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SOUTHERN AFRICAN
S A S 0 R SOCIETY OF RHEOLOGY SASOR 2014, Stellenbosch, 2 - 3 September 2014

Welcome

Welcome to the 5" Southern African Conference on Rheology, SASOR 2014. We
held our first conference in 2006. Our second conference in 2008 came soon after
the International Committee on Rheology’s meeting in Monterey in August 2008,
where we were elected to full membership of this international body. This represents
full recognition of our young society, and we have been assigned to the European
sector of the ICR. Our third conference SASOR 2010 was well attended by the
international rheological community with speakers from France, Italy, Sweden and
the USA. SASOR 2012 boasted with international speakers from USA, Germany,
Switzerland and Australia and local representatives from all universities in the
Western Cape as well as the University of Pretoria and from industry. We had the
same number of local speakers from industry and academia as our international
speakers, showing that the interest in rheology is growing in South Africa.

This year, however, we are very pleased to have mainly postgraduate students
presenting in addition to the invited speakers and those from industry.

SASOR 2014 will consist of plenary lectures and oral presentations. The really
valuable discussions, debate and interactions are in reality up to you — so please
participate as freely as you are able. We hope that you will find the conference
stimulating.

We wish to express our gratitude to the individuals and organizations that have
contributed to the success of the conference.

Dr Piet Halliday
SASOR 2014 Chairman
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PROCESS VISCOSITY: COUETTE AND POISEUILLE ANALOGIES
L. Choplin

University of Lorraine, 1 rue Grandville, BP 20451, F-54001 Nancy Cedex, France.
E-mail: lionel.choplin@univ-lorraine.fr.

ABSTRACT

The viscosity determination of Non-Newtonian complex liquids is in general not an easy task due to the faxt that,
in most practical situations, the flow field is far from being rheologically homogeneous. As a consequence,
experimentally accessible experimental data (flow rate, pressure drop, angular velocity, torque,..) require a
complex treatment in order to allow the determination of an acceptable viscous rheogram of the fluid under
consideration. Couette and Poiseuille analogies use a simplified analysis of (even strongly) heterogeneous situations of flow,
allowing a very good viscosity determination (maximum error around 8%). This methodology also allows the
development of in line / on line viscometers.
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EFFECT OF SURFACTANT STRUCTURE ON INTERFACIAL FILM AND
STABILITY OF HIGHLY CONCENTRATED EMULSIONS WITH

SUPERSATURATED DISPERSED PHASE
N. Sanatkaran, |. Masalova

Department of Civil Engineering, Faculty of Engineering, Cape Peninsula University of Technology,
PO Box 652, Cape Town 8000, Republic of South Africa
E-mail: sanatkaran@gmail.com

INTRODUCTION

Highly concentrated water-in-oil emulsions (HCE)
with metastable dispersed phase consist of a high
volume ratio (~85%) of super saturated inorganic salts
solution in the form of droplets in an immiscible oil
medium which is stabilized by an emulsifier. The
stability of these types of emulsions in bulk phase are
related to the crystallization of inorganic salts, which
are promoted by a prolonged shelf life and under high
shear conditions (1, 2). Poly(isobutenyl) succinic
anhydride-based surfactants (PIBSA) are used in
general to stabilize these types of emulsions providing
optimal shelf life stability due to the formation of a
huge number of micelles which creates a steric barrier
between the inter-droplet layer (3). But instability was
observed during pumping applications, owing to the
heavy molecular weight of the surfactant which does
not quickly cover the new droplet surfaces created
under shear.

The most promising method seems to be addition of
a binary surfactant mixture to the emulsion
formulation in order to have better stability both in
shelf and under high shear (4, 5). Surfactant mixtures
are used in many emulsion formulations mostly
because of superior properties of mixtures when
compared to individual surfactants (6-11). The
molecular structure of these surfactants have an effect
on the interaction between the two surfactants at the
interfacial layer around droplets, which results in
different processing, interfacial and rheological
properties of the final emulsion (12, 13). Many studies
have been conducted on understanding this effect,
however, there is a lack of systematic investigation of
the effect of surfactant mixtures on HCEs with a
supersaturated dispersed phase.

The aim of the current study is to investigate the
effect of addition of binary surfactant systems
including oil/oil and oil/water soluble surfactants on
the stability of HCEs in terms of crystallization of the
supersaturated dispersed phase. A group of oil and
water soluble surfactants with different hydrophobic
tail structures under trade names of Spans and Tweens,
respectively, were chosen as co-surfactants in
combination with a PIBSA-based polymeric surfactant
(oil soluble). To have a clearer insight on the
surfactant properties, interfacial tension measurements
were performed at the water-oil interface in the

presence of surfactant mixtures and the interaction
between the surfactants at the interface were applied
according to the regular theory by (14). In addition,
the influence of the chemical structure of co-
surfactants on the strength and rigidity of the
emulsions characterized by the yield stress and the
storage modulus, respectively, were studied.

MATERIAL AND METHODS

PIBSA-based surfactant (PIBSA-Mea) and oil were
supplied by Lake International Technologies (South
Africa). The oil contains paraffins (>99.9%) and
aromatics (less than 0.1%), with the density equal to
794 kg/m3 at 20°C. Ammonium nitrate (AN) as an
inorganic salt wsa purchased from Merck. Sorbitan

monolaurate  (Span20),  sorbitan  monostearate
(Span60), Polyoxyethylene sorbitan monolaurate
(Tween20) and polyoxyethylene sorbitan

monostearate (Tween60) were obtained from Merck.
Sorbitan monopalmit (Span40) and polyoxyethylene
sorbitan monopalmitate (Tween40) were purchased
from Aldrich and Sigma, respectively. Figure 1 shows
the structure of co-surfactants.

[OCH,CH,] OH
0
R1[CH,CH,0],CH,CH
[OCH,CH,].R3
R2[CH,CH,0];,

Surfactant R1 R2 | R3 M.,
Span 20 OOC(C11H23) OH OH 346
Span 40 OOC(C15H31) OH OH 403
Span 60 OOC(C17H35) OH OH 431

Tween 20 OOC(C11H23) OH OH 1228
Tween 60 OOC(C15H31) | OH | OH | 1277
Tween 60 OOC(C17H35) OH OH 1312

Figure 1. The structures of Spans (a+b+c+d=0) and Tweens
(at+b+c+d=20).

The prepared emulsions consisted of 92.4% water
phase in oil phase, and were mixed using a standard
Hobart N50 Mixer at 80°C and were refined until a
certain droplet size (d3=10pum) was achieved,
measured using a Malvern Mastersizer 2000. The




water phase comprised of supersaturated 80 wt % AN
which could be stable for a short time. Surfactants
used in all compositions were mixed at a 10:1 ratio of
PIBSA/co-surfactants.

Interfacial tension, o, was measured using a Kriiss
K100 Tensiometer based on the Wilhelmy method. Qil
phases with different concentrations of individual
PIBSA-Mea, co-surfactants and mixtures, with the
same ratio as in the emulsions (10:1) in contact with
60 wt % solution of AN as the aqueous phase was
used for interfacial tension tests at 25 °C.

All measurements of rheological properties were
conducted using a Paar Physica MCR-301 rotational
rheometer (cone and plate geometry, angle between
cone and plate was 1 grad). Amplitude sweeps in the
strain amplitude range from 0.01 to 200% at a constant
frequency of 1 Hz and flow curves in the shear rate
range from 10 to 200 s™* were performed.

To simulate high shear conditions, a home-made
pumping system was used, which consisted of a
cylindrical chamber which extruded a sample under 4
bars of pressure from one cylinder through an orifice
with a diameter of 4 mm into another.

THEORY

CMCs (critical micelle concentrations) were found
from the cross point of the lines of the part in which
the interfacial tension is changed with the surfactant
concentration and the part in which the interfacial
tension remains relatively constant due to formation of
micelles in the oil. The Gibbs adsorption isotherm was
used to calculate the average minimum area per
molecule (Acmc) (15):

-t do | (1)
RT dInC
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where T’ is the surface excess concentration, R the gas
constant, T the absolute temperature and N the
Avogadro number.

The molecular interaction between two surfactants
at the interfacial layer was quantified by the p
parameter (6). As indicated in equation (3), the P
parameter shows a comparison between the molecular
interaction of a surfactant mixture and the self-
interactions of individual surfactants before mixing (7)
defined as:

IB:WQ_(WZM +W22) RT, (3)

where Waa ,\Wgg and Wug are the molar self-
interaction energy of the first surfactant, second
surfactant and the molar interaction energy between
the mixed surfactants, respectively. The positive value
of B represents a weaker attraction or stronger
repulsion between two surfactant molecules compared
to the self-interactions of individual surfactants, called
antagonism. A negative value of B shows a stronger

attraction or weaker repulsion between mixed
surfactants compared to self-interaction of individuals,
called synergism. A number of theories have been
formulated to describe the synergism between
surfactant mixtures (16-18). A regular non-ideal model
developed by Rosen (14) was found as a successful
model to calculate the interaction parameter which is
presented in equations (4) and (5).

X?In(aC,, I X,C,)

= 4)
(1-X,)? In[1-@)C,, /(1- X,)C, ]

where C;, C, are the concentrations of the
individual surfactants 1 and 2, respectively; C,, is the
concentrations of the binary surfactant mixture
required for a certain interfacial tension before the
CMC point (Figure 2). a is the molar fraction of
surfactant 1 in the mixture. Hereafter, the interaction
parameter,  will be:

- In(@Cy 1X,C)). )
(1-Xy)?
20 ~
o Pibsa-Mea
m Tween20
15 - x A Pibsa/Tween20
£
210
S
b 5 -
0 T T T T T T T T
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Ln C (mol/l)
Figure 2. Determination of the interaction parameter.

It was shown in all cases, that the Kinetics of the
emulsifying process (Figure 3) can be fitted by the
exponential equation of the following type ((4)):

D(t)=D, +(D,-D,)e™""’, (6)

where D(t), Dy and D, are the current, initial and
final average diameters of the droplets, respectively,
and t is time. The D, values correspond to the
situation when the droplet size did not change
noticeably for a long enough time.
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Figure 3. A typical histogram of drop size distribution of the
emulsions at different refining time.



RESULTS AND DISCUSSION
Interfacial Properties

The results are presented for PIBSA, PIBSA/Span
and PIBSA/Tween mixtures in Table 1. CMC
decreased slightly for the longer alkyl tail length of co-
surfactants. It has been shown that the higher degree
of hydrophobicity (e.g, hydrophobic chain length) has
a major effect on lowering the CMC value (19-21).

In the case of PIBSA/Tweens, some effects
opposite to PIBSA/Span mixtures can be seen with
regards to the degree of synergism. In general, two
factors controlling the mixing effect and interaction
between non-ionic groups can occur: steric repulsion
and electrostatic interaction which both depend on the
size of the head groups (6) and Van-der-Walls
interaction between hydrophobic tails which becomes
stronger for longer hydrophobic tails (22). After
mixing, low molecular Spans molecules occupies the
free spaces between bulky polymeric molecules of
PIBSA and creates a condensed layer at the interface,
resulting in negative values for B while this
penetration becomes more difficult for longer tail
Spans, resulting in a lower synergism.

Table 1. Interfacial properties of PIBSA-Mea/co-surfactant
mixtures.

35

30 o
25 -

E 209

= o

o 15 + o °

© 10 S O < <
5 i
0 T T T T T \

0 300 600 900 1200 1500 1800

Time (S)
Figure 4. Droplet size evolution as a function of refining
time for the PIBSA/Span 60 emulsion (dots) fitted by model
(line).

These results demonstrate that both co-surfactants
strongly affect the rate of refining and a decrease was
observed in comparison with the pure PIBSA-Mea,
however the influence of Tweens on refining is much
higher than Spans. Emulsification consists of two
steps: droplet break-up and re-coalescence of smaller
droplets. Higher adsorption efficiency of Tween
molecules compared to Spans increased the break-up
rate while stronger synergism between PIBSA and
Tweens prevented re-coalescence of freshly formed
droplets.

Table 2. Characteristic time of refinement for different
surfactant systems.

5T A
H CMCx10 min

Material X

[mol] (] 1| B Surfactant system 0[s]
2|Bs,§c-)|v|ea/ 29 1009 | 048 | -3.0 PIBSA (pure) 290
P?SgA e PIBSA-Mea/Span 20 115
Span 40 € 29.5 1341 | 045 | -26 PIBSA-Mea/Span 40 140
PIBSA-Mea/ PIBSA-Mea/Span 60 155
Span 60 339 1331 10411 -15 PIBSA-Mea/Tween 20 85
?'BSA-Z'\(/)'%/ 6.7 95 |045| 33 PIBSA-Mea/Tween 40 80
SIBSA Mo PIBSA-Mea/ Tween 60 75

36 87.8 | 045 | 5.6

Tween 40
PIBSA-Mea/
Tween 60 3.9 864 046 ) 58 Rheological Properties

For PIBSA/Tweens, longer alkyl tail length led to a
higher synergism. The reason could be when PIBSA -
Mea and Tweens are used together, the ethoxylated
parts of Tweens are squeezed to sub-phase and those
parts of the Tween’s hydrocarbon tails that are located
in the oil phase penetrate between the adsorbed PIBSA
molecules. Thus, the distance between neighbouring
hydrophobic tails is reduced increasing the probability
of attraction between surfactant chains and thus higher
synergism (23).

