changes fundamentally. For Newtonian fluids, 
such as water and oil, the location of the transition is well 
established and the calculation is simple. For systems 
conveying non-Newtonian fluids, however, nothing could be 
further from the truth. 

 
Industries, such as the mining and minerals processing 

industries, make use of circular pipes of the order of 1m in 
diameter for the hydraulic transport of non-Newtonian 
suspensions, over large distances. Typically, the material is a 
mine waste tailings whose rheology is modelled using the 
Bingham plastic rheological model, and the pipelines are 
designed to operate in turbulent flow. The rheology of the 
tailings suspension is sensitive to small changes in a number 
of properties including the suspension chemistry and the 
clay fraction [1]. On occasion, these effects are elevated 
high enough to significantly affect the yield stress of the 
tailings, causing the flow to become laminar, and disrupting 
the operation of the pipeline. The principal problem 
addressed in this paper, is that at high Bingham number, the 
transitional flow behaviour becomes quite different from the 
behaviour at low Bingham number. Four of the approaches 
in literature will be brought to bear on the problem. At low 
Bingham number, it will be shown that these approaches 
agree closely, and the issue is essentially a solved problem. 
However, at high Bingham number, it will be shown that all 
these approaches diverge, and the literature is largely silent 
on the pragmatic implications of this problem for the pipe 
system designer. 

 

THEORY AND LITERATURE REVIEW 

The Bingham Plastic Model 
 
The Bingham plastic rheological model can be 

formulated as [2] 
 

JWW �Ky �  

 
The Bingham number is a dimensionless group, useful for 

characterising the pipe flow of these materials, and is 
formulated as follows 
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The Laminar/Turbulent Transition 
 
Traditionally, the issue of the prediction of 

the critical velocity at which pipe flow 
changes from laminar to turbulent, is dealt 
with using a Reynolds number. This paradigm 
has been carried through to non-Newtonian 
pipe flow. We shall consider four 
approaches:- the wall viscosity Newtonian 
Reynolds number, the Metzner-Reed 
Reynolds number [3], the Re3 Reynolds 
number approach developed by the author [4], 
and the transition criterion approach of Ryan 
and Johnson [5]. 

 
 
The wall viscosity Newtonian Reynolds 

number uses the standard Newtonian 
Reynolds number with wall viscosity the 
denominator: 

0
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Metzner and Reed [3] developed a 

generalised Reynolds number for non-
Newtonian flow: 
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Slatter [4] developed a Reynolds number 

that places emphasis on the yield stress.  
Using the fundamental definition that Re v 
inertial / viscous forces, the final formulation 
is 
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For the three Reynolds number approaches, the transition 

criterion has been taken as Re=2100. 
 
Ryan & Johnson [5] and Hanks [6] have derived stability 

functions for laminar flow velocity vector fields. For axially 
symmetrical pipe flow the two functions differ by a factor of 
2. The Ryan & Johnson stability function is :  
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The maximum value of this function Zmax across a given 

laminar velocity vector field is taken as the stability 
criterion. For Newtonian flow, Zmax = 808 corresponds to Re 
= 2100 and it is assumed that all fluids will obtain this value 
of Zmax = 808 at the transition limit. Although only the Ryan 
& Johnson criterion is considered here, it must be noted that 
the analyses and general findings and conclusions applicable 
to the Ryan & Johnson criterion apply equally to the Hanks 
approach. Clearly, the stability criterion approach is the 
most scientifically sophisticated of all the approaches 
considered. 

 

EXPERIMENTAL AND SITE DATA 

 
The Flow Process Research Centre at the Cape Peninsula 

University of Technology has been gathering experimental 
data from pipe rig experiments, and a set of data for a 
Bingham Plastic suspension is presented here in Table 1. 

Table 1 : Experimental test and material data 

Name D rho Vc_obs Ty K 

 mm kg/m3 m/s Pa Pa.s 

RFMRL20 21.6 1176 1.935 3.91 0.0105 

RFERS20 79.0 1176 1.655 3.91 0.0105 

RFERM20 140.5 1176 1.51 3.91 0.0105 

RFERL20 207.0 1176 1.61 3.91 0.0105 

 
Data from mine sites is typically as presented below in 

Table 2. 

Table 2 Test and material data from mine site 

Range D rho V op Ty K 

 mm kg/m3 m/s Pa Pa.s 

Lowest 1000 1500 2 2 0.0105 

Highest 1000 1500 2 20 0.0105 

 
 
 
 
 
 
 

PROBLEM ANALYSIS 

 
The four approaches to be considered can 

be compared graphically using the Metzner-
Reed Reynolds number as the standard. This 
is presented in Figure 1. 
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Figure 1 : Comparison of the different 
approaches 

 

DISCUSSION 

Conceptually, the Bingham number 
represents the ratio of the two terms in the 
Bingham plastic rheological model, with the 
value of (V/R) as a representative shear rate. 
At a Bingham number of unity, the two terms 
are equal. For NB <1, the plastic viscosity term 
dominates, and for NB>1, the yield stress 
dominates. Figure 1 shows that NB <1, there is 
little difference in the approaches, whereas for 
NB>1, in the region where the yield stress 
dominates, the different approaches diverge 
sharply. 

 
The data are shown on Figure 1, which 

shows that the data agree best with the Re3 
Reynolds number approach. The significant 
difference between the data and the other 
approaches is possibly due to the failure of 
these approaches to adequately accommodate 
the effect of the yield stress. 

 
It is believed that the highest data shown in 

Figure 1 is typical of the highest Bingham 
number data available. Given the industrial 
context of the problem, it is important to 
extend the range of experimental values to 
include the site values i.e. up to NB § 400. 
This represents an important experimental and 
conceptual frontier, which is required to be 
pushed back. From a practical design 
perspective, Figure 1 indicates that at NB>100, 
order of magnitude errors can be expected – a 
fact upon which the literature is presently 
largely silent. It is hoped that this present 



 

 

work will make a contribution in this direction. 

CONCLUSIONS 

It has been argued that the laminar/turbulent transition is 
of great importance for the pipe system designer, and 
presents a particularly acute problem for large diameter 
pipes conveying yield stress fluids. Using the Bingham 
plastic rheological model as the point of departure, four of 
the approaches in literature have been brought to bear on the 
problem. It has been shown that at low Bingham number, 
these approaches agree closely, while at high Bingham 
number, these approaches diverge sharply. Only the Re3 
approach agrees well with the experimental data presented, 
at the higher Bingham numbers. Further research focussed 
on higher Bingham numbers is called for. 
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INTRODUCTION 

Due to their compartmental structure, water-in-oil 
microemulsions are considered to be “complex 
solvents” for ABA triblock copolymers containing 
hydrophilic end blocks (A) and a lypophilic midblock 
(B). One can expect that such polymers can form 
mesophases in microemulsions by incorporating their 
hydrophilic blocks (A) into the aqueous cores of the 
droplets and then bridging the water domains via their 
oil-soluble midblocks (B). Above a certain polymer 
concentration a three-dimensional polymer-
microemulsion network is formed, presenting the 
typical physical properties of transient networks. [1-3] 

In a previous work on poly(ethylene oxide)– 
polystyrene–poly(ethylene oxide) triblock copolymers 
Lynch et al. [4] have concluded that, for PEO Blocks 
of short length an increase in their length would affect 
the structure of the network and that a significant 
fraction of loose ends should exist for very short 
blocks. Above a certain block length, the structure 
would not be affected, but only the kinetics (the 
probability of a block leaving the droplet). For very 
long PEO blocks – much longer than those studied by 
them – they considered crowding or overlap effects, 
which would influence the distribution of PEO chains 
among the droplets. 

On the other hand, the length of the PS block also 
affects the structure of the network. For short PS 
blocks, loop formation would be expected, while the 
critical PS block length required for “bridge 
dominance” should depend on the droplet 
concentration, as this influences the average 
interdroplet distance. [4] 

The advantage of using microemulsions as model 
systems for studying the interaction with associative 
polymers is that several different parameters can be 
varied separately, such as (1) the radius of the droplets 
by adjusting the composition of the microemulsion, 
(2) the average distance between the droplets, which is 
dependent on their volume fractions, (3) the number of 
associative polymer molecules that can be added per 
droplet, and (4) the length of the midblocks. Thus, the 
associations can be tailored by adjusting the size and 
concentration of the droplets and the number and 
length of the associating groups. To date, however, the 
effect of changing the microemulsion parameters (e.g., 
droplet size or droplet concentration) on the 
interactions between polymers and droplets have only 
been investigated for mixtures involving amphiphilic 
graft copolymers [1] and linear polymers with high 
molecular weight [2]. Therefore, the objective of this 

work was to investigate the effect of changes on the 
polarity of the oil phase as a fact of the conformational 
changes for low molar mass triblock copolymers in 
reverse microemulsion.  

MATERIALS AND METHOS 

Materials: Mineral (n-paraffin:isoparaffin, 2:1) and 
vegetable (methyl esters from soybean) oils 
representing the oil phase were used, SPAN 80 and 
TWEEN 80 were obtained from Sigma-Aldrich Brazil 
Ltda and Dhaymers Brazil Ltda and used as a 
surfactant and co-surfactant respectively. A series of 
PEO-PPO-PEO from Sigma-Aldrich Brazil Ltda, were 
used in this study as the low molar mass ABA triblock 
copolymers, and their characteristics are summarized 
in Table 1. All components were used as received, 
without further purification.  
 
 
Table 1. Characteristics of the Triblock Copolymers 
Used in This Study. 

 

Polymer EO units 
number 

PO units 
number PEO-PPO-PEO Polymer  

Mn 
1 3 15 3 – 15 – 3  1.100 
2 11 16 11 – 16 – 11  1.900 
3 3 30 3 – 30 – 3  2.000 
4 15 53 15 – 53 – 15  4.400 
5 20 70 20 – 70 – 20  5.800 
6 76 30 76 – 30 – 76  8.400 

 
 
Sample preparation: Oil continuous 

microemulsions of water/surfactant/oil were prepared 
and stirred for 1 hour at room temperature. The 
surfactant (S80) and co-surfactant (T80) proportion 
was kept constant to obtain a hydrophilic- lypophilic 
balance (HLB) value of 6; mixtures of mineral and 
vegetable oils in the desired proportion were made in 
order to change the polarity of the oil phase. The 
desired amount of triblock copolymer was added to 
the microemulsions, which were then stirred for 3 
hours at room temperature. A 1.75 molar NaCl water 
solution was used as the aqueous phase. 

RESULTS AND DISCUSSION 

Some very interesting trends emerge, as previously 
observed by Lynch et al. [4], especially when the 
relative viscosities are compared, at the same polymer 
molar concentration. These trends, including an 
increase of the relative viscosity with the increase of 
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PPO block length, are neither in accordance with the 
findings of other researchers [2], nor with a current 
model of network formation, which suggests that only 
polymers with short middle blocks can form bridging 
type polymer-droplet complexes.  

The results shown in figure 1 demonstrate that a 
minimum size for the middle block is required in order 
to form the interconnection of the droplets when 
polymers 1, 2 and 3 are compared. According to 
Quellet et al. [3] the distance between the 
entanglement points (droplets) is controlled by the 
end-to-end distance, ¢r2²1/2, of the PPO-blocks.  
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Figure 1. Low shear rate viscosity as a function of 
polymer molar mass for a 60:40 oil:water 
microemulsions, showing the effect of the polymer 
molar mass, for four different polymers as shown in the 
legend. Polymer concentration remains constant at 
10.000ppm.   

 
 

On the other hand, comparing the viscosity (K) at 
low shear rate (10 s-1) for polymers 3 and 6, it is 
possible to observe that the length of the PEO block is 
also important. The length of the PEO block would 
control the partition coefficient between free and 
droplet-bound blocks, which, in turn, would control 
the lifetime of a PEO block inside a droplet. Both the 
degree of binding and the dynamics of exchange affect 
the viscosity [4]. Crowding could conceivably be a 
problem for high concentrations of long PEO chains; 
reducing the number of PEO blocks per droplet as far 
as no bridging dominance was found.  

Two types of copolymer-droplet complexes could 
be formed, which are described in terms of the 
copolymer conformation; in the first, a loop-type 
complex (core shell), both A-blocks would be 
solubilized in a single droplet with the middle B-block 
forming a loop around the droplet, whereas in the 
second, a bridging-type complex (dimeric complex), 
two droplets would be interconnected via the oil-
soluble B-block with one A-block in each droplet.[2] 
Considerable work has been done to determine the 
effect of the relative block lengths on the type of 
structure formed, and thus on the viscosity 
enhancement.[2,3] 

The minimum size for the middle block that is 
required in order to obtain the interconnection of the 
droplets (bridge dominance), not only depends on the 
droplet concentration (as this influences the average 
interdroplet distance) [2], but also on the polarity of 
the oil phase.  

Figure 2 shows that when the mineral oil 
percentage increases, the oil phase becomes less polar, 
promoting a better affinity with the PPO middle block, 
and so ¢r2²1/2 becomes large enough to form dymeric 
complexes. Thus, when the mineral oil percentage 
decreases, the middle block dimention (¢r2²1/2) also 
decreases, due to the change on the polarity of the oil 
phase. This suggests that higher PPO block molar 
masses are required in order to form dymeric 
complexes, as shown by polymer 4 and 5 in 50 and 75 
mineral oil percentage.    
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Figure 2. Relative Viscosity for a 60:40 oil:water 
microemulsion  for different mineral oil % in the oil 
phase, for three different polymers as shown in the 
legend. Polymer concentration remains constant at 
10.000ppm.   
 

CONCLUSIONS 

It is possible to say that the PPO block length 
determines whether the copolymer will form loop 
(core-shell) or bridging complexes with the 
microemulsion droplets. On the other hand it was also 
found that the polarity of the oil phase can affect the 
conformation of the lypophilic midblock, increasing or 
reducing its size. Additionally, for a specific droplet 
size and concentration, PEO chains dimension should 
affect the transient network formation. This explains 
the literature on general trends suggesting that a 
minimum PEO size is required, since our results show 
that over an optimum size, a decrease in the viscosity 
will occur due to the crowding effect. Finally a 
minimum concentration has to be achieved in order to 
form a transient network, and that would resemble the 
critical concentration (c*) for entanglement network 
found in polymer solutions. 
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Capillary rheometer and pressure–volume–
temperature (PVT) apparatus were employed for 
polysulphone melt testing. Shear viscosity curves were 
determined at selected temperatures. PVT 
measurements were carried out at pressures from 1 to 
200 MPa and in the temperature range covering the 
viscosity data. To compute free volume parameter 
from PVT dependencies, the Simha–Somcynsky 
equation of state (SSeos) was used. A recently 
proposed modification of interconnection between the 
dependencies of SSeos free volume parameter and 
temperature dependent viscosity was used for the 
estimation of pressure dependencies of shear viscosity. 