Emulsification

The aim was to prepare HCEs with an average droplet
size of 10 um. The Kinetics of the droplet refinement
was followed using the Malvern mastersizer as it
shown in Figure 4. Obtained data was fitted using Eq.6
and characteristic refinement time (6) for all samples
was listed in Table 2.

From the flow curve measurements, yield stress (ty)
and from the amplitude sweep, storage modulus (G”)
was determined and summarized in Table 3.

Increasing the tail length of co-surfactants for both
Spans and Tweens led to the growth of characteristic
parameters, T, and G’. However, in all cases
maximum vyield stress and storage modulus were
observed for pure PIBSA-Mea. In addition, a close
correlation between the strength of the interface
structure (yield stress) and its rigidity (storage
modulus) was obtained, as shown in Figure 5.
Therefore, both structure strength and its rigidity are
obliged to the same physical source- intermolecular
interaction between the surfactants.



Table 3. Experimental 1, and G’ values for the emulsions
under study.

Surfactant mixture G’ [Pa] Ty [Pa]
PIBSA-Mea 990 16.7
PIBSA-Mea/Span 40 729 14.3
PIBSA-Mea/Span 60 831 15.3
PIBSA-Mea/Tween 20 405 8.6
PIBSA-Mea/Tween 40 427 10.9
PIBSA-Mea/ Tween 60 456 11
PIBSA-Mea/Span 40 729 14.3
25
20 _,//
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1] 100 200 300 400 500 600 70D BOO 900
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Figure 5. Correlations between rheological parameters, Ty,
and G’, PIBSA -Mea/Spans (circles) and PIBSA-
Mea/Tweens (squares).
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Correlations between the interaction parameter ()
and the rheological parameters (T, and G’) are shown

in Figure 6. It can be seen that a lower T, and G’
resulted from the systems with a higher degree of
synergism and it is more pronounced for the
PIBSA/Span group. This can be explained by a higher
possibility of micelles formation for the PIBSA/Tween
group, which led to a weaker network and also
reduced the rheological properties of the emulsion
(24).

Stability

The stability of highly concentrated emulsions with
the metastable dispersed phase is associated with
crystallisation of the aqueous phase (Figure 7). Below
the crystallization temperature (60°C in this study) and
under high shear conditions, crystal nucleation of the
salt solution is a major concern (1, 25).

Stability in shelf- The stability of HCEs in this
study was followed using an optical microscope while
samples were kept under the same environmental
conditions. The starting day of crystallization of the
un-pumped emulsions are presented in Figure 8. From
the graph, the stability trend of the HCE samples
prepared, using a mixture of surfactants, was found to
be relatively close to the line obtained from their
interaction parameter.
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Figure 6. Correlation between the interaction parameter ()
and storage modulus (a); yield stress (b) for PIBSA-
Mea/Span (circle) and PIBSA -Mea/Tween (square)
samples.

Figure 7. Microscopic image of the fresh emulsion (Ie and
the crystallized emulsion (right).
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Figure 8. Starting of crystallization for the un-pumped
emulsions (P-M represents PIBSA-Mea and P-M/co
represents the mixtures of PIBSA-Mea/different co-

surfactants include Spans and Tweens).

Stability under shear- To investigate the effect of
the surfactant mixtures on pumpability of the
emulsions, all samples were pumped for 3, 5, 7 and 10
pumping cycles using the pumping system described
in the methodology section. The dependence of the
droplet diameter on the number of passes through the
orifice hole is described by the same exponential
equation (equation (6)), by replacing t with the
pumping cycles and 6 will be the final average



diameter of droplet (ds,). The averge droplet size for
the pumped emulsions prepared with all PIBSA/Spans
mixtures decreased from 10 to 4.0 um and with
PIBSA/Tween mixtures decreased to 4.6 pm, on
average. A decrease in the droplet size lowers the
pumpability due to an increase in the viscosity of the
emulsion (26), indicating that a better pumpability can
be achieved by adding water soluble surfactant
(Tweens) to the system.

CONCLUSION

The effect of interfacial behaviour of different
mixtures of oil/oil and oil/water soluble surfactants on
the stability, pumbability and rheological properties
of highly concentrated emulsions with a varyied co-
surfactant structure was investigated. A direct
correlation between the synergism of non-ionic co-
surfactant (Spans and Tweens) and a polymeric
surfactant  poly(isobutylene) succinic anhydride
derivative was observed. The degree of synergism was
affected by the chemistry of the head group and alkyl
tail length of co-surfactants. Stability and pumbability
increased when water soluble surfactants were used,
while the refinement time and rheological parameters
were lower as compared to Spans providing emulsions
quite  acceptable for different technological
applications (long shelf life, significant pumping
characteristic storage, etc).
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INTRODUCTION

Bacteria adhesion layers are highly complex biological
assemblies composed of bacterial cells embedded in
an extracellular polymeric matrix. Such biofilms are
ubiquitous and, on one hand may cause severe
environmental and health problems but on the other
hand protect and support the gut flora during
digestion. Therefore it is intriguing to understand the
influence factors on the formation and the destruction
of bacteria biofilms [1, 2, 3, 4].

MATERIAL AND METHODS

Model bacteria capable of forming biofilms at the
water-air and water-oil interfaces were chosen such as
Eschericha coli, Bacillus subtilis, Pseudomonas
fluorescens, Pseudomonas putida, and Salmonella
typhimurium. They were either cultured in growth
media (biofilm experiments) or suspended in buffer
solutions (adhesion experiments) [2, 3].

Several biofilm measuring techniques have decisive
disadvantages as they either measure biofilm strength
indirectly or the measurements are invasive. In this
contribution, we study the initial kinetics of bacterial
attachment as well as the transient layer formation of
model bacteria at both the air/water and oil/water
interface through non-invasive interfacial rheology
and tensiometry (see Figure 1). Electrophoretic
mobility measurements and bacterial adhesion to
hydrocarbons (BATH) tests were performed to
characterize selected bacteria. To validate interfacial
rheology and tensiometry measurements, we
monitored biofilm formation utilizing both confocal
laser scanning microscopy and light microscopy. To
observe the effect of changing subphase conditions, a
subphase controlled interfacial rheological setup was
used [5]. Additionally, bioadhesion assays against
specifically modified surfaces were performed.

RESULTS AND DISCUSSION

In the first step of biofilm formation, bacteria attach to
hydrophobic interfaces. These measurements were
performed under non-growing conditions with
interfacial rheology (see Figure 2) and tensiometry at
the water-oil interface.
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Figure 1. Schematic overview of subphase controlled
interfacial rheological setup used for the bacterial biofilm
elasticity measurements (A) and of a pendant drop
tensiometer with a biofilm (B).
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Figure 2. Interfacial elasticity measurements of bacteria at
the oil-water interface. Microscopic images of E. coli and P.
putida at the water-oil interface.

Bacteria, with very little hydrophobicity (e.g.
Escherichia coli) formed very weak adsorption layers
whereas bacteria with a high hydrophobicity (e.g.
Pseudomonas putida KT2442) formed strong
adsorption layers against oil.

This weak adhesion also leads to weaker biofilms
formed at the water-oil interface (see Figure 3) under
growing conditions.
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Figure 3. Transient interfacial elasticity of bacteria growing
at the water-oil interface. Microscopic images of the water-
oil interface of E. coli and P. putida.

Under growing conditions, the several stages of the
biofilm lifecycle of different bacteria were observed
(see Figure 4 A and B) at the water-air interface.
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Figure 4. The elastic and viscous moduli are plotted as a
function of time for (A) P. fluorescens and (B) E. coli of
biofilms growing at the water-air interface.

To observe the long-term effect of biofilm formation,
long time experiments were performed. In Figure 4,
the biofilm formation of P. putida KT2442, a
bacterium used in bioremediation, is shown at the
water-oil interface after 48 hours and after 2 - 3 weeks.

CONCLUSION

By combining different techniques, we were able to
observe the interfacial tension and elasticity
development over time, from the first bacterial
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Figure 5. (A) Confocal Laser Scanning Microscopy image
of P. putida KT2442 at the water-oil interface. (B) The
biofilm formed after 2 - 3 weeks is shown. The arrows
indicate the position of the interface.

attachment up to biofilm formation at water-air and
water-oil interfaces. Through the observation of
characteristic dynamic elasticity profiles of each
bacterium and in combination with pendant drop
tensiometry we were able to gain further insights into
the still poorly understood mechanical properties of
biofilms. Interfacial rheology proved to be an effective
method to measure biofilm formation online at the
water-air and water-oil interface as the influence of
temperature, media type, bacterial strain, pH and
surfactant  concentration could be  observed
successfully during biofilm formation [2, 3].
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INTRODUCTION

Highly concentrated emulsions (HCE) represent a
rather special class of colloids. As with any other
emulsion, they are a mixture of two incompatible
liquids usually stabilized with a surfactant. But in
contrast to standard emulsions, the concentration of
the dispersed phase in highly concentrated emulsions
exceeds the limit of the closest packing of regular
spheres (app. 0.74), which is possible due to the
“compressed” state of droplets that have a polyhedral
shape. The subject of this investigation is water-in-oil
super-concentrated emulsions (90vol.%) with a
dispersed phase kept in a thermodynamically
unstable super-cooled state (over-saturated agqueous
salt solution). These kinds of emulsions are inclined
to crystallization inside the super-cooled droplets
during storage [1, 6] or when subjected to shearing
conditions [6]. It is known that the requirements for a
surfactant to stabilize such emulsions under shear are
often contrary to those required for stabilization
during storage. These conflicting requirements can
be satisfied by using combinations of different
surfactants, in particular mixtures of polymeric and
low-molecular-weight compounds. However, due to
increasingly demanding legal and consumer
requirements, the limitations on classical emulsions
have increased [5]. With this in mind, using a
combination of standard low-molecular-weight
compounds and nanoparticles of different
hydrophobicity appears to be an attractive alternative
method of creating a mixed emulsifier.

The goal of this study was to combine fumed
silica nanoparticles with such a standard low-
molecular weight surfactant as sorbitan monooleate
(SMO) to examine their synergetic (or antagonistic)
action in stabilizing highly concentrated W/O
emulsions with the over-cooled internal phase. We
studied the effect of varying surfactant/particle ratio
on rheological properties and stability during
crystallization at rest (during storage) of HCE which
is important for technological applications.
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Theory: rheological models for HCE or particle
dispersions:

oPrincen and Kiss model for HCE:

r=1, +64(p-0.73)~—Ca?
d32 (1)

where 7,0 is the yield stress; ¢ is the dispersed
phase volume fraction; o is the interfacial tension; dg,
is the area-volume mean diameter and Ca is the
capillary number.

oWindhab model for highly concentrated
particle dispersions:

t=10+70, 7 +(r,—7,0)[L-exp(=y/y*)] 4

The Windhab model includes the directly
measured yield stress, 7,0, and the high shear
viscosity, 7. It also considers the crossover point
(hump), 7,1, observed at the intermediate shear rate

7. 7,1 has been introduced in this model as a
secondary yield stress.

oFoudazi-Masalova model for HCE:
7=, + Ky +(r,,—7,0)1-exp(-7/7*)] (5)

where 1y, is an asymptotic value of the yield stress
value that corresponds to the transition (hump) in the
flow behaviour at shear rate and K is an empirical
constant.

MATERIALS AND METHODS

Continuous phase: A series of five fumed
nanosilica dispersed in hydrocarbon oil were used for
this study; 6wt% of each fumed nanosilica was
mixed with SMO in the concentration range of 1 to
10 wt%. The hydrophobicity index (HI) of particles
used in this investigation were in the ranges: 0.60-
1.34 and HI > 3.
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Dispersed phase: A super-cooled aqueous
solution of inorganic salts. Water comprises < 20%
by mass of the solution. So the salt concentration
exceeds 80wt%; @ = 90vol%.

Emulsion preparation: The emulsification
process was conducted in 2.5 kg batches by a Hobart
N50 mixer (Manufactured and supplied by the
Hobart Corporation, USA) .

Droplet size distribution: The droplet size
distribution was measured using the Malvern
Mastersize 2000 technique.

Bottle test: A rapid indication on oil aggregation
properties of particle dispersions in oil was given by
the bottle test method by monitoring the extent of
flow five minutes after the bottle has been fully
inverted.

Microscopy: the observations were carried out on
the samples under the investigation with an optical
microscope (‘Leica’) equipped with a digital camera,
at a magnification of x500.

Rheological characterisation: All rheological
measurements were carried out by using a rotational
dynamic rheometer MCR 300 (Paar Physica).

RESULTS AND DISCUSSIONS

Bottle test for particle dispersions in oil

HI=3  HI=1.34 HI=0.72 HI=0.60

—

Figurel: Typical pphotograph of 6wt %
dispersion in oil 5 min after inverting the vessels.

particles

Macroscopic considerations show that fumed
silica particles behave as thickening agents of
paraffin oil. For more hydrophilic particles (HI =
0.60 -0.72) the bottles fully inverted showed no flow
(Figure 1). This is a consequence of the mechanism
of formation of the structure via hydrogen bond [10],
and this possibility decreases with the increase in
hydrophobicity on nanoparticles [9].