1. INTRODUCTION 

The concept of free volume, dating from 1873, 
originates from van der Waals’ thesis [1], where liquid 
was considered as a composition of molecules moving 
within cells formed by the surrounding molecules. 
Within each of these cells a molecule occupies its 
intrinsic volume (occupied volume, Vo), as well as 
some extra space required for thermal motion (free 
volume, Vf). Hence, the total specific volume of a 
given liquid is: V = Vo+Vf, and the free volume 
fraction, f, is defined as: 

f = Vf /V = 1 - V0/V                
(1) 

In 1912, Batschinski [2] proposed a correlation 
between f and the viscosity of low molecular weight 
liquids at different temperatures, T, and pressure, P. 
Four decades later this approach was extended to 
polymers by Doolittle and Doolittle [3] using 
redefined free volume as an empirical function of 
density, fD: 

K� = A0.exp(A1(V0/Vf)) = A0.exp(A1/fD)             
(2) 

where K=Kc0 stands for the coefficient of viscosity, A0, 
A1 are empirical constants, and fD=Vf/V0 means relative 
free space (which represents a fractional increase in 
volume resulting from liquid expansion without 
change of phase).  

Finally, the Doolittles’ equation (2) was modified 
by Utracki [4] to a semi-empirical relation between     
 

 
 

 

temperature–pressure–dependent viscosity and hole 
fraction, h: 

ln K = A0+A1/(h+A2)               
(3) 

where K  is  either  zero-shear  viscosity, K=K0, or                                                                             
viscosity at constant stress, K=Kc, and an adjustable 
empirical parameter A2 represents the excess of free 
volume required for linearization of experimental data.  

The employed parameter h expressing minimization 
of Helmholtz free energy as a function of T and P: 
h=h(T,P) was introduced in 1969 by Simha and 
Somcynsky in their lattice-hole theory of liquid [5]. 
Several papers reported that the Simha–Somcynsky 
equation of state (SSeos) performs better than other 
simpler eos, e.g. [6], and moreover, that h evaluated 
through fitting PVT data into SSeos is in accordance 
with the results of Positron Annihilation Lifetime 
Spectroscopy (PALS), providing the size of individual 
free volume cells as well as the total free volume [7].  

Since the early 1970’s, several studies have 
examined the validity of the Doolittles’ empirical Eq. 
(2) with the free volume fraction replaced by the 
SSeos hole fraction [4, 8]. It is noteworthy that Eq. (3) 
enables  prediction as a function of T and P only 
through a dependence n of h=h(T,P). However, the 
evaluation of adjustable empirical coefficients in Eq. 
(3) limits the use of this relation for the prediction of 
pressure effects on viscosity from pure connection of 
viscosity–temperature dependencies and PVT 
measurements. In the presented contribution the 
approach modifying Eq. (3) and enabling such 
prediction, proposed in a recent paper of Sedlacek et 
al. [9], is adapted for the estimation of pressure-
affected viscosity data of polysulphone melt.  

2. MATERIALS AND METHODS 

Polysulphone (PSU, Radel R5800) produced by 
Solvay Advanced Polymers was employed in the work 
as the tested material. 

Rheological properties at a shear rate of 10–4000 s-

1 were measured using capillary rheometer (Göttfert 
2002, Germany). The experiments were conducted 
with a  1 mm-diameter capillary, plane (180°) 
entrance, and length-to-diameter ratio, L/D=40. Three 
temperatures – 345, 360 and 375°C – were chosen as 
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reference conditions corresponding with polysulphone 
processing.  

PVT measurements were carried out on a fully 
automated PVT instrument (pvT 100 SWO, 
Germany). The data were collected in the pressure 
range of 1 to 200 MPa in steps of 20 MPa. The 
temperature range of 50 to 390°C was chosen to cover 
rheological testing temperatures. 

 
3. RESULTS 

PVT data analysis was carried out through an 
analytical approximation of the SSeos proposed by 
Simha et al. [10], and later modified by Utracki and 
Simha [11]. The scaling parameters V*, T*, and P* 
calculated through the procedure are 0.770768 cm3.g-1, 
13009 K and 10250 MPa, respectively. 

Constant-stress viscosities, Kc, at chosen shear 
stresses (30, 90, 240, 390 and 750 kPa) were 
calculated from the precise interpolation of shear 
viscosity vs. shear stress curves by a third-order 
equation, as shown in Fig. 1.  
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Figure 1 – Shear viscosity as a function of shear 
stress for measured temperature conditions.  

Hole fraction, h, of the SSeos was computed 
through the analytical expression published in Utracki 
and Simha [11]. 

K�h�relation of temperature–dependent Kc and 
corrected h at the pressure of 0.1 MPa and appropriate 
temperature conditions were carried out using the 
modification of the Doolittles’  equation recently 
proposed in [9]: 

ln K = A0+A1ln(h’ /h)               
(4) 

where correcting parameter h’ =1-(h    ); here                 

                                       .  The   graphical  example  of  

K–h relation in Fig. 2, illustrating functional 
dependence, is only shown for shear stresses of 30, 
240, and 750 kPa to avoid figure crowding. 
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Figure 2 – Constant-stress viscosity as a function of 

the reciprocal corrected hole fraction at chosen shear 
stresses according to Eq. (4). 

Finally, pressure–dependent viscosity was 
predicted employing Eq. (4).  The calculated values of 
shear viscosity at 360°C for pressures of 0.1, 20, 50 
and 70 MPa are presented in Fig. 3.  
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Figure 3 – Pressure dependent shear viscosity vs. 

shear rate at 360°C predicted from Eq. 4.  

4. DISCUSSION 

The following brief discussion of the predicted 
dependencies of shear viscosity on pressure is based 
on the magnitude of parameter A1 in Eq. (4).  

The parameter for shear stress of 90 kPa attains the 
value of 11.92. Comparing this parameter with those 
obtained in the paper [9] for different materials, it is 
clear that while A1 of polysulphone (PSU) highly 
exceeds the value of 6.3 of polypropylene (PP), it 
almost reaches the value of 14.2 obtained for 
polycarbonate (PC). Thus, it is apparent that similar 
pressure dependencies of flow behaviour could be 
expected for both PSU and PC, or in other words, that 
roughly estimated PSU pressure sensitivity coefficient 
should appear around the 30 GPa-1. The presumption 
of similar pressure influenced flow behaviour is 
further supported by the molecular structure 
parallelism [12] of PC and PSU, as can be seen from 
the following Fig. 4. 
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b)  

Figure 4 – General structure of polysulphone (a) and 
polycarbonate (b). 

5. CONCLUSION  

Pressure-dependent shear flow behaviour of 
polysulphone has been estimated from the temperature 
affected rheological behaviour and PVT measurements 
on the basis of interrelation between viscosity and 
PVT behaviour. The predicted value of pressure 
coefficient of viscosity for PSU, E, is 30 GPa-1 at 
temperature 360°C. The accuracy of the predicted 
pressure dependencies and pressure viscosity 
coefficient will be evaluated in the contiguous 
experimental work.  
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INTRODUCTION 

Though inorganic glasses are widely used in 
modern science and techniques, sufficient reliable and 
objective methods for measuring the properties of 
glasses and melts are not available, and as a 
consequence, theories or models for predicting the 
mechanical behaviour of materials in a wide range of 
time and temperatures are also lacking. Difficulties 
pertaining to measurements of this nature relate to the 
complexity of the numerous and varied relaxation 
processes that occur when  these materials are heated, 
especially in a glass transition interval. As yet, the 
mathematical modeling of these processes remains 
underdeveloped.  

The development of modern science and technical 
equipment, given the severe constraints of the market 
economy, demands the creation and wide application 
of essentially new, competitive technologies on the 
world market. This would equip manufacturers to 
provide high quality products and industries to  
produce various materials efficiently. The way to 
accelerate the perfection and development of new 
equipment, is by adequately modeling the processes 
occurring in materials at the time of processing.  By 
performing machine experiments or engaging in the 
computer modeling of properties of inorganic glasses, 
the author directs all his activities to the ultimate goal 
of product operations and manufacturing. 

In the 1970’s the Laboratory of Physical and 
Chemical Properties of Glass (LPCPG) at the Institute 
of Silicate Chemistry in the Russian Science Academy  
incorporated the modeling of changes regarding the 
physical properties of glass treated in a glass transition 
interval. Based on modern representations of theory on 
glass transition and structural and stress relaxation in 
inorganic glasses, a wide range of scientific and 
practical tasks have been solved. The program library 
that was developed covered glass annealing and 
tempering problems, as well as mechanical stresses in 
glass sealed with other materials, including other 
glasses, and the chemical strengthening of glass.  

The applied and theoretical value of such modeling 
could not be sufficiently powerful without all-round 
experimental checking. In the 1980’s when the role of 
accessible computing means was rather limited, bases 
for creating automated material science complexes 
were incorporated in the same place. Initially, in the  

 

middle of the 1980’s, such installations applied 
rather simple devices, as modules of the CAMAC 
system and simple PC were used. Then, in the 
beginning of the nineties, it enabled LPCPG to operate 
on an international level, occupying the practically 
empty niche of research regarding the time-
temperature dependences of the basic physical 
properties of glass: viscosity, thermal expansion, 
kinetic characteristics of a structural and mechanical 
relaxation, electrical conductivity, etc.). The 
equipment of the CAMAC standard was developed 
from the beginning of the 1960’s and widely applied 
in nuclear-physical experiments. The analysis of the 
work as a complete system, as well as its separate 
modules, first of all pointed towards an opportunity for 
the application of some standard modules of this 
system in material science experiments and, secondly, 
it substantially facilitated the subsequent transition to 
the modern standards of data acquisition equipment. 

METHODS 

Significant experience of the measuring of glass 
properties of LPCPG has made it possible to speed up 
the essential reception of experimental results with 
automated installation.  

Method of measuring the glass viscosity  

It is generally known that glass is an overcooled 
liquid, the viscosity of which strongly depends on 
temperature. The interest in the interval of the 
viscosity regarding the processes investigated in this 
work, and in the phenomena as such, is rather wide.  

In this particular work for the measurement of 
viscosity methods, parallel plates were used; the 
central bending of a core for the measurement of high 
values of viscosity within limits from 1010 up to 1016 
dPa.s and a method of cave in spherical or conic 
indenter - for lower values of viscosity (down to 107 
dPa.s), for which theory and practice have been 
worked out in detail by Nemilov [1].  

The method of central bending consists of 
definining the deformation rate of the core lying on 
two supports, and being constantly loaded in the 
center.  

An indirect, but to our mind sufficiently convincing 
test of the device was conducted by measuring the 
temperature dependences of viscosity of standard 
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glasses NBS-710 and NBS-711 by the bending 
method, which is the absolute one [2].  
 

Dilatometer curve measuring 

For measuring dilatometer curves, the inclined silica 
dilatometer was used. Its specific features are as 
follows: The inclination of a silica tube support 
ensures the combination of the positive characteristics 
of both horizontal and vertical silica dilatometers. A 
sample positioned on the inclined support is less 
sensitive to vibration than when it is fixed in a vertical 
position. Accordingly, accidental pushes and 
vibrations are considerably less dangerous for the 
inclined dilatometer than for the vertical one. It 
permits the external pressure on the sample to 
diminish without an essential decrease in its stability. 
Additionally, when the inclination angle of the support 
is properly selected, the contact of the sample with the 
support is firm enough under the influence of its own 
weight.  

The linear coefficient of thermal expansion (CTE) 
measured above the glass transition range (in other 
words, CTE of the glass melting at the temperature 
above the glass transition interval) was determined for 
the interval 15-20 K, using data obtained for two 
parallel parts of dilatometer curves, obtained for 
cooling and heating schedules. Parallelism of these 
parts of the curves showed that there were no 
appreciable influences of any disturbing factors on the 
corresponding dependencies: changes in heating or 
cooling rates, delay in completion of structural 
relaxation (which is characteristic for the glass 
transition interval), or viscous deformation of the 
sample. Error in temperature reading was less 0.25 K.  

RESULTS 

Results of measurements for some window glasses 
produced in USA, Japan, and Russia (former USSR) 
are presented as temperature dependencies of 
equilibrium viscosities for the investigated glasses, 
and dilatometer curves in Figures 1 and 2 respectively.  

DISCUSSION 

The basic idea of the installation was to unite in one 
device an opportunity to measure the properties of a 
glass such as viscosity, its thermal expansion in the 
wide interval of temperatures including a glass 
transition interval, and the kinetics of mechanical 
stress relaxations.  

The integration of opportunities for measuring the 
specified properties in one device is assumed to have a 
number of advantages over using three different 
devices. The basic advantage of such device is close to 
absolute identity of a temperature field in which 
samples are placed during measurements. The working 
of three devices presents a constant problem with the 
concurrent indications of thermocouples, which is no 
trivial matter. Even with regular calibrations of 
thermocouples on melting temperatures of pure metals 

the difference in temperatures from time to time 
reached 5 K.  

1 1

1 2

1 3

1 4

1 5

  -  J a p a n
  -  R u s s ia
  -  U S A

lo
g 

� , (
 

�  in
 d

P
a*

s)

T e m p e r a t u r e ,  o C
 

Figure 1. Temperature dependencies of viscosity of six 
window glasses produced by three countries. 

Figure 2. Dilatometer curves of glass into and around 
glass transition interval at cooling and heating with 
constant temperature rates shown near curves.  

 

CONCLUSION 

The author of this survey believes that the 
fundamentals of the relaxation theory of glass 
transition correctly reflect the processes that determine 
property changes inside the glass transition interval 
[2].  

The main aim of this work was to discuss the 
measuring of physical properties of glass, which 
governed the stress generation and relaxation kinetics 
[3].  
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ABSTRACT 

 
An existing pore-scale analytical model for 

predicting Newtonian flow in isotropic porous media 
is adapted to include stagnant regions and regular 
arrays, hence it is applicable to anisotropic media.  Its 
generalization towards modelling the drag for non-
Newtonian power law flow is discussed.  The model is 
applicable to foamlike materials, granular media and 
transverse flow across a fibre bed or tube bank.  It 
covers the whole porosity range, except at very high 
porosities where a different physical flow process 
occurs due to the absence of neighbouring solids. 
Model results are shown to compare favourably with 
physical experiments involving power law fluids. 
 
INTRODUCTION 
 

Mathematical modelling of non-Newtonian flow is 
in itself seldom an easy and straightforward task; and 
when it is coupled with the intricacies of flow 
phenomena in porous media mathematical rigour, it is 
often difficult to attain.  In this paper a pore-scale 
model, which has been thoroughly tested to predict 
accurate drag factors for Newtonian flows, is shown to 
be adaptable to non-Newtonian flow of which the drag 
for fully developed flow between parallel plates is 
determinable. 

To keep the equations as simple as possible, the 
time independent (stationary) flow of incompressible 
fluids is being considered here; and regarding the non-
Newtonian behaviour, only simple power law 
constitutive equations are used. 
 
THE DRAG MODEL 
 
Volume Averaging 
 

The interstitial transport entities and equations are 
conceptually volume averaged over a representative 
elementary volume sfo UUU �  of the porous 

medium, e.g. the fluid velocity of which the average 
yields the superficial velocity, q

&
, of which in turn the 

direction defines the local streamwise direction,  sn
&

: 

s
Uo

nqqdUv
U

f

&&& {{³³³1
.              