Addition of an increasing amount of SMO
destroys the 3D network structure: by adsorbing at
the fumed silica nanoparticle surface, SMO
molecules and positive charges created by reverse
micelles’ dissociation [11] reduces their gelling
ability as evidenced in Figure 2. The surface charge
is expected to increase as the particle HI decreases in
line with density of OH-groups available on the
particle surface.
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Figure 2. Typical amplitude dependence of the elastic
shear modulus for 6 wt% nanosilica dispersion (HI1=0.60)
in oil as a function of SMO concentration of 0 wt% (1),
Iwt% (2), 2 wt% (3), 3wt% (4), 3.5wt% (5), 4wt% (6),
5wt% (7), 6wt% (8) and 7wt% SMO (9).

The evolution of the particle flocculation in the
samples was observed after 24 hours. The vessels
were then inverted and sedimentation after a further 5
minutes was noted (Figure 3).
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Figure 3. Typical photograph showing the ageing of oil
phases samples containing 6wt% fumed silica (HI1=1.34) in
a mixture with different concentrations of SMO (0 — 8%);

upper layer: fresh samples and bottom layer: aged samples
after t = 24 hours, 5 min after inverting the vessels.

Figure 3 shows that in contrast to particle
dispersions without SMO (far left in Figure 4),
ageing of the mixtures of nanosilica and SMO leads
to a dramatic change in the particle stability of the
dispersions. It can be seen that at about 2wt% SMO
the initial stable dispersion begins to sediment. The
sedimentation is complete after 24 h, and particles
separate from the bulk oil (see second row in Figure
3). It is likely that the flocculation observed here is
due to depletion of reverse micelles between particles
on close approach.

Samples of the aged dispersions were taken for
rheological analysis after particle aggregates (flocs)
have been separated from the bulk liquid phase. The
zero modulus was obtained from the linear region of
the storage modulus by extrapolation of the curve to
zero deformation and plotted as a function of SMO
concentration (Figure 4).
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It can be seen that regardless of particle HI, the
strength of particle network shows a maximum at a
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Figure 6. Typical flow curves of emulsions prepared with
50 x 5wit% SMO and 6wt% particles of different HI.
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Figure 5. Emulsion characteristic refinement time, used a 100
measure of stability under shearing in the emulsification
process for emulsion stabilized by SMO/silica mixture. &
=
It is clear from Figure 5 that both particles with HI 10 ":"E:tr:““e' bukly
< 0.97 and particles with HI > 0.97 show a deflection Foudazi-Masalova
point/transitional pointat6 + 1 wt% and4+05wt% | ... Windhab
respectively. Below the deflection point/transitional 1
poi.nt, there i.s a rapid decr«::-ase in.the characteristic 1E-05 0.001 01 10
refinement time with an increasing slope as the .
particle hydrophobicity index increases. This seems y.s!

to be related to both increase of the diffusion rate of
SMO and a decrease in Debye length of electrostatic
forces [12], caused by a concomitant increase of
reverse micelles. In this sense more particles and/or
surfactants can quickly adsorb onto the newly created
surfaces and stabilize the emulsion against
crystallization or coalescence. By contrast, above the
deflection point/transitional point, there is a slow
decrease in the refinement time which then follows
closely the data for emulsions without silica present.
In other words, in this region SMO dominates over
particles.
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Figure 7. Typical best fittings of Herschel-Bulkley,
Windhab and Foudazi-Masalova’s models on flow curves
of particles/SMO stabilized emulsions.

Structure formation in HCE in the presence of
mixtures of SMO and different HI was confirmed by
the results of measurements of the elastic modulus.

In Figure 8 the effect of varying the surfactant-to-
particle mass ratio on the plateau modulus is shown.
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Emulsion stability with time

Ageing of the emulsion was associated with the
crystallisation process of the dispersed phase as
shown in Figure 9.

2 3 4 5 6 7 8
SMO, wit%

Figure 8. Effect of varying the SMO/silica ratio (3 -
10wt% of SMO and 6wt% of silica) on the plateau
modulus of HCE.

From Figure 8 three clear observations can be
made. Firstly, emulsions stabilised only by SMO
have a relatively low shear modulus regardless of
SMO concentration, but adding nanosilica particles
increases the shear modulus. The magnitude of the
increase in shear modulus is significantly more with
reducing particle HI (decreasing hydrophobicity).
Secondly, shear modulus reduces with increasing
SMO concentration. Thirdly, as with refinement
time, the correlation shows a deflection /transitional
point at a surfactant concentration of 4 £ 0.5 wt%
(for particles with HI < 0.97) or 6 1 wt% (for
particles with HI > 0.97) which, as before, mark the
transition points between regions of particle or SMO
domination.

As evidenced by the qualitative bottle test and the
rheology of the fresh oil dispersions with different
concentrations of SMO (3-7 wt%), the nanosilica
network in the interfacial layers between droplets is
broken. The formation of a network of silica particles
in the bulk phase is therefore not the (only)
mechanism controlling the strength of the emulsion
structure. It is clear that scaling of the storage
modulus by Laplace pressure does not result in
superimposition of values corresponding to different
compositions.

It seems reasonable to assume that the decrease in
shear modulus with increasing HI or SMO
concentration is caused mainly by a reduction of the
inter-particle repulsive forces at the interface and in
the thin film between droplets which is caused by the
increased concentration of reverse micelles. It is clear
from Figure 8 that low HI values result in a high
elastic modulus over the entire SMO concentration
range, since a high surface charge is expected with
fewer reverse micelles remaining in the oil phase
because of the extensive adsorption of SMO
molecules onto the particles’ surfaces. The higher the
electrostatic repulsion between particles adsorbed at
the interface, the more ordered the generated
structure [14] and the greater the stored energy [2-3,
8]. The higher the concentration of reverse micelles
(higher HI), the greater the possibility of charged
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Figure 10. Effect of varying the SMO/silica mass ratio on
the starting crystallization point (shelf life) of HCE with an
overcooled dispersed phase.

The emulsion stability in terms of time to the
start of crystallization shows a maximum (marked or
a slight) at 4 £+ 05 wt% SMO for the more
hydrophobic particles (HI > 0.97) and at 6 + 1wt%
SMO for the less hydrophobic and extremely
hydrophilic particles (HI < 0.97). Again, this
transitional point marks the boundary between
particle or SMO dominated regions. Below the
transitional point the time to onset of crystallization
increases rapidly with SMO concentration (left part
of the dependence in Figure 10). For non-surface
active particles (particles with HI>3) this is caused
by the surface of aqueous droplets being coated with
an increasing amount of surfactant, which builds a
close packed monolayer. Hydrogen bonding between
OH groups from the SMO and ions from the
dissolved salts delay the initiation of crystallization
[13]. On the other hand, for surface active particles
(0.97 < HI < 1.34) there was evidence from the
rheology tests of increased particle network strength.
This indicates reduced repulsive forces between the
particles (reduction in Debye length of the
electrostatic repulsion), caused by increased reverse
micelle concentration. This assertion was further
corroborated by the drastic reduction in both elastic
modulus and emulsion refinement time. It is



concluded that the significant improvement in the
time to the start of crystallization is a result of the
surfaces of the aqueous droplets being coated with an
increasing amount of surfactant and fumed nanosilica
particles [12], This builds a close packing of fumed
nanosilica [14] in which the hydrogen bonding
between the OH groups of the fumed nanosilica and
SMO, and ions from the dissolved salts, delay the
initiation of crystallization. This is in agreement with
the fact that comparison between Figure 4 and Figure
10 reveal that the most stable emulsions are prepared
from the most unstable dispersions.

Increasing the amount of surfactant above
SMO/particle ratio corresponding to the transitional
point dramatically reduces the time to the start of
crystallization, eventually to that for surfactant alone,
as seen in Figure 9. Similarly to emulsions stabilized
solely by SMO; this behavior could be caused by
coating of aqueous droplets with surfactant
multilayers [7]. This results in crystallization being
induced from the interface [15].

CONCLUSIONS

A detailed investigation into the stabilization of
highly concentrated water-in-oil emulsions with an
overcooled dispersed phase stabilized by a mixture of
fumed nanosilica particles and, SMO has been made.
The influence of the surfactant to particle ratio on
emulsion refinement time, rheology and emulsion
stability against the crystallization of salt inside the
emulsion droplet has proved important. Regardless of
the particle hydrophobicity, the relationship between
the emulsion’s refinement time and SMO/particle
ratio shows a transitional point in the stabilization
mechanism of the emulsion. The silica content
dominates over SMO below this critical point
whereas SMO dominates above this point over
particles. The mixing of SMO and silica
nanoparticles significantly increased rheological
properties responsible for solid-like behaviour of
emulsions (the yield stress and plateau modulus)
compared to the SMO only system. The effect was
found to be more pronounced with a reduction of HI.
The Foudazi-Masalova model recently developed for
surfactant-stabilized HCE was found to describe the
rheological behaviour of emulsions successfully in
the presence of a mixture of surfactant and fumed
nanosilica. The relationship between the shear
modulus and SMO-to-particle ratio shows a
transitional point related to the same SMO/particle
ratio found with the refinement time. Interestingly,
for each HI, the emulsions are most stable against
crystallization of the dispersed phase on shelf (long-
term storage) when prepared with a SMO/particle
ratio exactly equal to the transitional point. By
determining the zero modulus of particle dispersions
in oil, we show that the most stable emulsions are
formed from dispersions which show a maximum
particle flocculation, induced by SMO reverse
micelles, in line with the transitional point. Particle
network could resist the spreading of the
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crystallization of salts from nucleated droplets to
their dormant neighbours, hence stabilize the
emulsion.
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ABSTRACT

Since the end of the last decade, much research and development effort has emerged in addressing hybrid organic-
inorganic systems; particular attention has been given to those systems in which nanofillers are dispersed in
polymer matrices. This class of materials is called polymer nanocomposites and shows unique value-added
properties that are completely absent in neat matrices and conventional composites. Researchers believe that the
interaction between filler and matrix at the nanoscale is the basis for new and novel properties of the
nanocomposites, as opposed to conventional composites. Over the past few years, various types of nanofillers have
been used for the preparation of composites with almost all types of polymer matrices. However, clay-containing
polymer nanocomposites (PNCs) have attracted great interest in today’s materials research because these substances
can significantly enhance nanocomposite properties, especially when compared with those of a neat polymer. These
improvements may include high moduli, increased strength, flexibility and heat resistance, decreased gas
permeability and flammability, increased rate of crystallization, and enhanced rheological properties.

Understanding the rheological properties of PNCs under molten state conditions is crucial for obtaining
fundamental knowledge about the processability and the structure-property relationship of these materials. In the
case of PNCs, the melt rheological behaviors are strongly influenced by their nanostructure. In this presentation, we
attempt to summarize the recent progress in the melt-state rheological properties of various types of PNCs and the
relationship of these properties with their structure. Both the linear and non-linear rheological properties have been
summarized with a specific focus on the effects of applied shear stress, both steady and dynamic, on the orientation
of silicate platelets inside the polymer melts.
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INTRODUCTION

The subject of this study is highly concentrated
W/O emulsions (HCE) with super-cooled dispersed
phase. Such emulsions comprise a rather special class
of colloids. In contrast to standard emulsions and
suspensions, the concentration of the dispersed phase
in highly concentrated emulsions exceeds the limit of
the closest packing of regular spheres (app. 74%). This
is possible due to the “compressed” state of droplets
which have a polyhedron shape. The aqueous phase is
an oversaturated (over-cooled) inorganic salt solution
at room temperature, comprising less than 20% water
by mass.

Generally  emulsions are recognized as
thermodynamically unstable systems that tend to break
down with time due to gravitational separation,
flocculation, creaming, coalescence or Ostwald
ripening [1-6]. Relative instability of the emulsions
with super-cooled dispersed phase is due to the fact
that these systems comprise of a thermodynamically
unstable dispersion of metastable inorganic salt
solution in an oil continuous phase. If the emulsion
remains stable, super-cooled droplets are prevented
from crystallizing or solidifying. If the emulsion
weakens or becomes unstable, crystallization of the
droplets takes place generally resulting in change of
properties [7-10]. It has been demonstrated by [11]
that in these types of emulsions - the dominating
mechanism of destabilization with time s
crystallization of the supersaturated dispersed phase or
emulsion — suspo-emulsion transition. The same study
demonstrated minimal to no coalescence taking place
within the system with ageing and therefore
coalescence will not be considered a destabilizing
mechanism for the system in this study.

Stability is one of the most crucial characteristics
that affects the final quality of any product existing in
the form of emulsion or comprising emulsion as one of
its components [11-15]. A number of factors affecting
emulsion stability have been under investigation in the
past years which include: the nature of the surfactant
used to stabilize the emulsion [14-16], dispersed phase
fraction [17], mechanical properties of manufactured
emulsion [12, 18, 19] and aqueous phase composition
[1-6].

The goal of this study is to investigate the influence
of different types of industrial grade oil comprising the
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continuous phase of emulsions on the stability of such
emulsions with time (ageing) and under high shear
(pumping). Ten types of industrial grade oil
subdivided into three categories based on their
viscosity were used. Qils in each category have the
same viscosity parameters but different relative
polarity and hence interfacial tension parameters. This
approach allowed investigation of the influence of
both viscosity and relative polarity of industrial grade
oil on the stability of high internal phase concentration
W/O emulsions. For a better understanding of the
research question emulsions stabilized by two most
widely used industrial types of emulsifiers were
investigated: emulsions stabilized by non-ionic
surfactant sorbitan monooleate (SMO); and emulsions
stabilized by polymeric surfactant poly(isobutylene)
succinic anhydride based surfactant (PIBSA-Mea).
These surfactants differ both structurally and in
mechanism of stabilization. As part of the study, the
rheological parameters of the bulk emulsion prepared
using the industrial grade oils as well as the interfacial
properties of these oils were analyzed.