(1) 
 
The interstitial equation for fluid conservation, 

namely 0 vdiv
&

, yields upon volume averaging 
 

0 qdiv
&

.                                                 (2) 
 
The equation for time-independent interstitial 

momentum transport is given by 
 

WUU *&&& ����� �� pfvv b                 (3) 
 
and its volume average for the case of a uniform 

superficial velocity field is: 
 

� �dSnpn
U

p
fsSo
³³ �� �� W*&&1

.            (4) 

 
Closure modelling with a pore-scale model 

 
Equation (4) is still open in the sense that the 

surface integral present is as yet undetermined; and to 
be of practical use, the surface integral must be 
determined in terms of measurable quantities. This is 
effected by a closure procedure and in this work a 
pore-scale representative unit cell (RUC) will be used 
[1]. Although several adaptations towards accuracy 
and correctness of the formulation were made to the 
model, originally introduced in 1988, the fundamental 
principles have remained largely the same over the 
past two decades.  Its first application to non-
Newtonian flow was reported in 1996 ([2]).  

The relative positioning of neighbouring RUC’s 
leads to the introduction of a staggered and non-
staggered array. The void volume fU  of the RUC is 

further partitioned into sub-volumes, as follows:  
 

gtf UUUUU ��� �
||                       (5) 

 

 
AN ADAPTIVE PORE-SCALE MODEL FOR MODELLING NON-NEWTONIAN 

POWER LAW DRAG IN HOMOGENEOUS POROUS MEDIA 
 

S Woudberg, JP du Plessis 
 

Applied Mathematics, Department of Mathematical Sciences,  
Stellenbosch University, Private Bag X1, Matieland, South Africa  

E-mail: woudberg@sun.ac.za; jpdp@sun.ac.za 



 
where ||U  refers to volumes for flow in streamwise 

channels, �U  to flow in transverse channels, tU  to 
flow in transit regions where no surface shear stresses 
occur and gU  to regions where the fluid is stagnant. 

In accordance with this, the fluid-solid interface is 
likewise partitioned as 

 

g||fs SSSS �� � .                       (6) 
 
Asymptotic model as 0Re o  

 
Evaluation of the surface integral, in accordance 

with the particular geometry of the RUC, leads to  

sw
ot

f n
U

SS

UU

U
p

&W[E ���� �� ||

||

,         (7) 

in which fully developed flow is assumed to prevail 
piece-wise between parallel plates on an equal 
distance sdd � apart. The coefficient E  is 
introduced to account for the different average 
streamwise and transverse channel velocities. A value 

of 2 E was obtained from the transverse shifting 
of the centroid of the fluid when traversing through a 
staggered array.   
The coefficient [  accounts for the reduction in the 
wall shear stress in the transverse channels of a 
staggered array due to the splitting of the stream tube. 
Assuming that the stream tube is split in half, it yields 

a value of 2
1 [  .  

 
Asymptotic model as lam�o ReRe  

 
In the case of inertial laminar flow, where 

turbulence is not yet present, the geometry of the RUC 
and the assumption of recirculation on the lee side of 
all solid parts, lead to 
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in which it assumed that at very high velocities the 
interstitial flow field is approximated by the average 
transverse pore velocity, i.e. IIi wwv E | � . 

 
Asymptote matching 

 
The lower and higher Reynolds number asymptotic 

solutions for laminar flow in porous media can now be 
matched by means of a shifting exponent, s as 
proposed by [3], to obtain an expression applicable 
over the entire steady laminar flow regime, i.e. 
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                                                                     (9) 
Practical experience with numerous applications 

has led to the conclusion that a shifting exponent of 
1s   yields the required accuracy in lieu of all the 

other questionable assumptions.  If the need arises, 
however, s  may be adjusted straightforwardly to 
provide acceptable cross-over levels. 

 
Introducing non-Newtonian properties 

 
The present analysis is confined to purely viscous 

and in particular power law fluids  to limit the 
algebraic complexity. Since the RUC for each of the 
three fundamental geometries consists, in principle, of 
oriented pairs of parallel plates, the only input from 
non-Newtonian rheology is an expression for the shear 
stress during fully developed flow between parallel 
plates for the particular fluid. 

The wall shear stress for power law flow between 
parallel plates in which a no-slip boundary condition 
and fully developed flow are assumed, is given by 
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where K and n  are the consistancy and behaviour 
indices respectively. 

 
COMPARISON WITH EXPERIMENTAL 
RESULTS 

 
Chhabra and Srinivas [4]  investigated the flow of  

aqueous CMC solutions through beds of Rashig rings 
and gravel chips for porosities ranging from 0.472 to 
0.704. 
In Figure 2 the predictions of the granular RUC model 
([5]) are shown to compare favourably with published 
experimental data of [4].   
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Figure 2. Comparison of model predictions with 

published experimental data of  [4]. 



 
    The rheological curve fitting parameters are 
obtained from empirical shear viscosity data. Similar 
trends are observed during non-Newtonian flow 
through metallic foams ([6]) and the model could also 
be applied straightforwardly to cross-flow through 
tube bundles.  Many of the semi-empirical models for 
predicting power law flow though packed beds are 
based on modifications of the semi-empirical Ergun 
equation ([7], [8], [9]). Figure 3 provides a comparison 
between the predictive analytical RUC model and 
various semi-empirical capillary-tube models from the 
literature.   
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Figure 3. Comparison of RUC model with semi-

empirical capillary-tube models  for power law flow. 
 
The resistance factor / is defined as 
 

Ref / ,                                                  (11) 
 
where the friction factor f for power law flow through 
a granular porous medium may be expressed as 
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with the Reynolds number Re given by 
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The excellent correspondence of the analytical model 
with the semi-empirical models verifies the ability of 
the RUC model to predict power law flow through 
granular porous  media. 
 
DISCUSSION AND CONCLUSIONS 
 

An explicit model is produced together with 
assumptions, and verified against published 
experimental data and semi-empirical models from the 
literature.  Due to its simple construction it can be 

readily generalized or specialized for particular 
problems regarding the solid microstructure and fluid 
properties. Although the model is derived in 
rectangular geometry, application to semi-spherical 
solid parts may necessitate a shape factor not much 
different from unity – the mathematical structure is 
therefore not altered extensively as is evident from the 
good correlation with experimental data. 
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NOMENCLATURE 
 
Roman Symbols 
 

d        linear dimension of RUC 

sd      RUC solid cube length 

f       friction factor 

    sn
&

     streamwise direction 

p        interstitial pressure 

q
&

       superficial velocity 

Re       Reynolds number 

fsS     fluid-solid interfaces 

    v
&

       interstitial fluid velocity 
    ||w      average streamwise channel velocity 

    oU     RUC volume 

    fU     RUC fluid volume 

sU     RUC solid volume 

 
Greek Symbols 
 

        coefficient for different channel average                    
            velocities 
 H         porosity 

     /        resistance factor 
             coefficient for reduction in tortuosity 

        fluid density 

w       wall shear stress 

       tortuosity 
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Introduction

The mathematical modelling of a thin layer of New-
tonian fluid is a well established research area, with
a wide variety of practical applications. However, in
many situations of practical interest the fluid layer
is non-Newtonian and this has spurred on a spate
of papers related to non-Newtonian thin film flow.

A model of particular interest to theoreticians is
the power law model. Its popularity is largely due
to the simplicity of the mathematics, see [1, 2, 3] for
example. In many industrial applications, such as
injection molding or extrusion, fluids are subjected
to high shear rates (in the range [1, 104]s−1) and so
are well described by the power law model. How-
ever, when a significant proportion of the flow has
a low shear rate results from the power law model
may be less accurate.

As the shear rate tends to zero, the power law
model viscosity will tend to infinity. In reality at low
shear rates the viscosity of many non-Newtonian
fluids, such as polymer solutions and melts, tends
towards a ‘Newtonian plateau’. In this paper we
investigate the use of three common viscosity mod-
els, namely power law, Carreau and Ellis. The ad-
vantage of the Ellis and Carreau models over the
power law is that they both describe the Newtonian
plateau.

Mathematical models

Using standard lubrication theory, it can be shown
that the velocity, u, of a thin layer of power law and
Ellis fluid flowing down a slope inclined at an angle
θ to the horizontal is given by

uP = A1/np
p

np

np + 1

[
h(np+1)/np − (h− z)(np+1)/np

]

uE = Ac

(
h2 − (h− z)2

2
+ Aα−1

e

hα+1 − (h− z)α+1

α + 1

)

where Ap = ρg sin θ
K , Ae = ρg sin θ

τ1/2
, Ac = ρg sin θ

η0
.

The parameters np, K, τ1/2, η0 and α come from
the appropriate viscosity models

ηp = K|uz|np−1 1
ηE

=
1
η0

(
1 +

∣∣∣∣
τ

τ1/2

∣∣∣∣
α−1

)
.

The Carreau model does not lead to an analytical
expression for velocity. Instead, the velocity gradi-
ent is given by the solution of

[
1 + λ2u2

z

](nc−1)/2
uz = Ac(h− z)

which must be then be integrated numerically to
determine u.

Results

In Figure 1 we compare velocities predicted by New-
tonian, power law, Carreau and Ellis models for the
flow of an 8cm thick film of aluminium soap with
ρg sin θ = 1000Kg m−2 s−2. This is a shear thin-
ning fluid. We therefore expect the velocities pre-
dicted by our three models to be higher than that
predicted by the Newtonian model. The Carreau
and Ellis models lead to very similar results, both
with a maximum velocity nearly twice that of the
Newtonian model. The power law model predicts
a maximum velocity below that of the Newtonian
fluid. This is a clear indication that the power law
model is not appropriate for modelling thin film free
surface flow.

In Figure 2 we show results for the flow of a water
and 1.8% CMC solution on a 1 degree slope. The di-
amonds represent experimental results, the dashed

1
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Figure 1: Comparison of velocities calculated by
Carreau (dashed), Ellis (solid), power law (dash-
dot), and Newtonian (dotted) models for aluminium
soap.

line is predicted by a power law model, using pa-
rameters calculated in a viscometer, the solid line
uses an Ellis model. Again it is apparent that the
power law model is inappropriate.

Conclusion

It is clear from the results shown above that the
power law is not appropriate for certain thin film
flows. Admittedly, the correspondence may be im-
proved by choosing different parameters, but these
vary with each experiment and so are not fluid de-
pendent.

The Ellis and Carreau models can provide very
similar results, see [3]. However, only the Ellis
model leads to an analytical expression for velocity
and flux and so is preferable to Carreau in analytical
studies.

In the full paper we will explore these points in
more detail, providing further comparison with ex-
periment and also suggestions for appropriate mod-
els for describing thin film flow.
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Figure 2: Variation of fluid flux with height for a
1.8% CMC solution on a 1 degree slope.
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1. INTRODUCTION 

A paint has to be ragarded as a complex mixture of 
mutually interacting components, usually formulated 
for specific application conditions. To investigate 
mutual chemical and physical interactions is a diffcult 
task. Mechanical models (constitutive equations) 
allow us to investigate only a limited number of 
properties on a constrained region of parameters. For 
example, separate equations must be used for 
Newtonian and non-Newtonian fluids when shear 
stress is appplied.  

With appropriate experimental design and empirical 
models, however, a system can be presented more 
adequately. In this work the relationship of paint 
composition to the rheological properties, as well as to 
mechanical properties, was studied by means of 
techniques such as principle component analysis and 
multiple linear regression.  

 

2. MATERIALS AND METHODS 

2.1 Formulation of Paint Mixtures 

The paint mixtures were prepared according to an 
existing paint formulation from a leading South 
African coatings manufacturer. A constrained mixture 
design was chosen where the sum of the fourteen 
components was equal to 100%. 

Two sets of paint mixtures were formulated, based 
on the type of modelling process: 
1. A first set of paint mixtures (27) for screening 

purposes. This set of paint mixtures was used to 
obtain the most important paint raw materials 
affecting the rheological response as well as 
mechanical properties of the paint. 

2. A second set of paint mixtures (164) for detailed 
modelling purposes. This set is based on the most 
important raw materials obtained from the first set 
(27 paint mixtures). 

 
 

 2.2 Materials 

The paint mixtures consisted of fourteen raw 
materials including pigments, extender, binder, 
solvent, dispersant, surfactant, water and rheology 
modifiers.  
 
 

2.3 Rheology 

Rheological measurements were performed using a 
MCR 300 (Paar-Physica, Stuttgart, Germany). 
Rotational (ROT) and oscillatory (OSC) 
measurements were performed on all the paint 
mixtures. Rotational measurements were: 
Constant high shear (HS), constant low shear (LS), 
flow curve (FC) and three-interval-thixotropy-test (3-
ITT). 
      Rotational measurements were performed with the 
cone and plate measuring system CP50 (diameter = 
50mm, angle = 1, cone-plate distance =  50 Pm). The 
measurements were performed in a controlled shear 
rate (CSR) mode and the resulting shear stress (W) was 
measured and used for modelling purposes. 

Oscillatory measurements were: 
Amplitude sweep (AS), frequency sweep (FS), time 
sweep (TS), three-interval-thixotropy-test (3-ITT),  
and extra low frequency test (XLF). 
     Oscillatory measurements were performed with the 
plate and plate measuring system PP50 (diameter = 
50mm, plate-plate distance = 0.25 mm).  The 
measurements were performed in a controlled shear 
deformation (CSD) mode and the resulting shear stress 
(W) and phase angle (G) were measured and used for 
modelling purposes. All measurements were 
performed at a constant temperature (23 ± 0.2ÝC).  
 
 

2.4 Mechanical Properties 

A total of 43 paint properties were measured. This 
includes properties where the relationship between 
rheology and the specific paint property is well 
established, e.g. sagging, spatter, etc. Other paint 
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properties were also measured where the relationship 
between rheology and the specific paint property is not 
that well established, e.g. gloss, burnish, water 
permeability, etc. All properties were measured 
according to international standards such as American 
Standard Test Methods  (ASTM) and Coatings 
Research Group International (CRGI). 

 
 

2.5 Modelling 

The main idea was to capture all the measured data 
over the whole range of the preset parameters. In this 
case indirect modelling seems to be very useful. The 
procedure of indirect modelling is as follows [1]: 
1. First step models: calculation of the natural 

logarithm of the measured values (responses). 
This means the calculation of parameters D 
(slopes) and E (intersection) of the regression 
curves.  

2. Second step models: parameters D (the basis for 
the calculation of the A-matrix) and E (the basis 
for the calculation of the B-matrix) represent 
responses.  

A technique known as principle component analysis 
is used to reduce the dimension of input vectors in the 
rheological data. This is used when the dimension of 
the input vector is large but the components of the 
vectors are highly correlated (redundant).  
 

3. RESULTS 

3.1 First Step Models 

Table 1 illustrates the type of fit obtained for the 
first step models. The first step model fits the data well 
and therefore the data obtained from the model (D and 
E values) can be used with confidence in the second 
step model. 
 
Table 1. Model fit for First Step Model 
 

Rheological Test: R2 (First Step Model) 
3-ITT (ROT) 0.9435 
3-ITT (OSC) 0.9788 
AS 0.9518 
FS 0.9932 
FC 0.9928 
HS 0.9737 
LS 0.8620 
TS 0.9818 
 

3.2 Principle Component Analysis 

Principle component analysis eliminated those 
principle components that contribute less than 5% to 
the total variation of the rheological data set. The 
number of principle components have been reduced 
from 18 to 4.  