MATERIAL AND METHODS

The oils under investigation were industrial grade
hydrocarbon oils: Shellsol (Shell Chemicals), Ash-H
057 (PetroSA), Ash-H 064 (PetroSA), Parproll 2325
(ENGEN), Wittol (ENGEN), Mosspar-H (PetroSA),
Ash-1925 (PetroSA), Ash-H 3 (PetroSA), Fluidox
(Lake) and Sunflower Oil. Detailed oil specifications
can be found on manufacturers web-pages. Based on
the specification, no difference exists between Ash-H
057, Ash-H 064 and Ash-H 3 oils being three
production batches of the same oil from the same
production line. However interfacial tension
measurements performed in 60% aqueous solution of
ammonium nitrate revealed a significant difference in
relative polarity of these three batches with Ash-H 057
being the most polar oil followed by Ash-H 064 which
in turn is more polar than Ash-H 3 oil. From this
finding, the decision was made to treat the three
batches as different type of oils. Industrial grade
emulsifiers — SMO and PIBSA-Mea were used as
supplied. 5% and 8% by mass of SMO and PIBSA-
Mea respectively were dissolved in different types of
oil and such solutions were utilized as the continuous



phase in the various emulsions. 80% by mass
supersaturated aqueous solution of inorganic oxidiser
salt ammonium nitrate (AN) was used as the emulsion
dispersed phase. The above materials were used in
order to manufacture highly concentrated W/O
emulsions with continuous phase fraction not
exceeding 6.5% of the emulsion by mass.

The Hobart N50 mixer was used to manufacture all
the samples under study. A more detailed description
of emulsion manufacturing can be found elsewhere
[11, 12, 15].

Measurements of the dispersed phase droplet sizes
were done with the Mastersizer 2000 device (Malvern
Instruments Co.). The average value ds, was used as a
measure of droplet size in the investigation. The
measurement of accuracy was 99 %. The droplet size
was kept identical at 10 um for all the samples
investigated.

Interfacial tension measurements between the oil
phase containing surfactant and aqueous phases with
the 60% by mass ammonium nitrate were performed at
a planar aqueous-oil boundary with the use of a Kriss
K100 tensiometer.

The rheological measurements were carried out
with the use of a rotational dynamic rheometer MCR
300 (Paar Physica) with the “bob-in-cup” measuring
unit having a sandblasted bob surface. The bob
diameter was 27 mm and the gap distance between the
cup and the bob was 1 mm. Steady state measuring
flow curves and oscillatory measurements for
measuring strain amplitude dependencies of the
storage components of dynamic modules were chosen
for the investigation. Oscillatory measurements for
measuring strain amplitude dependencies of the
(storage and loss) components of dynamic modules;
the frequency (1 Hz) was kept constant in the
amplitude sweep test. The strain was controlled
between 0.01% and 200%. The shear rate region used
in the flow test ranged from 200 s™ to 0.00001 s™. All
rheological measurements were conducted at
30+0.1°C.

The optical analysis was conducted with the use of
a ‘Leica’ optical microscope equipped with a digital
camera, at a magnification of 40 times (x40).

RESULTS AND DISCUSSION
Characterisation of Oils

In order to understand the difference between the
different types of oil, the interfacial tension at the
planar aqueous-oil interface was measured for a series
of oils under investigation.

Since the system used for interfacial tension
measurements comprises of the polar aqueous phase
(60% AN solution) as one of its components, it
follows that the lower water-oil interfacial tension in
the system will correspond to the higher relative
polarity of oil and vice versa [20].

To further characterise the oils, rheological analysis
of the pure oils was performed in order to determine
the oil viscosity. Based on the obtained viscosity
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results, oils under investigation were then further
grouped by similar viscosity regions. The result is
three classes (Group A, Group B and Group C) of oils
with their respective viscosity and interfacial tension
values presented in Table 1. Oils within each class are
arranged in the order of decreasing relative polarity.
Such a grouping allowed for further ease of
investigation of effects of both polarity and viscosity
on the stability of highly concentrated emulsions with
super-cooled dispersed phase.

Table 1. Classification of pure oils under investigation
based on viscosity values.

Oil Type | p(cP) | 6 (mN/m)
Group A: Viscosity < 2 cP
Shellsol 1.9 2.4
Fluidox 1.7 23.9
Ash-1925 14 36.2
Group B: Viscosity 2.5-3.5 cP
Ash-H 057 2.6 3.0
Ash-H 064 3.4 19.3
Mosspar-H 3.1 24.0
Ash-H 3 3.2 30.1
Group C: Viscosity > 25 cP
Parprol 51.6 8.0
Sunflower 53.2 10.7
Wittol 27.0 24.0

Characterisation of Emulsions

The time required to form the emulsion with a
droplet size (ds;) equal to 10 pm (refinement time) as
well as the rheological properties of emulsions, were
determined and compared. The stability of the
emulsions was monitored by following the emulsion
droplets crystallization.

Refinement time (t,f) for each emulsion prepared
was recorded and results are presented in the Table 2
and Table 3 for SMO and PIBSA-Mea, respectively.

Table 2. Refinement time of the emulsions containing 5%
SMO as surfactant within the continuous phase.

Qil Type | tref (Min)
Group A
Shellsol 5.0
Fluidox 5.0
Ash-1925 5.0
Group B
Ash-H 057 3.0
Ash-H 064 3.0
Mosspar-H 3.0
Ash-H 3 3.5
Group C
Parprol 0.5
Wittol 2.5




Emulsions prepared using SMO in Sunflower oil as
well as emulsions prepared using PIBSA-Mea in
Mosspar-H, Ash-H 3 and Wittol oils displayed high
instability. Crystallisation of these emulsions occurred
at the homogenisation stage of emulsion
manufacturing

Table 3. Refinement time of the emulsions containing 8%
PIBSA-Mea as surfactant within the continuous phase.

Oil Type  |trer (Min)
Group A
Shellsol 43.0
Fluidox 37.0
Ash-1925 40.0
Group B
Ash-H 057 35.0
Ash-H 064 30.0
Group C
Parprol 5.0
Sunflower 2.0

rendering any further investigation of these emulsions
impossible along with data collection.

Rheological measurements were performed for
each successively formed emulsion for both storage
modulus (G”) and yield stress (ty) and are presented in
Table 4 and Table 5 along with amplitude sweep and
flow graphs in Figure 1 and Figure 2 for SMO and
PIBSA-Mea, respectively. Other parameters such as
emulsion volume fraction, droplet size and droplet size
distribution were fixed throughout the experiment
across all the analysed samples.

Table 4. Rheological parameters for the bulk emulsions
containing 5% SMO as surfactant within the continuous
phase.

Oil Type |G’ (Pa) |ty (Pa)
Group A

Shellsol 4910 |74

Fluidox 509.0 |10.9

Ash-1925 1600.0 |11.8
Group B

Ash-H 057 [403.0 |7.7

Ash-H 064 [414.0 [9.9

Mosspar-H |427.0 |11.0

Ash-H 3 439.0 |11.2

Emulsions prepared using SMO in high viscous
(group C) oils displayed high instability and
crystallisation during the emulsification or cooling
stages of the manufactured emulsion. Whilst it was
possible to measure and analyse the refinement time
parameter any further investigation of rheological and
crystallization properties became impossible.

Analysis of the rheological properties obtained
indicates the dependency of the rheology of the bulk
emulsion on oil relative polarity.
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Figure 1. Amplitude Sweep (a) and Flow Curve (b) plots
for the samples manufactured with the use of SMO
surfactant

Table 5. Rheological parameters for the bulk emulsions
containing 8% PIBSA-Mea as surfactant within the
continuous phase.

Oil Type |G’ (Pa)|t, (Pa)

Group A
1540.0
1640.0
1730.0
Group B
Ash-H 057 |1010.0
Ash-H 064 |1220.0
Group C
1170.0
1400.0

Shellsol
Fluidox
Ash-1925

30.3
39.8
42.7

145
22.7

20.0
32.5

Parprol
Sunflower

A decrease of the yield stress and storage modulus
with increase in oil polarity is observed for both
emulsions manufactured using SMO and PIBSA-Mea
as stabiliser. Hence the oil polarity influences the
elasticity of highly concentrated emulsions.
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Figure 2: Amplitude Sweep (a) and Flow Curve (b) plots for the
samples manufactured with the use of PIBSA-Mea surfactant

This effect was stronger for the set of samples
manufactured using the less viscous oils and is
especially evident in the samples stabilised by the
PIBSA-Mea surfactant. This effect can be related to
the decrease in the surfactant micelle content due to an
increase in critical micelle concentration (CMC) as the
relative oil polarity increases [21-25].

Investigation of ageing for the samples
manufactured using low viscosity oils (group A and B)
and SMO revealed several important key points
regarding the stability with ageing and these are
illustrated in Figure 3.
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Figure 3. Comparative chart - representation of starting
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use of various oils under investigation in combination

with SMO surfactant.
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It can be seen that use of oils of group B with a
viscosity between 2.5 to 3.5 cP results in samples with
the highest stability to crystallization with time.

The second important finding for the samples
manufactured with the low viscosity oils is the relation
between stability and relative oil polarity. In samples
manufactured with the use of both oils, group A and
B, the stability to crystallisation with time decreases
with decreasing relative oil polarity. SMO molecules
tend to develop the multilayer structure at the
interface, which becomes gradually opaque with time
[14, 26] which can initiate crystallization at the
interfacial layer. For high polar oils (with low
interfacial tension) the multilayer structure is not
developing at aqueous-oil interface, delaying the
crystallization of droplets.

Investigation of ageing for the PIBSA-Mea samples
revealed a very straight-forward relation between
viscosity and relative polarity of the oils with
emulsion stability to crystallization with time. More
stable samples were obtained from the formulations
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adopting low polar and high viscous oils, indicating
that the relative polarity and viscosity of the oils are
directly proportional to the stability of these
emulsions. However it has been observed that the
viscosity parameter affects the shelf life stability to a
higher extent than the relative oil polarity. Results of
the investigation of ageing for the samples
manufactured using low viscosity oils (group A and B)
and PIBSA-Mea are summarised in Figure 4.

The highest stability to crystallisation with time
has been demonstrated by the samples manufactured
using group C highly viscous oils with PIBSA-Mea.
For the PIBSA based surfactants it was found that the
stability of the emulsions is strongly affected by the
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Figure 4. Comparative chart representation of starting
time for crystallisation in samples prepared with the use
of various oils under investigation in combination with
PIBSA-Mea surfactant.

surfactant micelles in the bulk of emulsion which
create a strong steric barrier, hence, preventing the
spreading of crystallization within the bulk of the
emulsion [27]. High polar oils could destroy these
micelles. In addition, oils with lower viscosity can
wash micelles out at the inter-droplet layer.

CONCLUSION

A study has been performed on the effect of relative
oil polarity and viscosity on stability to crystallisation
with time, shelf life, of highly concentrated W/O
emulsions. It has been found that the overall shelf life
stability of these emulsions is significantly affected by
both the viscosity and polarity of the oil used as part of
the continuous phase. Based on the obtained results it
is concluded that even though properties of the oils
under discussion do affect the stability of emulsions,
these effects may differ for different surfactant types
used in the emulsion formulation. In this particular
study for emulsions stabilised by the means of SMO
surfactant it was found that only a very specific region
of the oil viscosity (2.5- 3.5 cP) exists in which it is
possible to form the most stable emulsions and the
stability increases with the oil polarity. This optimal
condition may prevent SMO molecules to form a
multilayer structure at the interface as a point of
crystallization. On the other hand, for samples
stabilised using PIBSA-Mea surfactant it was evident
that the higher the oil viscosity and the lower the oil
polarity, the final product is more stable to
crystallisation with time by enhancing the micelles



formation in the inter-droplet layer and hence, creating
a strong steric barrier.
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INTRODUCTION

Rheology is a term that is widely used in the
minerals processing industry, however it is not
always used in the correct and appropriate context
and does not always apply to all slurries. Rheology is
the study of the flow of matter and this broad
definition covers the flow and response of liquids
and suspensions to an applied force.

In the mineral processing industry it is common to
refer to the “rheology of the material”. This has merit
when dealing with a purely homogeneous suspension
or polymer where we understand that it refers to
viscoelastic properties that can be measured and
completely describe the behaviour of the material.
However when a material contains a wide range of
discrete  mineral particles it is rarely truly
homogeneous and so the behaviour cannot be
properly defined and is at best approximated.

Rheology, as a descriptor or property of a fluid,
has through common usage become a term that
encapsulates the sum total of the “flow properties” of
a fluid that may or may not exhibit viscoelastic
behaviour.

This paper discusses slurry pipeline applications
in the mineral processing industry and presents
examples of why it is important to understand the
differences in the flow behaviour of fluids in
pipelines that may not necessarily be influenced by
the viscous properties of the fluid alone.

DEFINITIONS

In the context of this paper, slurry is a two phase
mixture of solid particles and water that do not react
with each other. Slurry can contain particles that
range from micron size clay size particles to large
boulder size particles. Particle size influences the
nature of the material, the finer the particles the more
homogenous the mixture appears, and the coarser the
particles the more rapidly they settle.

Figure 1 shows a well graded size distribution and
for such materials a fraction of the particles below a
certain size will settle very slowly and combine with
the liquid to form an apparently homogeneous
suspension, or “vehicle” that acts as a conveying
medium for the coarser particles. If we consider a
slurry comprising only the vehicle fraction, in this
case all particles below 45 micron, then the mixture
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will likely exhibit some viscous properties at high
solids concentrations and may be non-Newtonian. A
slurry of just the coarse plus 45 micron fraction will
always show clear solid-liquid separation and will
behave as a heterogeneous mixture. A mixture
comprising the full range of fine and coarse particles
is termed mixed-regime slurry and requires an
understanding of the flow behaviour of the vehicle as
well as the coarse fraction.
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Figure 1. Particle size distribution

CHANGES IN MINING TECHNOLOGY

Mines essentially liberate precious metals from
the host ore through the beneficiation process. This
requires that the ore is finely ground to produce a
solid-water mixture, or slurry, that is then treated in
the metallurgical facility that generates two principal
streams, a relatively low volume concentrate slurry
that is enriched and used as feedstock to a smelter to
produce the metal, and a high volume waste gangue
(or “tailings™) material that is disposed in surface
impoundments or underground as backfill. In order
to improve recovery many processes are now
generating a finer material through increased milling.

Environmental best practice also dictates that
water consumption is minimised and promotes the
re-cycling of water as far as possible. This means
that the waste stream must be de-watered at the
beneficiation plant and so together with the finer
milling, the waste material becomes increasingly
viscous and influences the pipeline flow behaviour.



PIPELINE FLOW

When dealing with the pipeline flow of slurries
the flow behaviour is a function of many variables,
most importantly particle size distribution and solids
concentration. These dictate whether the slurry is
treated as a heterogeneous, non-Newtonian, or
mixed-regime slurry.

Heterogeneous slurries

Slurries that are purely heterogeneous are
dominated by the settling characteristics of the
particles and the pipe flow regime is always
turbulent. These slurries do not have any meaningful
viscous properties and so the term “rheology” cannot
be wused when studying heterogeneous flow.
Examples include sand dredged material and low
concentration cyclone underflow materials.

Non-Newtonian slurries

Non-Newtonian slurries have several of the
following characteristics; a non-linear rheogram, a
rheogram that does not pass through the origin, or a
rheogram that is dependent on shear history. This
also implies that there is no settling or segregation
between the solid and liquid phases. In practice this
rarely occurs as all solids will slowly settle given
sufficient time, however for pipeline flow estimates a
rheogram that meets these criteria provides sufficient
laminar flow data that can be used to estimate the
pipeline flow behaviour.

The “rheology” of these materials is important to
quantify as non-Newtonian mixtures that are
essentially non-settling when quiescent need to be
treated with care when considering pipeline flow.
When sheared during laminar pipeline flow the
coarser particles do not remain in suspension and
deposit on the pipeline invert and there is no
mechanism to re-suspend the particles into the main
body of flow. For low vyield stress materials it is
preferable to transport these slurries in the turbulent
flow regime, as shown in Figure 2. Unfortunately this
is not always feasible as the yield stress may be such
that the laminar to turbulent transition velocity is
high, making pipeline flow impractical. In such
instances where it is necessary to transport in laminar
flow, a regime may develop that is known as
stratified laminar flow. This occurs when coarser
particles on the pipe invert are transported as a
sliding bed and the flow regime above these particles
remains laminar. Pressure losses in this condition are
generally higher as there is a reduced flow area. If
there is an insufficient pressure gradient in the
pipeline the coarse particles will not be transported
on the invert and the pipeline may eventually block.
Several cases exist where long overland pipeline
systems have blocked as a result of laminar flow
deposition.

For extremely viscous slurries it is possible to
design a pipeline to operate at very low velocities.
This requires high pipeline pressure gradients that
provide sufficient force across the settled bed portion
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of the pipeline so that the particles move as a sliding
bed. Slurries such as concrete, shotcrete or paste
backfill are pumped at low velocities and require
substantial pump discharge pressures. In these
instances the “rheology” of the material must be
known, in particular the yield stress.

Non-Newtonian slurry

Transition

Laminar flow Turbulent flow

Wall shear stress (Pa)

Yield stress

Particles that settle remain
on pipe invert

Particles supported by
turbulent suspension

Shear rate (s?)

Figure 2. Non-Newtonian slurry pipeline flow

The yield stress is an important parameter for
pipeline flow as it is the shear stress that needs to be
overcome to initiate flow in the pipeline. As solids
concentration increases the vyield stress of the
mixture tends to increase exponentially and this has a
direct influence on the pumping costs. For many
waste disposal pumping systems this proves to be a
major obstacle for mines as the cost of disposing of
highly concentrated “paste” tailings or backfill is
often prohibitive, however in arid areas where water
is scarce, these costs can be justified.

There are several instances of high concentration
mine waste disposal systems and one of the most
notable best practice examples is at De Beers
Combined Treatment Plant in Kimberley, South
Africa. This system dewaters the waste material at
the process plant and pumps the thickened slurry
several kilometres to the disposal site. The material
forms a stable conical landform deposit that is
different from the conventional waste disposal sites,
and water consumption is extremely low. In this case
the thickened slurry contains a high clay fraction as
well as a coarser “grit” fraction. As the clay is so
viscous the flow regime in the pipeline is laminar,
however there is segregation along the pipeline as the
grit material settles and is transported on the invert.

Non-Newtonian slurries are generally always fine
and can be quantified by the “rheology” of the total
mixture. In some cases they can be transported in the
turbulent pipe flow regime and may also be pumped
at low velocities in laminar flow provided that
certain conditions can be met.

Mixed-regime slurries

Mixed-regime slurries exhibit characteristics of
both settling and non-settling slurry behaviour. These
are the most commonly encountered slurry types and
include mine waste tailings at medium and high
solids concentrations.

The flow behaviour of these slurries is governed
by the total solids concentration and the properties of



the coarse settling particles as well as the viscous
nature of the fine, non-settling particles. In Figure 1
the fine fraction is estimated arbitrarily at 45 micron
and the analysis considers the two size fractions as
follows:

= The coarse fraction is characterised by the

particle properties such as particle size, shape,
density and freely-settled bed packing
concentration.

= The vehicle is characterised by its “rheology”

that is measured using a viscometer.

To analyse the pipeline flow behaviour of these
slurries the particle size distribution is split into the
fine and coarse fractions and the relative
contributions of each fraction to the total wall shear
stress are calculated.

An important criterion is to ensure that the
selected operating velocity is above the stationary
deposit velocity that can be calculated by considering
the relationship between particle size and the laminar
sub-layer at the pipeline wall. Once particles are
contained within the laminar sub-layer the turbulence
required to support them is absent and so they form a
bed on the pipeline invert. This requires an
understanding of the viscosity of the fine vehicle
fraction as well as the coarse particle packing within
the settled bed on the pipe invert.

Figure 3 presents typical measured data showing
the change in deposition velocity as pipe diameter
and solids concentration varies.

Internal diameter
| 300mm

3.00 {1 250mm

Deposit velocity (m/s)
N
o
o

=
=}
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o
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0.00 T T T
1000 1200 1400 1600 1800
Slurry density (kg/m?3)

Figure 3. Deposit velocity as a function of pipeline
diameter and mixture density

At low solids concentration there is a strong
relationship between diameter and deposit velocity
as the viscous contribution of the vehicle is small. As
concentration increases so the deposit velocity
becomes increasingly independent of pipeline
diameter and is a function of overall mixture density
as the effective vehicle viscosity increases as the fine
solids concentration increases.

Concentrate and ore pipelines

Long distance concentrate and ore pipelines are
well established as economical alternatives to
conventional bulk materials handling. The key to
reducing the operating costs in terms of power
consumption and pipeline wear rates is to transport
the slurry at as low a velocity as possible. These
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products behave as mixed-regime slurries and
require a careful assessment of the contributions of
the fine viscous fraction and coarse material to the
overall pressure loss. If the material is too fine and
viscous, pressure gradients can be high even at low
velocities. If there are too few fines the deposit
velocity will increase. The optimum particle size
distribution for pipeline transport is such an
important economic criterion that the milling process
is selected to provide a tightly controlled particle
size grading. Typically long distance pipelines
operate at velocities below 2 m/s and particle sizes
are usually less than 100 microns. Any changes in
particle size, and in particular the “rheology” of the
fine fraction can severely affect the performance of
these systems.

Conclusions

The flow behaviour of many types of slurries is
affected by the viscous properties of the fine particle
size fraction. However in many instances the fine
fraction is negligible and so the flow behaviour
cannot be defined in terms of the “rheology” of the
mixture. These include heterogeneous slurries and
low concentration mixed-regime slurries.

For highly concentrated suspensions rheology is
important when the term is understood to cover all
the viscoelastic properties of the material. When
transporting thickened paste like materials the flow
behaviour is dominated by properties such as the
yield stress versus solids concentration relationship
and provided the pressure losses are sufficiently high
these materials can be transported in laminar flow.

The flow behaviour of mixed-regime slurries,
such as concentrate and ore pipelines, is influenced
by both the viscous nature of the vehicle and the
properties of the coarse suspended portion. There is
an optimum combination of particle size and
viscosity that results in a low deposit velocity and
pipeline pressure gradient without being too viscous.

Rheology, when used in the context of describing
a property of the fluid, is a useful term, however it
does not necessarily apply to the pipeline flow of all
mineral slurries and should be used with caution.
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INTRODUCTION

Pipe tests with three types of non-Newtonian, time-
independant, homogeneous fluids were conducted in
pipe diameters of @40 to ¥200 mm, in laminar and
turbulent flow. The fluids were characterised using the
power law, Bingham plastic and Herschel-Bulkley,
Casson and Hallbom rheological models. For each of
these rheologies transitional velocity and turbulent
flow predictions were done using techniques
commonly reported in the literature, with the aim of
evaluating the influence of rheology in reproducing
experimental laminar flow, and on transitional velocity
and turbulent flow predictions. The gist of the study
and a few representative results are presented below.

THEORY AND LITERATURE
Rheology and laminar flow

In the absence of slip and end effects the volumetric
flow rate in pipe flow is given by equation (1) [1]:

TR . 7= DAp/4L
Q= 1'3 _[Trz (Trz)drrz > i P (1)
w0
In this study five rheological models were
considered, as given in equations (2) to (6).
r=K(y)" Power law ()
r=1,+1,(7) BP 3)
r=7,+K(y)" HB (4)
7% = Z'g'5 +(1,¢ 7)%° Casson (%)
7,5 =7+ (Y () Hallbom (6)

Integrating equation (1) after substituting the
appropriate rheological model (equations (2) to (5))
gives the relevant flow rate equations, which are
written in terms of (8V/D) and 7, For example,
substituting equation (2) into equation (1) gives [1]:

1
242
D K 3n+1
The equations for (8¥/D) corresponding to the other

rheological models are given in [2], [3]. For the
Hallbom model equation (1) cannot be integrated

()
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analytically for arbitrary &, and an approximation is
required [4]. In laminar flow these expressions for
(8V/D) can be used directly to calculate V if 7, is
known, or iterated to get 7, (and so pressure drop:
equation (1) for a given V' [1], [5].

Transitional flow

Several critical Reynolds number criteria have been
proposed in the literature to estimate the end of
laminar flow of homogeneous non-Newtonian fluids in
pipes. Hallbom [4] and Peixinho et al [6] indicate that
transition from laminar to turbulent flow occurs over a
velocity range, from the point at which eddies begin to
form (instability point transition) to the higher velocity
at which the rate of change in pressure gradient
increases significantly. Giizel et al [7] and Frigaard
and Nouar [8] suggest that the the inability to
differentiate between the two transition points is a
weakness with the single critical Reynolds number
criteria and is a reason for the continuing discrepancy
between predicted and experimental transitional
velocities.

Notwithstanding these observations, only existing
“single point” criteria were considered. These were the
Newtonian approximation and Slatter method [9],
Metzner & Reed [10], Ryan & Johnson [11],
Hedstrom intersection [12] (using [16]), Slatter &
Wasp [13] and the Wilson & Thomas [14] methods.
Predictions were done using each of the rheologies
given in equations (2) to (5) in each method for each
material. The rheology given by Eq. 6 was used only in
the prediction techniques proposed by Hallbom [4].
Full details are summarised in [2].

Turbulent flow

Most of the equations available to predict the
turbulent flow of time-independent, non-Newtonian
fluids are based on experimental findings combined
with dimensional analysis [1]. According to Slatter [9]
non-Newtonian turbulent flow models can be
categorised as analytical, purely empirical or
somewhere in-between. The models considered in this
study were: Newtonian and Slatter [9], Torrance [15],
Wilson and Thomas [16], Hallbom [4] (analytical);
Bowen scale-up [17] (empirical); Dodge & Metzner
[18] (semi-empirical). Hallbom’s methods are
essentially the Wilson & Thomas method or the
Nikuradse equation, but using parameters derived from
equation (6). Details of these techniques are
summarised in [2], but the relevant equations for the



more commonly known Dodge & Metzner, Wilson &
Thomas and Slatter methods are included below.

Dodge & Metzner

Dodge & Metzner [18] conducted pipe flow tests
with power law fluids in the ranges 2900 < Reur <
36000 and 0.36 < n' < 1, from which they developed
equation (8)

(2-n')
1 4 04
ﬁ = 1075 IOQ[ReMR fz J_ 02 '

When applying equation (8), care must be taken to
not exceed these limits, in which case it can be used
with confidence [19]. Equation (8) also applies for
Bingham plastic, Herschel-Bulkley and Casson fluids
as long as n' and K' (see [2], [3] for details) are
obtained from the laminar 7, versus 8V/D curve at the
7, value of the turbulent flow [20], [18], [1]. In
practice such data can be very difficult to achieve.