3.3 Second Step Models 

Multiple linear regression is used as the technique 
to model the paint properties in terms of the A and B 
matrices. The 4 principle components of the 
rheological response are used as independant variables 
with the specific paint properties as the dependant 
variables. The correlations from the model can be seen 
in Table 2. The large F and small p-values (< 0.0001) 
indicate a good fit. 
 
Table 2. Model fit for Second Step Models 
 

Paint Property R2 F p 
Dry Burnish 0.5361 45.94 0 
Wet Burnish 0.6334 68.68 0 
Water Permeability 0.2115 10.67 1.11×10-7 
Krebs Viscosity 0.9224 472.57 0 
Sag 0.6043 60.72 0 
Open Time 0.0730 3.13 0.0163 
Gloss 0.6707 80.97 0 
Dirt Pick-Up 0.5352 45.76 0 
Opacity 0.4906 38.28 0 
Hiding Power 0.1549 7.28 2.0×10-5 
Film Thickness 0.1094 4.88 0.00092 
Water Resistance 0.2431 9.62 0.00064 
 

4. DISCUSSION AND CONCLUSIONS 

x The first step models fit the data well (R2 > 0.9) 
and the D and E values obtained from these 
models can be used with confidence in the second 
step models. 

x Certain paint properties are modelled relatively 
well (R2 > 0.5) with linear modelling techniques, 
even certain paint properties that are not 
intuitively related to the rheological behaviour, 
e.g. wet burnish. There are, however, certain paint 
properties that require more detailed modelling 
such as non-linear modelling techniques [2]. 

 

5. SYMBOLS 

F   F-statistic [ ] 
p   t-value  [ ] 
D alpha  slope  [ ] 
E beta  intersect  [ ] 
G delta  phase angle [Ý] 
W tau  shear stress [Pa] 
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ABSTRACT 

The effect of weak shear-thinning on the stability of 
the Taylor-Couette flow (TCF) is explored for a 
Carreau-Bird fluid in the narrow-gap limit to simulate 
journal bearings in general. The changing eccentricity 
also covers replications for a wide range of applied 
situations such as journal bearing and even articulation 
of human joints. Here, a low-order dynamical system 
is obtained from the conservation of mass and 
momentum equations. In comparison with the 
Newtonian system, the present equations include 
additional nonlinear coupling in the velocity 
components through the viscosity. It is found that the 
critical Taylor number, corresponding to the loss of 
stability of the base (Couette) flow becomes lower as 
the shear-thinning effect increases. Similar to 
Newtonian fluids, there is an exchange of stability 
between the Couette and Taylor vortex flows. 
However, unlike the Newtonian model, the Taylor 
vortex cellular structure in turn loses its stability as the 
Taylor number reaches a critical value. At this point, 
A Hopf bifurcation emerges, which exists only for 
shear-thinning fluids. Variation of stresses in the 
narrow gap has been evaluated with significant 
applications in the non-Newtonian lubricant. 

 
1.  Introduction 
 
Shear-thinning is an inherent property of polymeric 

fluids used in materials processing.  Similar to any 
flow in the transition regime, the TCF of non-
Newtonian fluids involves a continuous range of 
excited spatio-temporal scales. In order to assess the 
effect of the smaller length scales on the flow, a high 
resolution of the flow field is needed. It has now been 
well established that low-order dynamical systems can 
be a viable alternative to conventional numerical 
methods in the weakly nonlinear range of flow [1]. 
Despite the severe degree of truncation in the 
formulation of these models, some of the basic 
qualitative elements of the onset of Taylor vortices 
and destabilization of the cellular structure have been 
recovered using low-order dynamical systems.  

Kuhlmann [2] examined the stationary and 
time-periodic Taylor vortex flow (TVF), in arbitrary 

gap width respectively, with the inner cylinder rotating 
at a constant and harmonically modulated angular 
velocity. The solution to the full Navier-Stokes 
equations was obtained by implementing a finite-
difference scheme and an approximate approach based 
on the Galerkin representation. Comparison of flows 
based on the two methods led to good agreement. A 
severe truncation level was used, leading to a three-
dimensional system, which turned out to be the Lorenz 
system with the Prandtl number equal to unity. In this 
case, the model cannot predict the destabilization of 
the Taylor vortices, and therefore cannot account for 
the onset of chaotic behaviour.  

Although dynamical systems have been 
mainly formulated for Newtonian fluids [2], they have 
recently been applied to non-Newtonian fluids [3]. 
Experiments with Newtonian and Boger fluids for 
changing eccentricities were also reported [4].      

The reader is referred to the review by Larson [8] 
for a general overview of viscoelastic instability. To 
our knowledge, there has been no experimental 
evidence of the existence of (deterministic) chaos for 
shear-thinning fluids similarly to Newtonian fluids. 
The study, however, is not so much concerned with 
the emergence of shear-thinning overstability, as it 
focuses more specifically on the interplay between 
inertia and shear thinning, and therefore on the 
departure from Newtonian behaviour. The critical 
Taylor number at the onset of the Taylor vortex 
cellular structure is expected to be lower than that for 
a Newtonian fluid, as a result of the decrease in 
viscous effects. One also expects, similarly to 
Newtonian flow [2], that two steady-state branches 
emerge at the onset of a supercritical bifurcation at a 
critical Taylor number that depends on shear- 
thinning. Here, however, these branches lose their 
stability (for instance, via a Hopf bifurcation) as the 
Taylor number exceeds another critical value as a 
result of shear-thinning. It is recalled that the 
Newtonian model [2] cannot predict the 
destabilization of the Taylor vortex flow.  
 

 
2.  Problem Formulation 
 

The governing equations for a weakly shear-
thinning fluid are first derived in the narrow-gap limit 
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in cylindrical polar coordinates through the 
conservation of mass and linear momentum equations 
for an incompressible fluid. In this work, the Carreau-
Bird model is adopted, more particularly for weakly 
shear-thinning fluids (with small time constant). A 
major advantage of this model over other models, such 
as the power-law model, is that Newton’s law of 
viscosity is recovered in the limit of zero shear rate 
[3]. The summarized Carreau-Bird viscosity ( ) model 
can be written in dimensionless form: 

 
21)( JDJK �� �    (1)  

 
where J�  is the magnitude of the dimensionless 

rate-of-strain tensor and  is defined as the effect of 
shear-thinning, clearly as a function of the ratio of the 
zero- to infinite-shear-rate viscosities, Deborah 
number and power-law exponent. The parameter  
(negative for shear-thinning fluids) is assumed to be 
small. In the limit D o 0, one recovers the expression 
for the Newtonian viscosity.  Upon using Galerkin 
projection and manipulation, we arrive at the 
following three-dimensional dynamical system: 
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Where parameters are constants defined in the 
extended version of the paper. 

 
3.  Bifurcation and Stability Analysis 
 

The stability analysis for a shear-thinning fluid is 
carried out around the CCF (origin in phase space). 
The analysis is based on the linearization of Eqs. (8), 
and is similar to the analysis based on the Newtonian 
equations [2]. The Bifurcation diagram is shown 
below: 

 
 

 

 
 

 
Fig. 1  Stability image for a shear-thinning fluid for 

D = - 0.075 and k = 6. Stable and unstable branches are 
drawn using solid and dashed lines respectively.  

 

5. CONCLUDING REMARKS 

Although results based on low-order dynamical 
systems are generally interesting as they exhibit 
complex nonlinear flow behaviour, there is always the 
compelling question as to their practical significance 
and physical relevance. The severity of truncation 
involved renders the present model quite crude, but 
allows the examination of the nonlinear range where a 
more realistic (numerical) approach would meet with 
difficulties. Furthermore, from a mathematical point of 
view, the presence of shea-thinning leads to additional 
cubic nonlinearities in the dynamical system, which in 
turn give rise to a Hopf bifurcation which is otherwise 
nonexistent in the case of a Newtonian fluid. 
Numerical calculations based on the current 
formulation show that shear-thinning tends to 
precipitate the onset of Taylor vortices and chaos at 
higher Taylor numbers. The current model also 
predicts the complete destabilization of the Couette 
flow in the limit of high shear thinning, in accordance 
with the Rayleigh stability picture for inviscid fluids. 
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INTRODUCTION 

The subject of this study is highly concentrated 
emulsion explosives (HCEE). These emulsions are 
dispersions of an aqueous phase (up to 90% by 
volume) in an oil phase. It is known that deformation 
can lead to strong structure effects that radically 
change the rheological properties of the substances. 
During the last ten years only a few papers on 
rheopexy (“the solidification of a thixotropic system 
by gentle and regular movement” [1]) were published 
in the leading rheological journals. This work is 
devoted to the detailed study of the effect of rheopexy 
in HCEE.  

MATERIALS AND METHODS 

Materials 
The samples under investigation are water-in-oil 

highly concentrated emulsions with a volume fraction 
up to 0.90. The dispersed droplets consist of a super-
cooled aqueous solution of nitrate salts. The oil phase 
consists of straight chain paraffins and cyclic 
naphthanes with a chain length exceeding 16.  

 
Rheological measurments 

All measurments where carried out using the Paar  
Physica rotational rheometer model MCR 300. The 
following measurements were made: 

- Shearing in the sweep (up and down) mode of 
continuous deformation. 

- Periodic oscillations were made over a wide 
frequency range (10-2-102 s-1). The amplitude 
of deformation was varied from 0.01 to 100 
units.  

RESULTS AND DISCUSSION 

The typical flow properties of HCEE are shown in 
Figure 1 (below). The Figure 1 shows what happens 
when shearing of the sample is stopped and then 
restarted.  This viscous time effect may be interpreted 
as rheopectic behaviour in shear flow (solidification 
by gentle and regular movement). The transition from 
the high viscosity level to the Newtonian part of the 
flow curve takes place very quickly, of the order of 
hundredths of a second. This possibly correlates with 
the process of high frequency relaxation [2] with 
characteristic times of the order of 0.03 s. The 
existence of Newtonian flow is observed when 
measuring viscosity from low to high stresses, but is 
absent when measurements are made at decreasing 
shear levels. The downward curve shows that shearing  

 

 
results in the appearance of a yield stress, Wy, as in  
mentioned in the publication devoted to super-
concentrated emulsions [3]. 
 

 
Figure 1. Typical flow curve 

 
The following experiments were also performed. 

o Recovery of the emulsion from a shear-induced 
structure to its initial state (properties) takes about 
0.03 s. This means that the rheopectic effect can be 
associated with elastic deformations in the 
dispersed phase during gentle shearing. 

o Repeated cycles of the shear rate sweep fully 
reproduce the first cycle, which confirms the 
instant restoration to the un-deformed structure 
upon removal of the stress. 

 
Figure 2. Growth of viscosity measured at different 
constant shear rates. 
 
o The evolution of viscosity with time at different 

constant shear rates is shown in Figure 2. The 
growth of viscosity in the low shear rates region 
(0.0001 – 0.1 s-1) is clearly observed. 
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o Good agreement was found for viscosity values 

measured at constant different shear rates (time 
sweep), in a creep test, and during controlled shear 
rate sweep (from high to low shear rates), shown in 
Figure 3. 

 
Figure 3. Comparison of viscosity curves obtained 
from different tests. 
 

All the above confirms that the downward branch 
of the flow curve is physically meaningful, and 
identifies rheological properties of the emulsion in 
which a shear induced structure has been created by 
loading as soon as a critical deformation of 5 % is 
reached. 

The process of rheopexy was described  in 
quantitative terms: the degree of rheopexy (Eq. 1) and 
characteristic time of rheopexy (Eq. 2). Both of these 
values depend on the temperature and shear rate. At 
temperatures higher than 100C the temperature does 
not play an important role in the effect while it is 
strongly dependent on shear rate: in increasing the 
shear rate from 10-4 to 10-3 s-1 decreases measures of 
rheopexy approximately 10 times and in increasing the 
shear rate to  10-2 s-1 the effect disappears.  

X=(Kmax-Kmin)/Kmin                                (Eq.1) 

Rt/

minmax

max

minmax

min e1
�W��W�

1Y
�� �

� �
�� (Eq.2) 

The stability of the structure of the emulsion was 
confirmed by repeated oscillation experiments which 
show that rheopexy is observed at shear stresses below 
approximately 50 Pa.  

A more detailed analysis of the flow properties of 
the emulsions revealed some other interesting 
peculiarities of the rheological properties:  
o an inflection in the shear stress domain of several 

tens of Pa.  
o the first normal stress difference measured against 

shear rate demonstrate an unusual constancy over a 
rather wide range of shear stresses, and the 
decrease of normal stresses starts at the same shear 
stress domain at which rheopexy disappears (app. 
50 Pa) and where the dynamic moduli transition 
linear to non-linear domain is observed (app. 10% 
or 50 Pa).  
There are two competing processes taking place in 

the shearing of an emulsion. One of them dominates at 
low shear rates and leads to an increase in viscosity, 
while the other prevails at high shear rates, resulting in 
typical shear thinning (non-Newtonian) behaviour. It 
is only possible to speculate on the nature of these 

processes. At low shear rates it is reasonable to 
assume that the oil phase is pressed out of the gaps 
between the droplets. The drops maintain their shape 
under the relatively small stresses and resist the shear 
elastically. Increasing the shear rate creates a more 
regular structure accompanied by plastic deformation 
of the droplets. This leads to sliding in regular layers 
between deformed droplets and results in a decrease in 
viscosity. 

It should be noted that concentrated dispersions are 
prone to ‘slip effects’ [4, 5, 6, 7, 8]. 

The presence of slip effects in any rheological 
measurements can be determined by varying the gap 
width between the solid surfaces of the measuring 
geometry. The gap was varied several times (from 0.2 
to 1.5 mm) but in all cases the distance between plates 
was several orders of values higher than the 
characteristic size of liquid droplets. It was clearly 
observed that the results of a rheological experiment 
are insensitive to the size of the shearing domain. This 
directly proves that slip effects are negligible for our 
size scale of the shear gap. 

CONCLUSION 

The rheopexy – the increase of viscosity under 
gentle shear – in HCEE was studied in detail. It was 
shown that thixotropic restoration of the initial 
viscosity occurs very quickly and can be related to the 
elastic deformations of droplets in the dispersed phase. 
Some quantitative characterisations of the rheopexy 
were presented. 
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INTRODUCTION 

Emulsions used in commercial explosive 
applications are highly concentrated, invert or water-
in-oil emulsions with very unusual properties.  
Commercialised in the late 1980’s, explosive 
emulsions are used in a wide variety of applications 
and have had a significant effect on making the 
manufacture and use of commercial explosives 
significantly safer than with previous nitro-glycerine 
based explosives.  Over the past six years, AEL in 
conjunction with the Cape Peninsula University of 
Technology have used rheology to assist with the 
development and characterisation of new emulsion 
formulations.  This paper illustrates the areas in which 
rheology has been effective in shortening development 
time for AEL.  The paper deals with the application of 
rheology rather than the actual results which are 
covered in other papers at the conference. 

BACKGROUND 

African Explosives Limited (AEL) is the leading 
supplier of explosives and initiating systems in Africa 
and currently manufactures in excess of 150,000t of 
emulsions per annum at 8 sites throughout Africa.  
These emulsions are used in a wide variety of 
applications ranging from large open cast coal, gold 
and iron ore mines through massive underground 
mining applications (diamonds and copper) to narrow 
reef mining (gold and platinum).  In open cast mines, 
hundreds of holes containing several tonnes of 
emulsions per hole can be initiated whilst small 
diameter, narrow reef stopes typically have less than 
one kilogram per hole.  Ring blasting applications 
require emulsion explosives to be pumped vertically 
up into 40m holes and for the product to remain in the 
hole with no mechanical method of retention for many 
days. 