®)

Wilson & Thomas
Wilson & Thomas [16] derived a turbulent flow
model which gives the mean turbulent velocity as:

V. 2.5/n(DpL,/*J +[11.6(c —1)-2.5In(e)- 2]  (9)
7

*

where « is given by equations (10) to (13).

a=2/(1+n) Power law  (10)

a=1+(r,/t,) BP (11)
2

a =(l+n)(1+n(ry /TW) HB (12)

0.5
a=1+ (ZJ(TCJ + (1J(TCJ Casson (13)
3Nz, 3Nz,
and by equation (14):
T T T
Q=-25| n{l —(yﬂ - 2.5(VJ[1 + 0.5(yﬂ (14)
T, T, T,
Slatter

Slatter [9] developed a non-continuum theory for
the turbulent flow of non-Newtonian slurries, assuming
a roughness effect caused by solid particles in the
slurry and a Newtonian approach. He defined a
roughness Reynolds number Re, based on the material
dss size. In this theory, for smooth wall turbulent flow
(Re-< 3.32) the average turbulent velocity is:

(15)
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V= U*|:2.5/H(Rj +2.5InRe, +1. 75}

For rough wall turbulent flow (Re, > 3.32) the average
turbulent velocity is:
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V=u, {z.sm(RJ +4. 75} : (16)
d85
For Herschel-Bulkley fluids Re, is given by
Re, =8pU? ry+K(8U*J : (17)
d85

In equation (17) n = 1, K = 7, for Bingham plastic
material and 7, = 0 for power law material. For Casson
material Re, is given by equation (18):

05\?
Re, =8pU?/ | (z.)*° +{7]C£8U* ﬂ
dgs

The turbulent flow models use the rheological
model evaluated at the turbulent flow wall shear
stresses, but the assumption that it still holds at these
higher wall shear stresses may not be be true. Strictly,
the rheological model should be based on laminar O
versus DAP/L data up to the turbulent wall shear stress
for which turbulent flow predictions are required [20],
[18], [1]. Figure 1 shows an example of extending the
different rheology models to high turbulent shear
stresses. It is clear that for a given value of 7,
apparent viscosities g’ will vary greatly, so different
predictions can be expected.

(18)

80 1

Wall Shear Stress (Pa)

0 20000 40000 60000 80000 100000 120000 140000
-du/dr (s?)

o 6% kaolin exp data — -HB model

——PL model

— -Hallbom model

— — Casson model

Figure 1. Extention of rheological models to maximum
measured turbulent shear stress for 6% kaolin.

MATERIALS,
TREATMENT

EQUIPMENT AND DATA

Primary data (Q and AP/L) were acquired for
various concentrations of three types of non-
Newtonian fluids, namely shear thinning (CMC: 3 to
8%), Bingham plastic (bentonite: 6 to 9%) and
viscoplastic (kaolin: 6 to 15%). The experiments were
done in the pipe test loops of the FPRC, CPUT [2].
Test pipe diameters ranged from @40 to @200 mm
and nominal wall shear rates from a (practical)
minimum of approximately 40 s to the maximum
attainable value in each test pipe (the maximum
achieved was about 1000 s).



Each rheological model was fitted to each set of
laminar data and the suitability of each to characterise
the material was ranked according to the unweighted
RMSE. For transitional flow a single critical velocity
was calculated for each pipe diameter using each
technique and rheological model. Experimental
transition velocities (V) were determined from the last
observed laminar (8V/D)ey, point and plotted against
D. For turbulent flow, (8V/D)cac values  were
predicted for each experimental wall shear stress
value, using each turbulent technique and the
appropriate rheological model, plotted on diagrams of
7, versus 8V/D and compared with the experimental
data.

RESULTS

The study [2] generated a very large volume of
results, but only a few representative results are given
here. Figure 2 shows the laminar data and rheological
model fits for a 6% kaolin suspension. Co-linearity of
the laminar data from all pipe sizes is evident (within
experimental error), and was observed similarly for all
the pipe tests. For the (8V/D) range considered, in
laminar flow there is little difference between the
different model fits, as reported also in [5], [21] and
[22]. Consequently the choice of rheological model
has little influence on predicted pressure gradients in
laminar flow.
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Figure 2. Rheological model fits - 6% kaolin.

Figure 3 shows transitional velocity predictions
using the the different rheologies in the Slatter [9]
method. Whilst the trend of each prediction with
increasing D is similar, it is clear that the rheology has
a large influence on the magnitude of the calculated
critical velocity.
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Figure 3. Transitional velocity predictions: all rheologies
in Slatter technique — 6% kaolin.

Figure 4 gives the predicted critical velocities for
this 6% kaolin in @63, @80 and ©@100mm pipes from
all the methods using all of the rheology models. The
wide discrepancy between the methods and the large
errors for many of the predictions are obvious. Similar
results were obtained for all the materials tested.
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Figure 4. Transitional velocity predictions: all techniques
using all rheologies - 6% kaolin in ¥63, @80 and ©@100mm
pipes.

Figure 5 shows experimental and predicted
turbulent flow curves for a 6% kaolin suspension using
the Wilson & Thomas [16], Dodge & Metzner [18]
and Slatter [9] methods with Herschel-Bulkley
rheology. The Dodge & Metzner and Wilson &
Thomas methods increasingly over-predict V' with
increasing D and wall shear stress. The Slatter
technique agreed well with experimental results,
especially in the lower turbulent shear stress range, and



did not display any obvious diameter effect. It tended
to under-predict ¥ with increasing wall shear stress.

80

70

Wall shear stress (Pa)
N ow & @ @
8 8 &5 2 2

=

o

0 100 200 300 100 500 600 700 300
VD ()

—=—Laminar HB 0 Turbulert E3mm © Turbulert Bmm & Turbulert 100mm

—— Turbulent Slatter <esss Turbulent D&M = =Turbulent WaT

{8VID) % Error values - Herschel Bulkley
Pip WET D&M SLATTER
63mm 15.4% 18.0% 6.4%
80mm 11.2% 12.0% 31%
100mm 7.68% 6.8% 32%
Ave| 11.5% 123% 42%

Figure 5. Turbulent flow predictions using the Herschel-
Bulkley model for pipe diameters @63, @80 and ¥100 mm
- 6% kaolin.

Figure 6 repeats the data of Figure 5, but in this
case the predictions were done using Casson rheology.
As is evident these turbulent predictions are
significantly better than those using the Herschel-
Bulkley model.
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Figure 6. Turbulent flow predictions using the Casson
model for pipe diameters @63, @80 and F100 mm - 6%
kaolin.

NOMENCLATURE
BP Bingham plastic
HB Herschel-Bulkley

Latin symbols

D Internal pipe diameter (m)

f Friction factor (-)

K Fluid consistency coefficient (Pa.s")

k Scaling factor for yield plastic fluids (-)

800
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L Length of pipe or test section (m)
n Flow behaviour index (-)
0 Volumetric flow rate (m?/s)
R Pipe internal radius (m)
Re Reynolds number (-)
u Localised linear velocity at (r) value (m/s)
U Shear velocity (m/s)
V Velocity, mean velocity (1m/s)
Greek symbols
a Area ratio (-)
¥ Shear rate (1/s)
Differential  pressure  between 2
AP . .
measuring points (Pa)
nc Casson plastic viscosity (Pa.s)
Ty Bingham plastic viscosity (Pa.s)
u' Apparent viscosity = 7, / 7 (Pa.s)
Infinite shear rate viscosity for yield
Moo plastic fluids (Pa.s)
Yol Fluid density (kg/m?)
T Shear stress (Pa)
Q Velocity profile blunting factor
Subscripts
C Casson
corcrit Critical
MR Metzner-Reed
r radial coordinate, roughness
w Wall
0 Yield
z axial coordinate, in flow direction
85 85 percentile passing
CONCLUSIONS

For the fluids and (8V/D) range (~40 to 1000 s!) of
this study, little difference existed in laminar flow
pressure gradients calculated using the different
rheological models. The rheological model which best
reproduced laminar flow was the one that most
correctly fitted the laminar flow data for a particular
fluid. It was found though that the Casson model can
confidently be used for any of the fluid types covered
by this study.

Transitional and turbulent flow predictions too were
generally better when using the rheological model
most appropriate to the fluid type. It is important
therefore to take care to correctly characterise fluids.
Use of a different rheological model can significantly
affect predictions (sometimes for the better), especially
for viscoplastic fluids. The Casson model was mostly
found to result in acceptably accurate predictions for
all methods across all flow regimes, fluids and pipe
sizes tested. This confirmed the view of Wilson &
Addie [23] that the Casson model should not be
overlooked.
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INTRODUCTION

The term “slurry” in the mining and mineral
processing industry refers to a solid / liquid mixture,
with the solid phase being suspended in the liquid
phase. The suspension of solids in the liquid (typically
water or process liquor) generally facilitates some or
other mineral recovery process (for example milling,
sizing, leaching, flotation, etc). The way to move this
mixture from one location or unit process to another is
by pipeline, either pumped or flowing under gravity.

The characteristics of a slurry are predominantly
dictated by the solids particle properties, which would
include density, particle size, particle shape, and in the
case of minerals such as clays, surface charge. In the
case of slurries with a significant content of “fine”
particles, the suspension of fine particles in the liquid
phase effectively forms a pseudo-fluid, with modified
density and viscous properties, generally exhibiting
non-Newtonian behaviour. Typically, a particle size of
45 microns can be used to differentiate between “fine”
and “coarse” (although there is no clear or absolute
distinction). The coarse particles can then be
considered to be carried in this non-Newtonian carrier
fluid.

THE STATIONARY DEPOSIT VELOCITY

Slurry pipeline systems are most frequently
designed to operate in the turbulent flow regime.
Under turbulent flow conditions the turbulence
maintains the solid phase in suspension, and thus
moving through the pipeline. A certain minimum
pipeline velocity is required to provide sufficient
turbulent mixing intensity and momentum transfer to
the solids to ensure reliable transport. Operation of a
slurry pipeline at velocities below this minimum
“deposition velocity” (even if the flow regime remains
turbulent) results in the coarse solids falling out of
suspension and accumulating in the pipeline to form a
stationary “settled bed” of solids.
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This deposition velocity is a function of solids
properties, fluid properties and pipe diameter. The
variation of deposition velocity with these parameters
has been studied extensively and many formulations
giving satisfactory predictions are found in the
literature. Early work (from the 1950’s onwards),
focused on sand or gravel slurries in a Newtonian
carrier fluid (water), for example, the work by Wilson
[1]. More recently (1980’s onwards) more attention
was given to slurries in a non-Newtonian carrier fluid,
for example the work by researchers at the
Saskatchewan Research Council [2].

THE CHALLENGE OF LAMINAR FLOW

A challenge which is more and more frequently
being encountered in the design of slurry pipeline
systems in the mining and mineral processing industry
is: Designing for slurries with a broad particle size
distribution, non-Newtonian carrier fluid and in
particular, pipelines operating in the laminar flow
regime. The increasingly frequent occurrence of such
systems is driven by a variety of factors, including
developments in solid-liquid separation technology
(primarily  thickener design), developments in
flocculants, economic and environmental pressures for
increased water recovery from tailings streams,
increased application of high-density or “paste”
tailings disposal facilities, and increased application of
paste mine backfill.

Since under laminar flow conditions there is no
turbulence to maintain solids in suspension, another
mechanism must be acting to result in the transport of
the coarse solids fraction in these slurries. The initial
thinking was that the slurry yield stress would be able
to support the larger particles and prevent them from
settling. This support of coarse particles in a yield
stress fluid under static conditions can be easily
observed (for example in a flask in the laboratory), and
confirmed by simple analysis of forces acting on the
particle [3]. However, it was later discovered that
when the fluid is sheared (as would happen under pipe



flow conditions) the support offered by the yield stress
is lost. This was discovered by some slurry pipeline
system designers at significant cost (for example: The
262 km long, 530 mm diameter Belovo-Novosibirsk
“stabilised” coal slurry pipeline as described by Aude
et al [4].

In the light of Ilaboratory scale tests and
observations, it is understandable that this error could
be made. In relatively small diameter test pipelines (in
the order of 50 mm to 200 mm internal diameter) it is
observed that the coarse particle fraction with a yield
stress carrier fluid can be transported under laminar
flow conditions, and at low pipeline velocities. There
is thus an apparent discrepancy between what is
observed at laboratory scale and in full scale (for
example 530 mm for the above mentioned coal slurry
pipeline). It is now fairly generally agreed, as
described by Cooke [5] that this discrepancy is related
to the pipeline friction pressure gradient. The thinking
is as follows:

e In the smaller diameter (laboratory) test pipe, the
coarse solids fraction does settle to the bottom of
the pipe while the slurry is flowing. The resulting
“bed” of settled solids then slides along the
bottom of the pipe en bloc, being “pushed along”
by the pressure gradient (pressure differential)
acting on the settled bed cross-section. The sliding
of the settled bed indicates that the driving force
due to the pressure gradient has overcome the
resisting force due to friction between the settled
bed and the pipe wall.

e In the larger diameter (production) pipe, the
pipeline  pressure  gradient is  generally
significantly lower than in the laboratory scale,
since the pressure gradient is approximately
inversely proportional the to pipe diameter. The
friction force acting between the settled bed and

the pipe wall is however approximately
proportional to pipe diameter (based on geometric
scaling).

e Considering scaling from laboratory scale to full-
size, the force balance on the settled bed is
changed, with the resisting force increasing
approximately in proportion to the pipe diameter,
and the driving force remaining approximately
constant. This can explain the observed coarse
solids transport at laboratory scale, but non-
transport of coarse solids (and thus accumulation
and potentially blockage) at production scale.