 
Emulsion explosives are classified as “non-

detonable explosives” in South Africa which can be 
transported and stored as Dangerous Goods rather than 
explosives.  The base emulsion only becomes 
sensitised as it is mixed with a gassing solution and 
pumped down the blast hole.   

 
Typically explosive emulsions have the 

discontinuous or oxidiser phase consisting of a super 

saturated solution of ammonium nitrate and a 
continuous phase of various waxes, oils and surfactant 
(emulsifier).  Although only 5-10% by mass in the 
emulsion formulation, the continuous phase generally 
accounts for most of the physical properties of the 
emulsion and also accounts for over 30% of the 
variable costs.  Hence the constituents of the fuel 
phase are continuously under scrutiny to improve the 
emulsion properties as well has reduce costs.  
Rheology has assisted in evaluating the suitability of 
various emulsifiers and their concentrations. 

EXPERIMENTATION 

Development of new or improved explosive 
emulsions generally focus on two areas: 

1. The detonics characteristics of the 
formulation which includes energy delivered, 
gassing rate, sensitivity and velocity of 
detonation is primarily determined by the 
composition of the oxidiser phase.  Testing of 
these characteristics requires destructive testing 
and these can only be done in a facility that has 
an explosive licence. 

2. Parameters such as storage stability (both 
in the silo and in the blast hole) and pumpability 
of the emulsion are primarily determined by the 
fuel phase and can be related to the physical 
structure of the emulsion.  Thus rheology has 
been used extensively during the project between 
AEL and CPUT over the last six years to fast 
track product development.   

APPLICATIONS 

There are three broad mining areas: 
x Open Cast 
Characterised by large diameter, deep holes where 
cost parameters and logistic factors are 
predominant. 
x Narrow Reef 
Numerous, small diameter, short holes with a 
significant cartridge explosives (pre-packaged at 
the factory) market.  Major challenges in getting, 
man, materials and explosives underground and to 
the working face.   
x Massive Mining 
Medium diameter, long length holes often drilled 
in a circular fan.  Rapid loading times and control 
of the perimeter wall are the predominant factors 

 
RHEOLOGY IN THE APPLICATION OF EMULSION EXPLOSIVES 

 
Dr Michael Taylor 

Technical Manager 
African Explosives Limited, Private Bag X2, Modderfontein 1645, South Africa,  

Email: taylorm@ael.co.za 



 
 

RHEOLOGICAL APPLICATIONS 

The Narrow Reef market has recently presented 
AEL with the opportunity to develop a new method of 
delivering the base emulsion and sensitising agent to 
the working face and loading them into the blast hole.  
Traditionally, cartridged explosives would be carried 
in boxes to the stope and then manually loaded into the 
hole.  A new repumpable system lends itself to 
transporting the emulsion in pipes and then using a 
pneumatic pump to dispense the emulsion into the 
hole. 

 
Traditionally, a trial and error approach would have 

been done to ascertain the correct pipe diameter, 
material of construction and pump type to transport the 
emulsion.  This would involve constructing pipe rigs 
with different pipe lengths and types and pump 
emulsion to monitor the flow rate and pressure drop 
along the length of the pipe.  Several tons of emulsion 
would be required and as the matrix increases in 
viscosity when it is worked, the emulsion could only 
be used once and would then have to be sent to the 
waste plant.   

 
A comprehensive study of the rheological properties 

of the emulsion found that analysis of a small quantity 
of product could quickly determine all the factors 
required to specify the flow of emulsion through long 
pipes.  This data was verified against the actual 
measurements taken the pumping trials and a model 
constructed.  This model has enabled AEL to specify 
their requirements to enable the transfer of emulsion 
from the surface, down vertical pipes to a storage area 

underground.   In future, this model will assist with 
the transport of emulsion from the shaft to the 
working area which will negate the need to physically 
handle the material. 

 
In all markets, cost pressures have come to bare on 

explosive manufacturers especially with the increase in 
the oil price.  All the ingredients in the fuel phase are 
linked to oil and there has been an almost doubling in 
price over the past 40 months.  A project with CPUT 
over an 18 month period has proven that rheological 
measurements of freshly made emulsion can predict 
the stability of the emulsion.  Normally product would 
need to be tested over at least 6 months to determine 
its stability in both silo and blast hole storage.  Testing 
of over a hundred different emulsion formulations has 
enabled a stability model to be constructed.  This 
model has enabled AEL to fast track its development 
of new and improved formulations resulting in 
considerable cost savings being realised. 

 

CONCLUSION 

 It has been established that quick measurements 
with a small quantity of emulsion on a rotational 
rheometer can accurately predict many properties that 
previously would have taken months of testing with 
significant quantities of product.   Although only 
proven so far with one particular family of emulsifiers, 
it is hoped that the project with CPUT will prove the 
accuracy of the models for other types of surfactants 
and also extent to determining rheological parameters 
which can be related to other physical emulsion 
parameters.
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INTRODUCTION 

Rheological methods reveal information on 
macroscopic material properties. However, the 
mechanical material properties are strongly dependent 
on the underlying microstructure. Therefore 
information on the microstructure is often valuable for 
a better understanding of the rheological behavior. 
Microscopy and Small Angle Light Scattering (SALS) 
are widely used optical technique for investigations of 
micrometer-sized structures. SALS gives information 
on the structure averaged over the whole scattering 
volume, whereas a microcopy image shows individual 
structure elements. On the other hand microscopy 
displays the structure in the real space, whereas light 
scattering, like other scattering methods, measures an 
intensity distribution in the so-called inverse or 
momentum space. Although both microscopy and 
SALS result from density (or orientation) fluctuations 
they are complementary methods.  

Simultaneous use of rheological and optical 
techniques, i.e. of rheo-optical methods, is helpful to 
gain a better understanding of the dependencies 
between the microstructure and the mechanical 
properties of complex fluids. Microscopy and Small-
Angle-Light-Scattering (SALS) are used frequently in 
combination with an applied flow field to investigate 
structural changes induced by flow. However, a 
combination of such setups with a standard rotational 
research rheometer allows all rheological tests the 
rheometer can perform simultaneously to the optical 
measurements. To achieve this goal accessories for 
Rheo-SALS and Rheo-Microscopy have been 
developed, which can be easily adapted onto the 
Physica MCR rheometer platform from Anton Paar. 
For the SALS module concentric cylinder or parallel-
plate geometries can be used. The microscopy setup 
works for parallel-plate geometries. For both 
techniques the control of the sample temperature is 
possible.  

RHEO-SALS 

In light scattering the angular distribution of the 
scattered light, which is induced by a incoming 
primary laser beam, is measured and analyzed with 
respect to angle and intensity. Under certain 

assumptions structural information can be obtained 
from the scattered light distribution. The elastically 
scattered light intensity is generally dependent on 
fluctuations in the polarizabillity and fluctuations in 
the anisotropy of the polarizabillity, respectively, 
which themselves are a result of differences in the 
concentration and in the orientation between the 
components of a multiphase system. The use of 
polarizer and analyzer before and after the sample 
allow to distinguish between scattering arising from 
concentration and orientation fluctuations.  

Figure 1 shows the top part of the Rheo-SALS 
system. Polarized light of a laser diode with a 
wavelength of 658 nm is deflected into the measuring 
geometry by a prism. After passing the analyzer the 
scattered light from a certain point along the gap in a 
concentric cylinder geometry is collected by a 
focusing optics and directed onto a screen. A CCD 
camera records the scattering patterns from the screen. 
The geometry can be changed easily to a parallel-plate 
geometry without any further realignment. 

As an example a model polymer blend consisting 
of 1% polyisobutylene (PIB) in polydimethylsyloxane 
(PDMS) has been used for measurements.  
 
 

 

 
Figure 1. Drawing of the laser system and the 
measurement geometry attached to the Rheometer. 
 

 
Figure 2 shows a flow curve of the PIB / PDMS 

sample. At small shear rates between 1 s-1 and 20 s- a 
zero shear viscosity can be observed. The viscosity 
starts to decrease at shear rates above 20 s-1.  Figure 3 
displays scattering patterns taken at various shear rates 
simultaneously with the measurement of the flow 
curve. 
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Figure 2. Flow curve of PIB/PDSM polymer blend. 
The shear rates at which scattering patterns of Figure 
3 are taken are indicated. 
 
 

 
 
Figure 3. Light scattering images at different shear 
rates. The arrow represents the shear flow direction. 

 
 
The comparison between the light scattering 

images and the flow curve shows, that there is no 
difference visible between the image recorded in rest 
and in the zero viscosity range (a, b). As soon as the 
sample starts to flow (c) the scattering images begin to 
change from a circular to an elliptical shape (d, e). 
This change represents the orientation and 
deformation of the PIB domains. The higher the shear 
rate, the more oriented and deformed these domains 
are and the more stretched the scattering patterns are. 
Light scattering on large dimensions cause small 
scattering angles. Conversely small structures in the 
sample lead to large scattering angles. Therefore the 
deformation of the PIB domains in shear flow 
direction results in scattering patterns, which are 
elliptically shaped and oriented perpendicular to the 
shear flow direction. 
 

RHEO-MICROSCOPY 

The microscopy setup as shown in Figure 4 
consists of a CCD camera, a microscopy tube and a 
long working distance objective. The illumination is 
integrated in the microscopy tube and illuminates the 
sample from the bottom side. Due to the modular 
design the light sorce as well as the CCD camera and 
the objectives (possible magnifications: 5, 10, 30, 50x) 
can be  exchanged. The microscope is movable in y- 
and z-direction for foccusing and selecting a certain 
observation area. The rheological measurements take 
place at the top of a glass plate heated by Peltier 
elements. An additional Peltier heated hood can be 
used for assuring an accurate temperature control and 
an uniform temperature distribution throughout the 
sample up to 120°C. The parallel-plate measurement 
geometry is made of glass as well to prevent of 
reflections. 

 

 

 

 

 

 

 

 

 
Figure 4. Principle of the Rheo-Microscope setup. 

 
 
In Figure 5 microscopy images of the PIB / PDMS 

sample are shown at rest and at a shear rate of 50 s-1, 
respectively. The flow field leads to a stretching of the 
PIB droplets in the flow direction. 

 

  
 
Figure 5. Microscope images at rest and at 50 s-1 

 

CONCLUSIONS 

Microscopy and SALS are complementary 
methods. In combination with Rheology both are 
valuable tools to reveal information on the 
microstructure of complex fluids subjected to a flow 
field.
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Introduction 

Dynamic mechanical analysis (DMA) is a 
thermomechanical technique that is widely used in the 
characterization of polymeric materials1. In this study 
DMA was applied for investigating the physical 
properties for polymer layered-silicate 
nanocomposites (PLSN). Layered silicate- (clay-) 
based nanocomposites already enjoy considerable 
attention in both the academic and the industrial 
field.2-6 

 
The literature reports that the PLSN show an 

increase in modulus (Young’s) solvent barrier 
properties, thermal properties and physical 
improvements of the polymer with a clay loading of 
less than 5%.2, 4 This is one of the advantages of the 
said materials, making them suitable for use as light- 
weight materials with enhanced properties. As more 
applications for these materials have been found in the 
industry, their physical testing is a major consideration 
before end-use.4, 6 Some of these physical tests are 
based on the deformation measurements of the solid 
and semi-solid polymer-nanocomposites. However, 
the rheology of polymer melts and polymer emulsions 
has also been well studied.2, 7, 8  

 
The clay material used in the synthesis of the 

nanocomposites was modified prior to polymerization 
with an organic material such as acrylate-based 
quaternary ammonium ion surfactants with 
polymerisable end group.9 This serves to make the 
clay surface more hydrophobic with the purpose of 
compatibilizing the clay surface with the polymer 
matrix. Organically modified clay disperses and 
delaminates into single nano-sized sheets with a 
thickness of about 1 nanometre. This is known as 
exfoliation, which is not always easily achievable. In 
some other more common cases, the polymer may 
penetrate the layers, without disturbing the 
crystallographic packing of the layers. The interfacial 
effect and aspect ratio determine the level of 
reinforcement, and subsequently the physical property 
of the clay-nanocomposite.4, 5 Exfoliated morphology 
provides optimal interaction, as it gives superior 
structural properties of the clay-based 
nanocomposites.  

The DMA-technique is often employed in the 
characterization of the physical properties of polymer-

layered clay nanocomposites 2, 5, 10 It is an important 
tool, based on sample deformation, and can be used  to 
correlate the extent of the mechanical property 
improvement to the structure of the nanocomposites. 

 
The study was aimed at establishing relationships 
between the physical properties (mechanical) to the 
molecular structure and the morphology of the 
polystyrene-based clay nanocomposites 

Materials and methods 

Acryl-based polymerizable surfactants (surfmers) 
(11-acryloyloxyundecyl) dimethyl (2-hydroxyethyl) 
ammonium bromide (Hydroxyethyl surfmer) and (11-
acryloyloxyundecyl) dimethylethylammonium 
bromide (Ethyl surfmer), the preparation of which is 
described elsewhere9, and cetyltrimethylammonium 
bromide (CTAB), a commersical surfactant (ACROS), 
were used to modify montmorillonite clay (Southern 
Clay Products). The polymerization of polystyrene-
montmorillonite (PS-MMT) nanocomposites was 
conducted in bulk and the materials obtained were 
characterized with transmission electron microscopy 
(TEM) and X-ray scattering for the structure. 
Thermogravimetric analysis (TGA) was used to 
characterize the thermal stability.  

 
Exfoliated, exfoliated-intercalated (quasi-

exfoliated) and intercalated polystyrene- 
montmorillonite nanocomposites were obtained from 
ethyl surfmer, hydroxyethyl surfmer and CTAB 
respectively  The materials were prepared using 
quaternary ammonium ion surfactants based on 
acrylate group and a cetyl long chain surfactant. 
Polystyrene-based clay nanocomposites synthesized 
from these materials were prepared for compressive 
and penetrative testing, using a parallel plate 
measuring system. 

The samples were prepared by heat pressing 
brickette disks. A PerkinElmer DMA 7e instrument 
was used in measuring the mechanical properties of 
polystyrene-MMT nanocomposites. A compressive 
parallel plate measuring system was used in the 
measurement of the samples.  
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Results and Discussion 
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Figure 1: Variation of (a) storage modulus and (b) tan 
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with temperature for (i) polystyrene, (ii) polystyrene-
(Hydroxyethyl-MMT) nanocomposite, and (iii) polystyrene-
(Ethyl-MMT) nanocomposite. 
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Figure 2: Thermomechanical graph of exfoliated, 

intercalated nanocomposites compared with a conventional 
microcomposite and a PS homopolymer showing a change 
in the sample thickness with temperature (at zero force). 

 
Figures 1and 2 show the changes in mechanical 

properties of polystyrene-MMT nanocomposites 
prepared by using different organic surfactants. In 
fig.1 storage moduli of PS-hydroxyethyl MMT and 
PS-ethyl MMT nanocomposites are compared with a 
storage modulus of a polystyrene homopolymer. The 
exfoliated (ethylMMT based) nanocomposite shows a 
higher value. In fig.2 the change in sample dimension 
with heating shows more stability in the 
nanocomposite samples than the conventional 
composite and polystyrene homopolymer. 

 
 
 
Conclusion 
 
DMA was successfully used in determining 

thermomechanical properties of three different 
polystyrene-clay nanocomposite materials and there 
was a correlation between the nanocomposite structure 
and the measured properties. In order to obtain 
meaningful and reliable information from the DMA 
data, it is always prudent to correlate the data with 
other techniques such as thermogravimetry (TGA), 
differential scanning calorimetry (DSC), dielectric 
spectroscopy (DEA) and other characterization 
techniques. 
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Introduction 
 
Design of food processing operations (mixing, pumping, 

heating and cooking) requires data on rheological properties 
such as viscosity and density which are functions of 
temperature, moisture content and shear rate [1]. Starches 
are commonly added to popular foods such as soups and 
sauces to increase their consistency and improve mouth-feel 
characteristics. The thickening activity of starches results 
from the swelling of starch granules occurring at 
gelatinization temperatures [2]. 

 
Cassava and its starch find extensive use both as an 

industrial raw material and as staple food in a number of 
tropical countries such as the Niger Delta of Nigeria. The 
main objectives of this paper were to (1) determine the flow 
curves and hence the rheological properties at different 
temperatures and concentrations and (2), evaluate the fit of 
some rheological models for this material. 

 
Materials and Method 
The cassava flour obtained from a local market was 

mixed with a measured volume of distilled water and placed 
on a hot plate. The mixture was cooked with constant 
stirring until it was fully gelatinized. Small samples were 
then removed for final moisture content analysis. 

 
Rheological measurements (shear stress – shear rate and 

viscosity) done in triplicates were made using an Anton Paar 
MC51 rheometer (Anton Paar GmbH, Ostfilden, Germany). 
The cone and plate system was used for this work. A 
constant temperature circulator (Viscotherm VT2, Anton 
Paar GmbH) was used to control measurement temperature. 
The rheological measurements were carried out at various 
shear rates from 0.1 s-1 to 1000 s-1, temperature range of 20 
oC to 60 oC and moisture content of 80 to 87%.  

 
Results and Discussion 
 
The flow curves for the gelatinized cassava starch are 

shown in Figures 1 – 4. It can be observed that the flow 
curves of this material at the moisture content range studied 
are consistent with those for pseudoplastic/shear thinning 
material.   The apparent viscosity values varied from 1.3 Pa.s 
at high shear rates and temperature to about 38.4 Pa.s at the 
lower moisture content and temperatures. 

 
The effect of moisture content on viscosity and shear rate 

of this material could be attributed to the hydration action of 

water on starch molecules as a ‘mobility enhancer’ [3]. As 
the moisture content is increased from a dry solute to a 
solution, it results in increased free volume and decreased 
viscosity  [4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Apparent viscosity – shear rate at a constant  

temperature of 30 oC 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Apparent viscosity – shear rate at a constant 

moisture content of 85% 
 
 
 

Prediction Models 
A number of rheological models which relate shear stress, 

�WR�VKHDU�UDWHV�� J�  from which the apparent viscosiW\�� �FDQ�
be estimated, find application in the food industries [4].  
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Figure  3: Shear stress-shear rate at a constant temperature 
of 30 oC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Shear stress-shear rate at a constant moisture 

content of 85% 
 

 
a.  Power Law 
The power law also known as the Oswald model (1925) is 

given as: 
            --------------------------   (1)nKV J �  
where K is consistency coefficient and n is flow 

behaviour index.  The flow behaviour index, n varied from 
0.40 to 0.73 and that for the consistency coefficient, K varied 
from 36.24 to 70.88 for the temperature and moisture 
content range studied. These values are consistent with 
pseudolastic/shear thinning materials. 

 
b.  Hesrchel-Bulkley Model 
This model has been found to be appropriate for many 

fluid foods [4].� ,W� UHODWHV�VKHDU�VWUHVV�� � WR�VKHDU� UDWH, J�  as 
follows: 

            --------------  (2)n
o KV V J � �  

 where n and K are flow behaviour index and consistency 
coefficient respectively. Their values range from 0.53 to 
0.73 for n and 12.68 – 51.35 for K. Both models describe the 
rheology data obtained in this work fairly well (R2 > 0.95). 
The yield stress varied from 187.39 Pa at higher moisture 
contents to 614.74 Pa at the lower moisture contents. These 
values compare fairly well with those obtained for similar 
materials [5]. 

 
 

3. Casson and the Modified Casson Models 
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The Casson equation, eqn. 3, has been adopted by the 
International Office of Cocoa and Chocolate for interpreting 
chocolate behaviour [4]. The Casson model and its modified 
form, eq. 4, have yield values [6]. 

 
Application of regression to our data, gives values of K0 
ranging from 11.92 to 31.02 and K1 ranging from 0.50 – 
1.03 for the Casson model. The yield stress which is the 
squared values of K0 varied from 142.17 to 962.57.  These 
values compare well with those obtained with the Herschel-
Bulkley model. For the Modified Casson model, K0 varied 
from 0.48 – 0.96 and n varied from 0.17 – 0.24. The yield 
stress as obtained with the Modified Casson model varied 
between 214.73 and 962.57 and is a function of both 
temperature and moisture content. It decreases with an 
increase in both moisture content and temperature. 

 
Conclusion 

The rheological properties of gelatinized cassava starch were 
determined at a temperature range of 20oC and 60oC and for 
moisture content range of 80% to 87% using a cone and 
plate rheometer.   Gelatinized cassava starch in this solid 
concentration and temperature ranges was found to be non-
Newtonian pseudoplastic shear thinning fluid. The 
rheological properties were adequately described by the 
Power-law, Herschel-Bulkley, Casson and Modified Casson 
models. 
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INTRODUCTION 
 

Faujasite zeolite was synthesised using a verified 
method published by the International Zeolite 
Association [1]. This synthesis method consists of two 
parts: an ageing period at room temperature and then a 
thermal treatment at 100ºC. The ageing period of the gel 
solution is an important step to depolymerise the silica 
source needed to obtain the desired crystalline phase and 
to accelerate crystallisation [2]. The ageing process must 
be carried out at room temperature or a slightly increased 
temperature, remaining below the temperature of the 
thermal treatment [3] under constant stirring. Changes in 
viscosity are associated with depolymerisation of the 
silica source that can be visualised with FTIR 
spectrometry [4]. In previous studies, the importance of 
stirring and impeller design was shown during the ageing 
step of zeolite synthesis. The stirring has an effect on the 
gel viscosity evolution. The viscosity was studied as a 
function of time during the ageing step [5]. In another 
study, it was shown that the characteristics and the yield 
of the product were dependent upon the viscosity of the 
gel [6]. The aim of the study was to monitor the 
evolution of aluminosilicate phases in solution as a 
function of viscosity during the ageing period and also 
during the thermal treatment with Fourier Transform 
Infrared Spectroscopy (FTIR). 
 
MATERIALS AND METHODS 
 

The faujasite zeolite was synthesised with low cost 
reagent grade chemicals. A seed gel composed of water, 
sodium hydroxide, sodium aluminate and sodium silicate 
was prepared and left to age for 24 hours at room 
temperature. Simultaneously, a feedstock gel was 
prepared by mixing water, sodium hydroxide, sodium 
aluminate and sodium silicate. Then the gel was left to 
age at room temperature for 24 hours. After this ageing 
period, both seed and feedstock gels were mixed together 
and left to age for 24 hours at room temperature under 
continuous stirring. In order to follow the evolution of 
the gel solution during the ageing period, several aliquots 
were sampled at various time intervals of 8, 30, 60, 90 
and 1440 min. These samples were freeze-dried and 
analysed by FTIR spectroscopy. 

The dried gel was ground with KBr to make up a mixture 
containing 0.05% mass of gel. A small pellet was pressed 
and then scanned on a Perkin Elmer FTIR 
After the ageing period, the gel solution underwent the 
thermal treatment in an oven at 100ºC. Several aliquots 
were collected at time intervals of 6½, 19, 22 and 24 hrs 
during the thermal treatment. These samples were split in 
two: one half was washed with distilled water until the 
pH of the rinsing water reached 10, while the other half 
of the sample was kept unwashed. All samples were then 
freeze-dried and characterised with FTIR spectroscopy. 
 
RESULTS 
 

During the ageing phase, there is a partial 
monomerisation of the silica feedstock that is catalysed 
by the hydroxyl ions. This induces a change in viscosity 
because of an increase of monomeric silica in the liquid 
phase, which is available as feedstock for the 
hydrothermal treatment. The FTIR assignments of 
silicate species are presented in the table below 
(Table.1): 
 
Table 1: FTIR assignment of silicate [7] 
 

Wave number (cm-1) Assignment 

Below 800 
3D framework  of zeolite 
structure  

850,920,975 Monomer alkaline silicates 
850-900 Monomeric silicate species 

885 Small SiO- 
910-950 Monomer, dimer 
985 Monomer, trimer 
1000-1010 Linear molecules 

1020-1050 SiO- cyclic anions 
1050-1120 Rings and linear molecules 
1100-1300 Polymer 

 
 
The infrared spectra of the overall gel are presented in 
Figure 1. As ageing time increases, the intensity of the 
peak at 865 cm-1 also increases. This vibration is 
characteristic of the monomeric alkaline silicates species, 
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showing increased dissolution of the SiO2 feedstock over 
time during ageing. As ageing proceeds, the hydroxyl 
ions have a bigger influence on the dissolution of silica 
and catalyse the formation of monomers of silica. The 
broad peak between 950 and 1110 cm-1 becomes more 
intense as the ageing period reaches 24h. This adsorption 
band is characteristic of the formation of monomer, 
dimer and trimer species in the gel. These trends can also 
be monitored by tracking changes in viscosity as 
previously described [5,6]. 
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Figure 1: Infrared spectra of the overall gel at different 
time intervals  
 
The peak that appears between 1425 and 1500 cm-1 may 
be as a result of the absorbance frequency of the radical 
AlH [8]. The observation of the evolution of the ageing 
of the gel solution with FTIR is useful in order to 
characterise the formation of the different species in the 
gel, as was previously shown, to relate to changes in 
viscosity during gel ageing. 
After the 24h ageing process at room temperature, the gel 
was subjected to a hydrothermal treatment at 100ºC for a 
further 24 hrs. 
The same monitoring with FTIR spectroscopy was done 
during the thermal treatment. The aim was to follow the 
progression of crystallinity during the thermal treatment.  
FTIR analysis was performed on all samples, washed and 
unwashed, to observe the different soluble and insoluble 
species in the synthesised solid. Figure 2 shows the 
infrared spectra of washed and unwashed synthesised 
solid after 24 hrs of thermal treatment. 
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Figure 2: Infrared spectra of the washed and unwashed 
solid after 24h of thermal treatment. 
 
During the thermal treatment, the crystal growth follows 
the pattern where one atom of Si is linked to atoms of 
oxygen by oxo bridges (-O-Si-O-), forming polymer 
chains and rings that condense into the zeolite structure 
[2]. On the spectrum of the washed product, the large 
peak between 950 and 1200 cm-1 is characteristic of the 
formation of cyclic and linear silicate species during the 
crystal growth. 
In the spectrum of the unwashed solid, this peak is still 
present, but with a lower intensity. This can be explained 
by the fact that, in the unwashed solid, the unconverted 
rings and linear molecules are still present on the crystal 
surface. The FTIR spectrometry is a surface analytical 
method, so the unconverted species remaining on the 
surface of the solid are detected strongly while the crystal 
structure is masked prior to washing. The band between 
1400 and 1500 cm-1 may be due to the presence of the 
remains of soluble Al and Si species in the feedstock 
solution, as this band is absent on the spectrum of the 
washed solid. By washing with distilled water, the excess 
of feedstock is removed. 
To complete the characterisation, the synthesised solid 
was analysed on XRD and was identified as a highly 
crystalline faujasite. 
 
CONCLUSION 
 

Fourier Transform Infrared spectroscopy allowed 
monitoring of depolymerisation of aluminosilicate 
species during the ageing period and showed the degree 
of conversion of feedstock and formation of the zeolite 
phases during the thermal treatment. This analytical 
technique can be used as a complimentary method to 
show the chemical species that are available for reaction 
and which affect the viscosity changes during ageing. 
FTIR spectroscopy can also be used to follow the 
progression of crystallinity and utilization of reactants 
during the thermal treatment. 
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INTRODUCTION 

The application and practical use of rheology in 
South African industry is often hampered by a general 
paucity of knowledge regarding the technique, 
terminology, methodology and, importantly, the   
interpretation of data. 

In this presentation, we look at a relatively simple 
application related to the quality control of slurries. 
Using a practical application, we will review the 
various characteristics and parameters that need to be 
considered prior to, during and following the analysis 
of slurries. 

 
MATERIALS & METHODS  

 
The project involved the evaluation of several types 

of diluted slurries. The purpose of the study was to 
develop a defined system configuration and quality 
control procedure for use within a busy department, 
employing a large number of laboratory technicians. A 
number of basic guidelines, established by the 
European principal of the South African company, had 
to be adhered to. 

The analyses were initially conducted using a 
ThermoHaake Model VT-550 (mechanical bearing) 
rotational viscometer using several co-axial sensors 
that complied with various ISO/DIN standards. In 
addition, laboratory samples were analysed using a 
ThermoHaake Model RotoVisco 1 (RV1) mechanical 
bearing rheometer with DIN and double-gap co-axial 
rotors. All analyses were conducted at a temperature 
of 23oC, maintained by using a ThermoHaake 
refrigerated circulator. 

 The data collection programme, incorporated a 
reversed stepwise rotational ramp consisting of 25 
equally spaced steps between the shear rates of 10-600 
s-1. A Bingham regression algorithm was then applied 
to a portion of the flow curve, and the data recorded 
included the product viscosity ( ) in mPas, yield point 
( 0) in Pa and the correlation coefficient (r).  

 
 RESULTS 

 
 Initial results obtained for a series of three samples 

(representative of the range of products manufactured 
by the company) are shown in Table 1. These data 
were generated using the ThermoHaake VT-550 
rotational viscometer with a MV-DIN co-axial rotor. 

 
Table 1. Data obtained using a MV-DIN rotor 

 

Sample  (mPas) "r" value 0 (Pa) 
a 11.3 0.993 -0.96 
b 14.4 0.972 -1.53 
c 24.4 0.999 0.17 

 
 
Sub-samples of samples “a” and “b” were 

subsequently analysed using the same base viscometer 
configured with a profiled co-axial rotor (MV-1P), and 
the results are shown in Table 2. 

 
Table 2. Data obtained using a MV-1P rotor 
 

Sample  (mPas) "r" value 0 (Pa) 
a 11.2 0.948 -1.84 
b 12.3 0.999 -0.19 

 
 
The same samples were also analysed using a 

mechanical bearing rheometer (RV1) coupled with a 
Z40-DIN, and the results obtained are displayed in 
Table 3. 