However, applying the assessment described
above, predicts a significantly higher pressure gradient
requirement for coarse solids transport than is
observed in practice (both laboratory scale and full-
scale). This paper now proposes a modification to the
analysis:
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The modification of the force balance analysis now
proposed is: The force resisting sliding of the settled
solids bed is evaluated by considering a yield stress
acting between the settled bed and the pipe wall (as
opposed to a solids — solids friction force as
considered previously). The outcome of the analysis
is a prediction of whether the settled bed of solids
formed under laminar pipe flow conditions will be
stationary, or will be transported (sliding along the
pipe invert).

With reference to Figure 1, the geometry of the
pipeline flow with settled bed of solids can be defined
in terms of the half-angle beta as indicated:

A, = cross-sectional area of flow area above the settled bed
A, = cross-sectional area of settled bed

L, = length of pipe perimeter bounding flow Area 1

L, = length of pipe perimeter bounding flow Area 2

L), = cord length of the interface between Area 1 & Area 2

Flow

=
e
wiwt Seffled Bed
g

P

Hal angle bsta

Figure 1: Definition Sketch for Force-Balance Analysis

To start the analysis for a particular flow rate being
considered, Q,,, the settled bed is assumed to be stationary.
We check by means of the analysis (set out below) whether
this assumption is confirmed (a stationary bed condition), or
shown to be an incorrect assumption (thus a sliding bed
condition).

1) With the bed assumed to be stationary, all fluid and
solids flow is occurring in Layer 1 above the bed. The depth
of the bed is assumed to be established such that there is an
equilibrium condition, with the flow velocity in area A;
(above the bed) being just above the laminar / turbulent
velocity (so that there is in fact turbulence here to achieve
solids suspension and transport).

2) Conveniently, for a slurry with Bingham plastic fluid
behaviour, the laminar / turbulent transition velocity, Vuns,
can be estimated using the correlation of Slatter and Wasp,

[6]:
Ty
Virans =26 , (1)
pll'l
where: T, = yield stress

pm = slurry density.

2) The geometry (as per Figure 1) can now be determined if
we use Vi, to approximate the velocity in area A;:

A=l ©)
Vtrans
Ay =A—Ay 3)



The pipeline pressure gradient is calculated (approximated)
using the Buckingham equation, or by applying a turbulent
flow model such as that developed by Wilson and Thomas
[7], applying the relevant slurry properties with the
following inputs:

» Considering the flow velocity in the upper layer = V.
* An equivalent diameter for flow area A, given by:

4 xflow area
equ — =

4A,

D =
perimeter L;+L;,

“4)

The wall shear stress, T, acting around the perimeter of the
upper layer, A;, and the shear stress at the interface between
the two layers, 15, (assumed to have the same value at the
pipe wall and at the surface of the bed) is related to the
pipeline pressure gradient. Using the relationship for
pipeline (circular) geometry and the equivalent diameter
calculated for flow area A;:

®)

The driving force acting on the bed due to the pressure
gradient is calculated from the pressure gradient acting over
the cross-sectional area of the bed, A, and the shear stress
acting at the interface between the two layers, 1i,.

The maximum value of the force resisting the bed sliding is
calculated from the yield stress, evaluated for the slurry at
the settled bed concentration, acting over the bed / pipe
interface area, L,.

The driving and resisting forces are now compared, with the
following possible outcomes:

* Driving force < maximum resisting force: The bed is
stationary (as per the assumption for this analysis).

* Driving force > maximum resisting force: The bed will
be sliding.

The analysis is repeated over a range of flow rates to identify
the flow rate at which the transition from sliding to
stationary bed occurs.

COMPARISON WITH OBSERVATIONS

The observations of stationary versus sliding bed of
settled solids are presented in Figure 1 and Figure 2 in
the form of a plot of pipeline velocity (vertical axis)
versus slurry concentration (horizontal axis). Each
plotted data point (“observed stationary deposition
velocity data”) indicates the velocity at which a
stationary bed of solids is first noted on the invert of
the pipe. These data have been visually observed in a
recirculating test pipe loop with transparent
observation pipe section. The slurry used in the tests is
a gold tailings slurry, with a mean particle size of 40
microns, and top-size particles in the order of 300
microns.

The analysis shows a predicted switch from
stationary settled bed in the laminar regime, to sliding
settled bed (in the laminar flow regime) at a slurry
concentration of approximately 35%v (concentration
by volume). This is represented on the charts by the
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thick dashed line labelled “stationary deposition
velocity prediction”.
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Figure 1. Stationary Deposition Velocity Prediction and
Observations Comparison (100 mm Pipe Diameter)
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Figure 2. Stationary Deposition Velocity Prediction and
Observations Comparison (152 mm Pipe Diameter)

Referring to the data presented in the two figures
above:

e Figure 1 (100 mm pipe): The three data points at
concentration > 35%v show operation in the
laminar flow regime without a stationary bed
(agreeing with the prediction).

e Figure 2 (152 mm pipe): Again, three data points at
concentration > 35%v show operation in the
laminar flow regime without a stationary bed
(agreeing with the prediction).

CONCLUSIONS

The paper has presented an analysis of a settled
solids bed in laminar slurry pipeline flow. The novel
aspect of the analysis is the consideration of a yield
stress acting at the interface between the settled bed
and the pipe wall, as opposed to a shear stress due to
solids friction.

Comparison of the analysis results against observed
test data appears to support the proposed method,
although more data is required in order to gain more
confidence in the analysis.
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ABSTRACT

A new fully integrated ultrasound based in-line
fluid characterization system “Flow-Viz™” has been
developed especially for opaque, non-Newtonian
industrial  fluids. The new embedded and
commercially available system is designed to meet
industrial requirements. The system enables true
non-invasive, real-time Doppler measurements and is
able to visualize the flow and to rheologically
characterize industrial fluids continuously while
providing continuous feedback to an existing process
control system for enhanced efficiency and
productivity. The “Flow-Viz™” system consists of
an operator’s panel, a multi-touch monitor and an
industrial PC unit and pulser-receiver electronics. The
electronics has been improved and extended by adding
a second ultrasound channel, augmenting the on-
board data processing for obtaining the optimal
performances in high attenuating suspensions. A
new Motherboard provides an additional 8-channel
digital and analog input and output capabilities for
simultaneous data acquisition and connection to a
process control system. The new electronics is
combined with a non-invasive ultrasound sensor unit,
which allows measuring the flow velocity profile
even through industrial high grade stainless steel
pipes. This unique solution makes possible to adapt
the high resolution UVP+PD technique for industrial
processes performed at high temperatures and/or
pressures using a wide range of different industrial
fluids. The new system is now commercially available
and already installed in industry, e.g. for chocolate and
grouting applications and an international patent has
been filed.

INTRODUCTION

The enhanced tube viscometer concept aiming to
derive information on the flow behavior of industrial
fluids using the UVP+PD methodology, i.e.
Ultrasound Velocity Profiling (UVP) with Pressure
Difference (PD) is older than 30 years [1]. Despite
this, no in-line fluids characterization instrument based
on Doppler velocimetry has been made commercially
available meeting industrial requirements [2]. In this
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work we present an embedded in-line fluids
characterization system, “Flow-Viz™” has been
specifically designed for the in-line velocity profile
measurements and rheological assessment  of
opaque, non-Newtonian industrial fluids. The new
system is the result of the work of several research
groups that have systematically improved this concept
for a period of more than 14 years to ensure that the
system can be used in industry for a quantitative
analysis of the rheological properties of real industrial
fluids, see [2-5]. New improved and extended
UVP+PD celectronics, based on former work [6-8]
have been developed. In industrial processes it is an
absolute requirement to measure non-invasively
through stainless steel pipes. Despite this, no such
transducer technology has been made commercially
available [2,5]. To overcome this limitation, new non-
invasive sensor technology has been developed,
optimized and validated for SS316L stainless steel
process pipes of different diameters and wall
thicknesses [2,5]. The instrument has been validated to
meet industrial requirements for many different
applications and to deliver accurate real-time data,
such as instantaneous velocity profiles and rheology
of opaque industrial fluids [2-4, 7-8]. The Flow-Viz™
system is already installed in industry, e.g. for
chocolate and grouting applications.

THE FLOW-VIZ™ IN-LINE FLUIDS
CHARACTERIZATION SYSTEM

The system consists of three main components:
1. Operator’s panel
2. Sensor unit
3. Software

Operator’s panel

The operator’s panel houses the newly developed
digital “Flow-Viz™* hardware platform; the pulser-
receiver and data acquisition (DAQ) electronics,
power supply, a 19”-multi-touch monitor, a sensor
connector block and an industrial PC unit. The built-in
19”- monitor offers a user-friendly interface with
multi-touch gesture navigation.
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Figure 1. The operator’s panel featuring the
electronics, main Industrial PC unit, sensor block and
multi-touch monitor.

Sensor unit

The industrial grade sensor unit is installed in the
process piping network and makes up the measuring
section. It comprises a stainless steel cabinet
protecting the heat-jacketed stainless steel pipe with
diameters ranging from 10 mm ID up to 165 mm ID
(or larger). The measuring section is equipped with a
pair of custom developed non-invasive transducer
assemblies, a differential pressure sensor with remote
seals (ABB Automation Technology Products AB,
Sollentuna, Sweden) and a non-invasive PT-100
sensor (Pentronic, Gunnebo, Sweden), Figure 2.

Figure 2. The industrially approved sensor unit

featuring the unique custom made non-invasive

transducer assembly.

To meet industrial requirements, a new non-
invasive 0.7-7 MHz sensor unit technology has
been developed, optimized and validated for
SS316L stainless steel pipes of different diameters
and wall thicknesses [2, 5]. The non-invasive
sensor unit, shown in Figure 2, is the only sensor
solution that allows true non- invasive velocity
profile measurements in highly attenuating
suspensions through stainless steel wall materials.

Y|

Software and signal processing

The system comes with a user-friendly GUI
software interface optimized for the multi- touch
gesture monitor. The software is used for setting
the parameters (of which most are automated),
controlling the data acquisition, signal-processing
and for visualization and export of the data. The
data is stored in an SQL database. An output
screen sample is shown in Figure 3.

Figure 3. The GUI software interface.

The Flow-Viz'" system and software allows
velocity estimation using several algorithms: FFT,
time-domain, spectral, etc. that can be used
simultaneously to improve the measurement accuracy
under industrial process conditions. By using FFT,
the velocity profile is typically estimated through a
weighted mean of the Doppler power spectra from
each depth. The non- invasive sensor unit and new
improved electronics makes it possible to obtain the
full profile over the complete pipe diameter,
depending on the fluid characteristics. It also allows
measurements of velocity data close to pipe walls,
which is critical for accurate fluid characterization.
The application of a model-fitting approach for the
rheological characterization has been demonstrated
to be not so robust for industrial applications due to
several reasons [2-3, 8]. Therefore, an alternative
method was developed in which the shear
viscosities as function of shear rates are determined
directly from the measured velocity profile and
pressure drop data. The yield stress s
automatically determined from the plug radius. The
Flow-Viz'™" direct non-model approach has been
verified to be both more robust and accurate as it
can capture e.g. a Newtonian plateau [2].

APPLICATION EXAMPLES

Ketchup

Figure 4 shows a typical example of a spectral
profile of industrial fluid, ketchup, measured non-
invasively through an SS316L stainless steel pipe
with an inner diameter of 51mm.
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Figure 4. Spectral profile of an industrial fluid,
ketchup, measured at a volumetric flow rate of 56 L/min.

The x-axis (Channels) represents measurement
positions and can be converted into distance. Close to
the sensor noise was measured due to no fluid flow
being present within the sensor setup and pipe wall.
Around channel number 220 (pipe wall position), fluid
flow can be seen by observing the velocity profile
gradient. The centre of the pipe (radius) is situated at
channel 1200. A plug was measured, which extends all
the way to the far side of the profile. Theoretically the
velocities of the profile close to the opposite pipe wall
should decrease; however, due to multiple ultrasonic
reflections from the pipe wall an imaginary plug flow
is measured. Only data between the near pipe wall and
radius position is used for determining the rheology.
Having access to the Doppler spectra offers several
advantages. Information about the measurement
confidence is directly available when viewing the
spectrum. For example, signal artifacts and noise can
influence Doppler measurements negatively and this
can be easily revealed by plotting the Doppler
spectrum. This particular Doppler spectrum shows that
a good penetration depth was possible (no significant
energy losses and noise present) and that no signal
artifacts were present (e.g. no prominent spikes in the
measured profile). Different velocity estimation
algorithms can be used in order to extract the profile
for determining the shear rate distribution in the pipe.

Figure 5 shows a flow curve measured using the
new system (5.3 I/min, maximum shear rate 10 1/s).
Good agreement was found when comparing the result
obtained using the off-line rheometer (TA Instruments
ARES-G2).