 
Table 3. Data using a RV1/Z40 system 
 

Sample  (mPas) "r" value 0 (Pa) 
a 9.2 0.998 -0.52 
b 17.1 0.984 -1.26 

 
 
Based on the above series of results, the Z40-DIN 

co-axial rotor was changed for a double-gap (DG43) 
co-axial sensor system. A similar sensor incorporating 
a vertical helical grove was also used, and the 
corresponding results are given in Table 4.  

 
Table 4. Data using a RV1/DG43 system 
 

Sample  (mPas) "r" value 0 (Pa) 
a 5.6 0.998 0.02 
b 12.4 0.999 0.20 

 
 
DISCUSSION 
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Viscosity is just one of several parameters recorded 

for slurries used during the production process within 
a coatings industry. However, combined with particle 
size distribution, the viscosity of any slurry determines 
whether the final phase of the production process is 
undertaken. 

There are numerous factors that merit consideration 
prior to the development of any analytical procedure, 
with many being determined by the physical and/or 
chemical nature of the product matrix. This is of 
particular importance for slurries, which by definition 
comprise solid particulate matter distributed within a 
liquid mobile phase. The relative densities of both 
phases, the particle size distribution of the solid 
material and its relative concentration within the 
matrix will almost certainly influence the rate at which 
the solid material may separate from the mobile phase 
(i.e. sedimentation). This process may also be 
influenced by the pH and temperature of the matrix. 

The European-based parent company insisted that 
the procedure incorporate a co-axial rotor/sensor 
complying to DIN 53019/ISO 3219, and that (based on 
the production process) the shear rate range of interest 
should be between 150-550 s-1. It was felt that for the 
generation of improved data (and in order to reduce 
the rate of sedimentation) a reversed stepwise flow 
curve should be undertaken, over a shear rate range 
that extended beyond that specified in the guidelines. 
Of the existing regression models available for 
evaluation of the data, the Bingham algorithm was 
used, as this matched the regression model favoured 
by the parent company. 

Initial studies involved the use of a basic rotational 
viscometer with a MV-DIN coaxial sensor, as this 
complied with one of the requirements defined by the 
parent company. Traditionally, both companies had 
only recorded the viscosity value determined from the 
regression, with no consideration given to either the 
correlation coefficient (r) or yield stress ( 0) values 
which are also provided by the regression model. The 
results shown in Table 1 indicate that with a positive 
yield stress and r-value close to 1, only data obtained 
for sample “ c”  appeared to be valid. Corresponding 
yield stresses recorded for samples “ a”  and “ b”  were 
both negative, although with an r-value of 0.993, it 
may be argued that the data for sample “ a”  could be 
acceptable. Although there is some debate as to the 
very existence of zero-shear rate viscosity (“ yield 
point” ), for the purposes of this application, it is 
presumed that in order for the data to be valid, the 
calculated yield stresses should be positive.  

Given that sample “ c”  was representative of the 
highest viscosity sample, there were concerns that 
slippage might be a problem, and so samples “ a”  and 
“ b”  were analysed using a profiled sensor, although 
this configuration did not fully comply with the basic 
DIN requirements specified by the parent company. 
The subsequent results shown in Table 2 were a 
reversal of those recorded in Table 1 when using the 
MV-DIN rotor. Sample “ b”  yielding improved r- and 

0 values and these results suggested that slippage 
alone could not account for the observed trends. 

The ThermoHaake VT-550 incorporates a 
mechanical bearing with a torque sensor having a 
maximum of 3Ncm. However, the co-axial sensors 
used in combination with this viscometer are 
manufactured from stainless steel. This combination 
may be expected to contribute significantly to the 
overall system inertia, which could negatively 
influence the quality of recorded data, especially at 
lower shear rates when analysing low viscosity 
samples. 

Accordingly, the samples were analysed using a 
rheometer having a torque sensor capable of 
measuring up to 5Ncm. A major advantage of this 
RV1 system is that the sensors are manufactured in 
titanium, making them much lighter than their steel 
counterparts, and thereby contributing much less to 
system inertia. 

Table 3 shows the results obtained for samples “ a”  
and “ b”  using the RV1 configured with a co-axial 
rotor (that complied with the recommended DIN/ISO 
standard). These data were more reminiscent of the 
results detailed in Table 1. However, when reviewing 
the rheogram for sample “ b” , it was apparent that the 
flow curve consisted of two linear regions, with the 
intersection occurring at a 360 s-1. Evaluation of the 
corresponding flow curve for sample “ a”  revealed the 
presence of a similar anomaly, which could be 
observed at a shear rate of 130 s-1. 

Reviewing all data, it appeared that the samples 
were being subjected to Taylor vortices. The co-axial 
sensor gap for the Z40-DIN and MV-DIN 
configurations is 1.44mm. In controlled rate 
viscometers/rheometers, the shear rate is controlled via 
the rotation speed. Sensors using wider gaps need to 
rotate at higher speeds than those having narrower 
gaps. Therefore, sub-samples were analysed using a 
double gap sensor system, having a parallel gap of just 
0.3mm. In the case of this current series of samples, 
this gap size was between 5- and 10-fold bigger than 
the maximum particle size of the solid material within 
the slurry. Use of this sensor configuration resulted in 
lower rotation speeds throughout the shear rate range. 
While the reduced gap size and speeds might be 
expected to counter Taylor vortex effects, this may 
have positively contributed to the rate of 
sedimentation. Therefore, a double gap sensor with a 
helical groove was adopted.  

Table 4 displays the results obtained for samples 
“ a”  and “ b”  using the RV1/double gap sensor system. 
In each case, the 0 values were positive and the 
corresponding r-values were close to 1.  

 
CONCLUSIONS 

 
Consideration of the physical and chemical nature 

of any sample should always be given prior to the 
development of an analytical procedure. Several 
additional configuration options could be adopted to 
further improve the analyses of these slurry samples, 
but some are less practical than others. Creating a 
ribbed or roughened surface of the co-axial rotor and 
cup would reduce slippage, while system inertia could 
be significantly reduced by using an air-bearing 
rheometer. 
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INTRODUCTION 

Designers of systems for handling fine mineral 
suspensions (slurry) take non-Newtonian behaviour 
into account using rheological models. A variety of 
models have been developed, several of which are 
commonly used. The purpose of this paper is to 
compare the recently developed yield plastic fluid 
model [1] with the models that are commonly used to 
describe mineral suspension rheology. 

THE YIELD PLASTIC FLUID MODEL 

The yield plastic fluid (YPF) model was developed 
to describe the flow of suspensions with shear-thinning 
properties. The model assumes that the apparent 
viscosity is composed of three parts: 
1. The constant viscosity of the carrier liquid (P). 
2. The constant viscosity increment due to the 

presence of the fully dispersed particles (Kp). 
3. The viscosity caused by particle aggregation or 

“structure”, which decreases with increasing shear 
rate due to increased viscous shear stress. 

Algebraically, this is represented as: 

),( JWKPK �o
n

p f��  (1) 

The first two terms are shear rate independent and 
can be combined into a single “infinite shear rate 
viscosity” (i.e., the viscosity when the structure is 
completely broken down). The third term is accounted 
for using an apparent yield stress and a scaling factor. 
The proposed model can be presented in the following 
form: 

kk
o

k
�� KJWK )( �  Yield Plastic Fluid  (2) 

Where: 
 k Scaling factor (0 < k ����  (-) 
J�  True shear rate    (s-1) 

�K  Infinite shear rate viscosity  (Pa-s) 

K Apparent viscosity   (Pa) 

oW  Yield stress    (Pa) 
 
The YPF model includes the Newtonian, Bingham 

and Casson models as special cases [1]: 

kk
�� KK 0   Æ  � KK  Newton  (3) 

�� KJWK �/o  Bingham  (4) 

5.05.05.0 )/( �� KJWK �o  Casson  (5) 

The value of the YPF model parameters is found by 
the same method used for Casson plastics (and 
implicitly for Bingham plastics). The infinite shear rate 
viscosity and yield stress are found from the slope and 
intercept of a graph of shear stress vs. shear rate, 
where the axes are raised to the power of the scaling 
factor. 

The YPF model allows a smooth transition between 
and beyond these three widely used models (i.e., there 
is no obvious reason that there would be a step change 
in behaviour inferred by having to choose between the 
Bingham and Casson models). The YPF model can 
also model complex slurries that are currently 
described using the Herschel-Bulkley, Cross or 
Carreau models. 

YIELD POWER LAW MODEL 

Over a limited range of data, many rheograms give 
a linear fit on a log-log graph indicating a “power law” 
relationship between shear stress and shear rate.  
Herschel and Bulkley [2] extended the power law 
model by appending a yield stress term.  

1/
�

� n
o KJJWK ��  Herschel-Bulkley  (6) 

Where: 
K Consistency index  (Pa-sn) 
n Flow behaviour index  (-) 

 
The Herschel-Bulkley model is widely used, 

contains the power law model as a special case, and 
has the advantage that it can model shear-thickening 
fluids (n>1). However, K has inconsistent units making 
it difficult to relate to physical properties. The model 
has no fixed “viscosity” coefficient, which complicates 
determination of dimensionless groups that contain a 
viscosity term (e.g., the Reynolds number). The YPF 
model avoids these problems. 
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For shear-thinning fluids the Herschel-Bulkley 

model predicts that the viscosity will tend to zero as 
the shear rate tends to infinity. Testing indicates that 
slurry viscosity tends towards some finite constant 
viscosity at high shear rates, which requires that n = 1. 
Since n < 1 for shear thinning fluids (and often 
significantly less) at low shear rates, the value of the n 
must increase as the shear rate increases. Therefore the 
value and the units of K would, also need to change. In 
effect, the measured value of the Herschel-Bulkley 
parameters will be a function of the shear rate range of 
the measurements (i.e., it has variable “ constants” ). 
For the YPF model the parameters are constant, 
because the end conditions are at fixed and 
(theoretically) measurable points. The scaling factor is 
used to match the intermediate shear rate data. 

PSEUDO-PLASTIC MODELS 

Low shear stress testing reveals that while the 
viscosity of shear-thinning slurry increases with 
decreasing shear stress, it eventually reaches a limiting 
Newtonian viscosity. For what are normally considered 
“ yielding”  slurries, the low shear rate plateau viscosity 
may be many orders of magnitude higher than high 
shear rate plateau viscosity. Where low shear rate 
behaviour is important, slurry is often described using 
the models developed by Cross [3] and Carreau [4]: 
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Where m1, m2, m3, D1 and D2, are empirical 
constants found through testing. 

According to the YPF model, if the true shear rate 
were zero, a true yield stress would be observed. 
However, the true shear rate cannot be zero. There will 
also be an effective shear rate due to internal motion 
that can be minimized but not eliminated. These 
include: thermal energy (Brownian motion), 
differential settling and vibrations from surroundings. 
This motion breaks weak bonds and affects the total 
degree of structure. These internal stresses can be 
accounted for by assuming that the true shear rate is a 
combination of a base shear rate ( oJ� ) and an applied 

shear rate ( aJ� ): 

oa JJJ ��� �  (9) 

When the applied shear rate is much larger than the 
base shear rate, it can normally be assumed to be equal 
to the true shear rate. However, when the applied shear 
rate is low, the base shear rate is no longer negligible. 
Substituting Eq.(9) into Eq.(2) gives: 
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It should be noted that there is no physical 
difference between Eq.(2) and Eq.(10). The only 
difference is how the shear rate is defined. The “ zero 
shear rate viscosity”  can be defined as the apparent 
viscosity when the applied shear rate approaches zero: 
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Substituting Eq.(11) back into Eq.(10) and 
rearranging gives: 
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When plotted against the applied shear rate, Eq.(12) 
generates a flow curve with high and low shear rate 
viscosity plateaus, like the Cross and Carreau models. 

The advantage of this extended form of the YPF 
model is that it transitions directly into the basic YPF 
model, with the base shear rate only being considered 
when necessary. The relative simplicity of Eq.(12) 
becomes clear when put in terms of the shear stress: 
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CONCLUSIONS 

The yield plastic fluid model is an algebraically 
simple rheological model suitable for shear thinning 
fluids. The YPM model contains the widely used 
Newtonian, Bingham and Casson models as special 
cases. The YPM model will fit real slurry data as well 
as the Herschel-Bulkley model and has a more logical 
and useful limiting viscosity. By redefining the shear 
rate in terms of applied and base components, the YPF 
model can be used to model slurry with a low shear 
rate viscosity plateau, such as are currently modelled 
with the Cross or Carreau models. 

The versatility of the yield plastic fluid model will 
simplify the engineering design of slurry systems 
because it is a versatile physically based rheological 
model that can be used in a single “ toolbox”  of design 
equations for most mineral suspensions of interest. 

REFERENCES 

1. Hallbom, D.J. & Klein, B. 2004. Flow array for 
nickel laterite slurry. TMS International Laterite 
Nickel Symposium, Charlotte USA, March 2004: 
415-428. 

2. Herschel, W.H. & Bulkley, R. 1926. Measurement 
of consistency as applied to rubber-benzene 
solutions. American Society of Testing Material 
Proc., 26: 621-633. 

3. Cross, M.M. 1970. Kinetic interpretation of non-
Newtonian flow. Journal of Colloid and Interface 
Science, 33, No. 1: 30-35. 

4. Carreau, P.J. 1968. Unpublished PhD thesis, 
University of Wisconsin, Madison. 

 



                                                       SASOR 2006, CapeTown, 24 – 27 September 2006 

 
 

INTRODUCTION 

In recent years there has been much debate over the 
existence of the yield stress [1]. However, many 
researchers accept the yield stress as a useful 
engineering parameter, and focus has shifted towards 
its measurement [2,3,4,5,7]. 
There are various ways in which the yield stress can 
be measured, depending on the application. In civil 
engineering the slump cone has long been used to 
establish the workability of wet concrete. The model 
used for measuring the yield stress from a conical 
slump was first published by Murata [2] in 1984 and 
was later corrected by Schowalter and Christensen [3]. 
Pashias et al. [4] adapted this for a cylindrical 
geometry and published their paper on the fifty cent 
rheometer. Using the cylinder which could be a coke 
tin, with cut off bottom and top, has since then been 
used successfully to determine the yield stress of 
paste-like suspensions [3,5,7]. 
The cones and cylinders used have, up to now, been 
lifted by hand, and the objective of this work is to 
assess the effect of this by controlling lift speed. The 
Flow Process Research Centre [FPRC] at the Cape 
Peninsula University of Technology has developed a 
mechanical slump meter where the speed of lift can be 
controlled, and lateral movements eliminated. 
Different yield stress fluids have been tested in various 
size cones and cylinders, with different rates of lift. 
The yield stress values will be compared with that 
measured with a hand-lifted fifty cent rheometer, as 
well as the vane test. The slump meter will be 
described and initial results will be presented. 

LITERATURE AND THEORY 

The first step in the analysis is to non-dimensionalise 
the slump height and yield stress: 
 s’=s/H (1) 
¶ � y� J+ (2) 

Pashias et al. [4] adapted the analytical model 
developed by Murata [2], which related yield stress to 
slump height for a cylindrical geometry. The 
relationship between dimensionless slump and 
dimensionless yield stress is as follows. � �� �yy ln’s WW c�c� 2121  (3) 

The same authors provide an approximation of the  
above implicit equation in terms of the dimensionless 
yield stress.  
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Halblom [5] presented a semi-empirical model that 
extended the correlation range of the cylindrical 
model. This lump model uses the height of the lump 
(L) instead of the slump s. 
The lump model is as follows: 
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These three models will be compared with the test 
data. The vane test has been extensively used in the 
paste and tailings industry to measure the yield stress, 
and is used as our reference standard [6, 7]. 

EXPERIMENTAL WORK 

Test equipment 

The slump meter was developed at the FPRC and is 
depicted in Figure 1. The gear drive ensures a constant 
lift speed which can be adjusted by a variable speed 
control. Lift speeds are between 4-30 mm/s. The 
cylinder size is 100 mm diameter by 100 mm high.  
The hand held slump meter is a stainless steel pipe of 
size  73 mm diameter by 75 mm high. 
 

 
Figure 1. The new slump meter with lift speed control 
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Tests conducted and materials tested 

The following materials were tested; kaolin 
suspension at 14, 16, 18 and 20%v/v; laponite 
suspension at 4, 5, 6 and 7% v/v; and a mineral 
tailings at 20, 24, 27 and 30% v/v. 
Each test consisted of 4 lift speeds using the cone and 
cylinder, the hand-held slump meter and the vane test. 
The slump was measured in the middle of the 
measuring device with a digital depth gauge to an 
accuracy of 0.5 mm. The lift speed was measured with 
a stop watch and depth gauge for every measurement 
over the lift distance which cleared the material. 

RESULTS 

The lift speed in the range tested did not have a 
significant effect on the value of the yield stress. An 
example is given in Figure 2. As can be seen from this 
graph, the lift speed over the range measured does not 
effect the slump value measured 
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In Figure 3 all the stainless steel data using the 
mechanical slump meter as well as the stainless steel 
hand held  slump meter is presented . 
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Figure 3. Vane measured yield stress compared with 
slump calculated yield stress 
 
The different materials tested in dimensionless form 
are depicted in Figure 4.  Over the range of 
concentrations the lump model seems to predict the 
yield stress better than the cylinder model. 
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Figure 4. Comparison of different models with data 

DISCUSSION AND CONCLUSIONS  

The effect of the speed of lift is not conclusive. The 
lump model predicts the yield stress better over the 
range of materials and concentrations tested. The 
approximate cylinder model generally gives a higher 
yield stress value than the lump model and the 
cylinder model a lower value. When compared with 
the vane test all three models predict the yield stress 
within 40%. There is no significant difference between 
the hand held and the mechanical slump meters. 
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Introduction  

Waste-water treatment plants require a wide range of 
fluid transports of liquids with special flow 
characteristics. The sewage sludge in treatment plants 
is an aqueous suspension with various concentrations 
of suspended particles and dissolved substances.  The 
characteristics of the sewage sludge vary depending on 
its origin and the subsequent history. Sludge coming 
from household sewage and from industry 
respectively, differ with regard to their properties. The 
treatment process itself can alter sludge characteristics, 
as chemical additives like polymers or mechanical 
steps like drainage can result in different sludge 
properties. A recent study [1] has indicated that sludge 
shows a non-Newtonian character.  
 
Pumping suspension in treatment plants has 
traditionally been performed by progressive cavity 
pumps, (PC-pumps). However, they are associated 
with high maintenance costs. An introduction of 
centrifugal pumps in these applications is of special 
interest. Despite the availability of intensive 
knowledge pertaining to centrifugal pumps in water 
applications, certain open issues in pumping sludge 
still requires further study. 
 
The purpose of this study is to investigate the pumping 
performance of N-impeller pumps affected by fluids 
with non-Newtonian behaviour. This includes a search 
for improved knowledge about the sludge treatment 
process, such as rheological characterisation. 
Furthermore, it forms part of our business marketing 
plan for N-pumps in municipal waste-water treatment 
plants (WWTP) 
 
The objectives of this on-going project are to provide 
tools and recommendations for dry-mounted N-
impellor centrifugal pumps in sludge application, with 
a view to finding a more appropriate custom solution 
in a energy-saving manner.   

Material and methods 

This experimental study comprises two sections: tests 
in a flow loop of 1700 litres of fluids, and tests on-site 
in WWTP where the N-pump is installed. In all, the 
pump head, electrical input power, flow rate and the 
pressure loss were measured. The characteristics of the 
different fluids were studied with a rheometer (Anton 
Paar) in a standard configuration, but also in a wider 
jar. The use of a wider jar is justified, since sludge 

may contain particles that cause problem in the small 
gap set-up.   
 
We tested several fluids in the closed flow loop. Water 
was used as a reference fluid, followed by tests with 
aqueous polymer (Carbopol 676, www.carbopol.com) 
solution and sludge of 3-6% total solids (TS) contents, 
carried out with a 5kW (N3102) and 6.5 kW (N3127) 
pumps. In existing pump installations, process water 
and gravity thickened sludge in the range of 3-8% 
were measured with a 15kW (N3153) pump.  One 
WWTP test included polymers added to the sludge to 
explore the impact on the measurements.    

The flow loop  

The portable flow loop consisted of a closed flow loop 
of acrylic pipes (diameter 100 mm) and a container 
(1700 litres), the dry-mounted centrifugal pump and a 
gate valve to vary the flow rate. The flow loop was 
equipped with static pressure taps upstream and 
downstream of the pump (pressure head), and in the 
return leg of the loop pipe pressure loss was measured.  
The return pipe length is approximately 3 metres 
(diameter 100 mm), and due to the length/diameter 
ratio it is not expectded to result in a fully developed 
pipe flow for most of the flow rates (0-60 l/s). 
However, the pressure loss measurements are still 
interesting, as relative measurements compared to 
water rather than absolute pipe loss measurements, 
thus act as a flow-tube rheometer. A magnetic 
inductive flow-meter (Danfoss, Magflow 3100) was 
mounted 10 pipe diameters downstream of the pump 
outlet; and finally, the electric input power was 
measured (Hioki-meter) in order to obtain the pump 
performance curve. The pressure reading was 
measured with Rosemount 3051-series transducers: 
CD2 (0.25 bar) and CD3 (2.5 bar) (total performance 
+/- 0.15\% of span) for pressure loss and head 
respectively. The temperature was recorded with a 
thermocouple device and the fluid acquired the 
ambient room temperature.  
 

On-site pump installation  

    In the on-site N-pump (15kW) installation each 
installation was unique, but the head was, as far as 
possible, measured in a similar way, with fore and aft 
pressure tabs. The pressure loss static tabs were 
positioned in a low disturbance pipe region where 
fully developed pipe flow was to be expected.  Finally, 
the on-site installation used variable frequency drive 
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(VFD) as input power control device, however in 
order to perform power measurement a VFD by-pass 
installation was needed    
 
Carbopol as sludge model fluid 

A range of Carpopol 676 solutions was tested due to 
its non-Newtonian character. A trial and error test 
resulted in 0.6% aqeous polyacrylat suspension. The 
viscosity was controlled by adding sodium hydroxid 
(NaOH), which consequently changed the pH in the 
suspension. This resulted in a different order of 
magnitude of shear thinning behaviour, that was 
closely related to a power law fluid behaviour. 
Although yield stress still remains an open academic 
issue, the yield stress was useful in this applied study. 
This shows a good agreement with a Herschel-Bulkley 
model fluid [2].     
 
Sludge in test  
   
    The gravity thickened sludge of 3-8% total solids 
content was of interest in this study. This was typically 
obtained from the gravity thickener before the digester 
or centrifuge in the WWTP. In the flow loop, the 
sludge was re-circulating but in the on-site tests the 
sludge was virgin; for as mentioned above, the 
handling may affect the character of the sludge.       
 

Result  

The rheometer test of the different Carbopol 
suspension shows a clear shear thinning behaviour as 
expected.  The data was used in a curve-fitting (linear 
approximation and non-linear curve-fitting method by 
Matlab) to determine the power law parameters, 
assuming no yield stress. It was of interest to compare 
Carbopol with sludge results, particularly with regard 
to pipe pressure loss, since sludge presents difficulties 
in rheometer tests.   
In Fig. 1 the pump performance curves for different 
fluids in the flow loop. The solid line, second order 
least-squared curve, fit to water data (water reference 
curve), shows that for all fluid cases a derating in 
performance over the flow range occurs, apart from 
close to zero flow rate. In this region, the sludge fluid 
case shows an increase in head recovery, compared to 
the water reference curve. In the sludge case the 
derating is up to 6% at maximum flow. In the Carbo-3 
this is up to 14%; so the derating may simply be 
estimated to be equivalent to the TS-value.   
 
The required input power shows a progressive increase 
with increasing viscosity. In the sludge case, the 
increase at maximum flow rate is 7%, and 15% for 
Carbo-3 respectively. This indicates a similar simple 
rating of power increase to an equivalent TS-value.   
 
In Fig.2 the pipe pressure loss in the flow loop shows 
a significant increase with flow rate as expected. A 
shift due to an increased viscosity is obvious for 
Carbopol, compared to water pressure loss curve and 
the theoretical curve [3]. The parabolic curve shape is 

also seen for WWTP-Ore sludge, but the other sludge 
indicates a different shape and even a loss recovery for 
large flow rate. The WWTP-Ore had a belt dewatering 
step within the sludge handling process. For all fluids, 
a local loss increase is observed at maximum flow 
rate, even for water measurements. This is due to the 
flow rate valve introduction in the flow, resulting in 
pressure loss disturbances.  
 
In on-site installation pumps the similar derating result 
of the pump performance is observed. In Fig.3 the pipe 
pressure loss for virgin sludge shows a somewhat 
similar trend as earlier, with a loss recovery for large 
flow rates. However, there is a dramatic change when 
polymers are added to the sludge. This is not fully 
understood and merits further studies.         
 
Discussion and Conclusion 
 
The derating of the pump performance and power was 
found to as a simple expression  
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where TS is the percentage of total solids value up to 
8%, H is pressure head and P is power. For larger 
values non-linear effects are most possible. In the 
recent study [4] a similar result was obtained.    
 
The Carbopol showed some similarities to sludge 
behaviour and may in some aspects be appropriate as 
sludge model liquid. However, if structural changes 
are to be studied, this may not be an appropriate model 
liquid. The loss recovery in sludge did show 
resemblance with the result of pulp fibre suspension, 
see  [5].  However, this also needs to be  studied more 
extensively.   
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Figure 1. The pump performance curve for different fluids in the flow loop 

 

 
Figure 2. The pipe pressure loss presented for different fluids in the flow loop. The theoretical curve refers to fully turbulent pipe 

flow 
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Figure 3. The pipe pressure loss in on-site WWTP sludge measurement 
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INTRODUCTION 

An alternative instrument to use in evaluating the flow 
properties of suspension-type fluids is the mixer 
viscometer (Castell-Perez and Steffe, 1990). It is in 
this context that the work presented here determines a 
characteristic pump impeller average shear rate based 
on the Metzner and Otto (1957) method, in order to 
calculate an apparent viscosity of the fluid under 
investigation. This could prove useful for the 
prediction of centrifugal pump performance. 
 
LITERATURE REVIEW  
 
The average shear rate in a mixing vessel fitted with a 
paddle or turbine agitator is approximated by Equation 
1 (Metzner and Otto, 1957) where Ks (Ks=11) is a 
constant of proportionality which has to be found 
experimentally for each impeller, as it depends on the 
system geometry.  

N
s

Ka
.

* 
   (1) 

This technique involves the comparison of power 
curves for Newtonian and non-Newtonian fluids using 
the idea of matching viscosities. The assumption is 
that the average shear rate for a non-Newtonian fluid 
is equal to the average shear rate for a Newtonian fluid 
when the Newtonian viscosity equals the apparent 
viscosity of the non-Newtonian fluid (Steffe, 1996). 
For a Newtonian material, the power consumption of a 
mixer in the laminar region may be represented by 
Equation 2. 

Re*pNpK  
   (2) 

where Np is the power number and Re the impeller 
Reynolds number.  
Rieger and Novak (1973) develop an alternative 
method to the classical Metzner and Otto method. In 
the method, power input data are manipulated and 
represented by a family of parallel curves, each 
corresponding to a particular value of n, where n is the 
flow behaviour index. However, when a classical 
dimensionless representation of power data (Np vs Re) 
is desired, then Ks values are needed.  

Furthermore, Brito-De la Fuente et al. (1992) 
demonstrated that if the Rieger & Novak method is 
compared with the Metzner & Otto method, then 
Equation 3 prevails for a Herschel-Bulkley fluid: 
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For non-Newtonian materials, Kp(n) has the same 
meaning as Kp.  Equation 3 enables the calculation of 
Ks once Kp, Kp(n) and the fluid’s rheological 
parameters are known. Normally Kp is found 
experimentally through Np vs Re test work using 
Newtonian materials. In this study, Kp was calculated 
with a non-linear regression algorithm proposed by -
De la Fuente et al. (1997), as given in Equation 4. 
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From the calculated Kp value a Newtonian power 
curve is established and the non-Newtonian fluid 
apparent viscosity derived. This is then compared with 
tube viscometer data. 

 
 EXPERIMENTAL TEST 

 
 A closed 5 vane (type AH) Warman 6/4 centrifugal 
pump was used in the test work. The impeller is metal 
lined with a diameter of 365mm. A speed-torque unit 
was fitted between the motor and the pump. Speed and 
torque data points represent an average of  3 series of 
10 readings each. Test work was carried out with the 
pump discharge valve being closed off in order to 
maintain a constant flow field. Four shear thinning 
fluids having a wide range of shear thinning 
behaviours were prepared for this study. Rheological 
parameters were obtained from tube viscometer data. 
 
 
RESULTS AND DISCUSSION 

 
Figure 1 presents the derived Ks values for the 6/4 
Warman pump. It shows that Ks is not constant, but a 
function of the flow behaviour index, n. This 
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contributes directly to the dilemma of whether Ks is 
constant or not for a given mixer or pump impeller. 

K s  = 1.5*n -2
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Figure 1: Ks as a function of the flow behaviour index 
n. 
With regard to the Otto and Metzner method or the 
Novak and Rieger procedure, power data as a function 
of impeller general Reynolds number (Regen) resulted 
in a dimensionless graph (Figure 2). 
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Figure 2: Dimensionless representation of Np vs Regen 
for the Warman 6/4 pump. 
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Furthermore, the average shear rate (Equation 1) 
derived from the procedure described in the literature 
review section yields a viscosity curve not matching 
test data from tube viscometry. However, when 
Equation 1 is corrected as given in Equation 6, a better 
fit is obtained (Figure 3 & 4). This may suggest that 
there is a non-linear distribution of velocity across the 
gap (impeller/pump casing) that needs to be accounted 
for. 
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CONCLUSIONS 

 
The average shear rate values from the Metzner and 
Otto method have been corrected to generate viscosity 

curves from pump impeller data. However, more 
experimental data are needed to validate the approach 
described here. Initial test work should be conducted 
with a Newtonian material to determine Kp 
experimentally, rather than from a non-linear 
regression algorithm. 
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Figure 3: 17% kaolin Tube viscometry vs. Pump 
viscometry before and after shear rate correction. 
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Figure 4: 7% Bentonite Tube viscometry vs. Pump 
viscometry before and after shear rate correction. 
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