100

10

Viscosity (Pa.s)

Shear rate (1/s)

e Flow curve (Flow-Viz) esFlow curve (off-line)

Figure 5. Flow curves measured for ketchup. The red
line represents the result obtained from the off-line
rheometer.
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Wastewater sludge

During 2014 wastewater sludges were tested using
the Flow-Viz system and comparing these with the
results obtained with a tube viscometer. The portable
tube viscometer consists of three tubes with diameters
from 28-63 mm [10]. Figure 6 shows a velocity
profile measured at solids concentration of 3.94% and
a flow rate of 5.9 I/s (laminar flow) in a 51 mm high
grade stainless steel pipe fitted to the tube viscometer

rig.

Yelocity [més]

20 40 60 g0
Channel [-]

Figure 6. Velocity profile measurement in wastewater
(solids concentration 3.94%) at 5.9 1/s.

100 120 140 160

The velocity profile clearly shows that a yield
stress (plug-flow) is present. Figure 7 compares results
obtained using the new instrument and conventional
tube viscometry. The maximum difference between the
values obtained by the tube viscometer and the Flow-
Viz system for yield stress is 6% and for the viscosity
12% - see fitted equations, Figure 7.
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Figure 7. Potsdam secondary sludge 9 Comparison of
rheology- UVP with tube viscometer

The comparison is very good especially since the
tube viscometry takes 30-60 minutes to complete
whereas the Flow-Viz measurement is taken over a
very short time at one flow rate. The rheology done
this way is therefore of much more use as it is an
instantaneous flow characterisation. The feasibility of
using this novel system for measuring the rheology of
sludges in-line has been proven. This has huge
potential for optimisation of polymer dosing if one can
link the rheological parameters of the sludge to the
optimum polymer concentration.



SUMMARY

A new fully integrated ultrasound based in-line
fluid  characterization  system  for  industrial
applications has been developed and validated under
real industrial process conditions over the past 14
years. The commercial version of the Flow-Viz'™
system features upgraded electronics combined with
novel non-invasive sensor technology allowing true
in-line  flow  visualization and  rheological
characterization of opaque, non- Newtonian industrial
fluids flowing in industrial grade stainless steel pipes.
An international patent has been filed and the Flow-
Viz™ system has already been successfully installed in
Europe and USA within large international companies.
It has been successfully applied to a wide range of
industrial applications, e.g. oil, petroleum, food,
minerals, chocolate, explosive emulsions,
pharmaceutical industry.
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INTRODUCTION

Conventionally, emulsion matrices need to be
sensitized to become detonable explosives. This is
done either chemically or mechanically. Both methods
have their advantages and disadvantages. Mechanical
sensitization involves the addition of microspheres
(plastic or glass) to the emulsion matrix in order to
create hot spots. This type of sensitization can only be
done at the emulsion explosives (EE) manufacturing
sites. This means that a sensitized 1.1 type explosive
material needs to be handled, transported and stored
(according to strict regulations stipulated in the
Explosive Act). Chemical sensitization allows for the
storage, handling and transportation of only 5.1 type
products (oxidizer) rather than the 1.1 type explosive,
as is the case with mechanical sensitization. Chemical
sensitization involves the addition of a small amount of
a chemical that reacts with a component of the
emulsion matrix, causing the formation of gas bubbles
that act as hot spots. The disadvantage of this method
is the lack of accurate density control, due to various
factors affecting the reaction as well as the operator’s
lack of comprehensive understanding of the reaction.
This could easily result in poor blast performance. Due
to these disadvantages a pumpable, non-detonable (5.1
type), mechanical sensitizer was researched and
developed. This product should allow for pumping at
a 50:50 volume ratio with the emulsion matrix, when
loading into blast holes. It is important that this “non-
detonable” mechanical sensitizer can be pumped at a
prescribed ratio irrespective of the ambient conditions.

It was discovered that the pumping properties of
this mechanical sensitizer changed after 6 months of
ageing. The nature of such changes was not understood
and as such required further investigation

MATERIALS AND METHODS

Materials

A mechanical sensitizer was the main object of the
investigation. It consists of an emulsion matrix with
the added Expancel® plastic microspheres. The
formulation must remain “non-detonable” as per UN
test series (8 a-c). The water-in-oil highly concentrated
emulsion was used as the emulsion matrix. Such
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emulsions have been described in detail elsewhere [1-
5]. The dispersed phase droplets consist of an
ammonium and/or metal nitrate solution. The
continuous phase contains standard industrial fuels
with dissolved surfactants.

The mechanical sensitizer sample manufactured at
AEL Mining Services and the emulsion matrix
sample, classified as bagged underground range
emulsion (manufactured at the Central Bulk Emulsion
Plant), were used for this investigation.

Methods

The droplet size distribution was measured using a
Malvern Mastersizer 2000. The procedure is based on
the sample dispersion under software control and the
measurement of angle dependence of the intensity of
scattering of a collimated He-Ne laser beam. The
particle size distribution calculations are based on the
rigorous Mie theory and using the standard software
applied to the instrument. The sample was diluted in
Excol D60 oil just before the measurements were
carried out.

The basic rheological measurements were carried
out with the use of a rotational dynamic rheometer
MCR 301 (Paar Physica). The geometry of the
measuring unit was “bob-in-cup” (coaxial cylinder
with conical base to the bob) with a sandblasted bob
surface. The bob diameter was 27 mm and the gap
distance between the cup and the bob was 1 mm. One
regime of deformation was used: steady state flow
measuring flow curves (viscosity versus shear rate).
All the rheological measurements were conducted at
15, 20, 30 and 40°C.

Microscopy was performed using the OLYMPUS
BX41 polarized microscope at 100x magnification
(lens + camera).

RESULTS AND DISCUSSION

A mechanical sensitizer was designed to be pumped
separately but simultaneously with an emulsion matrix
at a 50/50 volume ratio to produce a final product with
a prescribed density. Pumping of the materials at 50/50
volume ratio requires the viscosity of both components
to be similar in the used pumping region. It was
observed that at times this volume 50/50 ratio was not



maintained, resulting in a final product density that
was not favourable. It was noted that viscosity of the
sensitizer had increased. A fuel (Ash-H) was added to
the sensitizer to adjust the viscosity to the target level.
This was however only a temporary solution to the
problem. A more effective and long term solution was
required.

A few reasons were defined to explain this
thickening phenomena of the mechanical sensitizer:

e The settling of the microspheres during
storage

e Structure formation due to microsphere
aggregation

e Crystallization of the mechanical sensitizer

e The effect of temperature on the viscosity of
the mechanical sensitizer

All the above reasons were investigated.

The flow behaviour of fresh and aged mechanical
sensitizer was measured (Figure 1). From Figure 1 it
can be noted that both flow curves follow the same
trend. Both samples can therefore be considered as
being similar.
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Figure 1. Flow behaviour of fresh and aged “non-detonable”
pumpable mechanical sensitizer.

The plastic Expancel® microspheres can reduce the
density of a liquid without a dramatic increase of
viscosity when compared to glass or ceramic spheres,
as described in Expancel® technical information
brochure [6]. Based on the microspheres supplier’s
information, the microballoons are treated to avoid
agglomeration or, in other words, aggregates
formation. Samples of aged and diluted (with Ash-H to
decrease the viscosity) mechanical sensitizer were
investigated under the microscope (Figure 2).

Figure 2 clearly indicates that there is very little or
no agglomeration of the microspheres. As is evident
from Figure 2, the reduction in viscosity was achieved
by increasing the distance between the microspheres in
the mechanical sensitizer.

There are no crystals visible in the mechanical
sensitizer and hence crystallization of the product can
be ruled out (see Figure 2).

In order to simulate the effect of temperature on the
flow properties of the “non-detonable” pumpable
mechanical sensitizer, flow curves of the sensitizer
were generated at different temperatures (Figure 3).
This particular temperature range was chosen in order
to reproduce real conditions: ambient winter/summer
temperature range between 15-40°C.
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samples under microscope: left —aged sample; right — diluted
sample. Magnification 100x.
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Figure 3. Effect of temperature on flow behaviour of “non-
detonable” pumpable mechanical sensitizer.

The pumping region relates to a shear rate of +/-
10s™. As can be seen from Figure 3, the viscosity
drops from 31 KcP to 20 KcP in the pumping region
when the temperature increased from 15 to 40°C.

The flow curves of the underground grade emulsion
matrix (second component of the final product) as a
function of temperature were also generated. In the
pumping region, when the temperature ranges from 15
to 40°C , the viscosity of the emulsion matrix changes
from 19 to 21 kcP (see Figure 4). This change can be
considered as negligible.
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Figure 4. Effect of temperature on flow behaviour of
emulsion matrix.

As was mentioned previously, in order to pump the
mechanical sensitizer and the emulsion matrix at the
same volume rate, the viscosity of both components
needs to be similar in pumping region used. Flow
curves of the diluted mechanical sensitizer, and the
emulsion matrix were compared (Figure 5).

In the pumping region, the viscosity of the
emulsion matrix and the mechanical sensitizer are
similar at 40°C. Therefore, it is optimal to pump the
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Figure 5. Comparison of viscosities of the emulsion matrix
and the “non-detonable” mechanical sensitizer at 40°C
(summer ambient conditions): crosses —emulsion matrix;
circles — aged “non-detonable” mechanical sensitizer;
squares — diluted “non-detonable” mechanical sensitizer.

mechanical sensitizer at the same volumetric flow rate
as the emulsion matrix at 40°C. Whereas when the
sensitizer is diluted with Ash-H, these conditions are
not optimal. The diluted sensitizer has a viscosity
similar (viscosities cross point) to that of the emulsion
matrix at higher shear rates or at a higher pump
speed/pressure.

When the flow behaviour of these materials are
compared at 15°C (see Figure 6), it can be noted that
the diluted mechanical sensitizer is optimally pumped
at 50/50 volume ratio with emulsion at this particular
temperature. However, the optimal viscosity region of
the aged mechanical sensitizer is shifted to a lower
shear rate region or to a lower pump speed/pressure, at
this temperature.

50/50 pumping
AGED

Viscosity, Pa*s

5

* Emulsion matrix

© Aged mechanical sensitizer 50/50 pumping
PUMPING DILUTED

REGION

O Diluted mechanical sensitizer

1
1 10 100
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Figure 6. Comparison of viscosities of the emulsion matrix
and mechanical sensitizer at 15°C (Winter conditions at
South Africa): crosses —emulsion matrix; circles —aged “non-
detonable” mechanical sensitizer; squares — diluted “non-
detonable” mechanical sensitizer.

Based on the above results it can be suggested that
the pump speed/pressure should be able to be adjusted
to a wide range of speeds/pressures in order to be able
to pump the mechanical sensitiser and emulsion matrix
at the same volumetric flow rate at different ambient
temperatures. This was however not achieved with the
currrent sensitizer formulation. Therefore, a modified
mechanical sensitizer formulation was required. The
viscosity dependance on temperature of the new
mechanical sensitizer needs to be minimized.

The Research and Development Department of
AEL Mining Services was able to design a new
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Figure 7. Effect of temperature on flow behaviour of
modified “non-detonable” mechanical sensitizer.

formulation of a mechanical sensitizer. It was
proved that the temperature had little or no effect on
the flow properties of the modified sensitizer in the
pumping region (Figure 7).

CONCLUSIONS

The flow properties behaviour of aged mechanical
sensitiser is associated with the temperature
dependence on viscosity. The mechanical sensitiser
composition has a significant effect on optimizing the
pumping requirements.
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ABSTRACT

The effect of different CEM1 52N cements
produced at different factories on Self-Compacting
Concrete (SCC) is currenty not well understood.
The effect of four cements tested and two
superplasticisers (SPs) partially replaced with two
types of fly ash and slag on an SCC mix were
studied. Mix design and tests were done according
to the European Specification and Guidelines for
Self Compacting Concrete (2005). The SPs reacted
differently with addition of the SPs and partial
replacement of fly ash and slag. Although the
differences can be distinguished from the SCC
tests it is not yet understood what causes these
differences.

INTRODUCTION.

SCC is a special type of concrete that can settle
into heavily reinforced, deep and narrow sections
by its own weight, can consolidate itself without
necessitating internal or external vibration and can
keep its cohesion (stability) without leading to
segregation and bleeding [1]. SCC was developed
in the 1980°s in Japan and has since become
widely used all over the world. It has been hailed
as a really novel development. The development in
superplasticizer technology has greatly contributed
to the formation and improvement of SCC [2-4].
Super-plasticisers are essential in SCC mixes and
in order to avoid separation of large particles in
SCC, pozzolanic admixtures or fillers are used to
increase the viscosity [5]. SCC demands a large
amount of powder content compared to
conventional  vibrated concrete to produce a
homogeneous and cohesive mix [6]. It was
reported that SCC often contains powder in the
order of 450-600 kg/m® of concrete [7]. Due to its
rheological requirements, fillers (both reactive and
inert) are commonly used in SCC to improve and
maintain the workability, to regulate the cement
content and to reduce the heat of hydration. Part of
this powder content can be effectively replaced by
mineral admixtures like fly ash and slag.

Even though SCC consists basically of the same
components as normal vibrated concrete, there are
distinct differences in the concrete composition in
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order to achieve the desired ‘‘self-compacting
properties’’.

On the one hand, SCC has to reach a high
segregation resistance and on the other hand a high
deformability. Therefore, the content of ultra fine
materials in SCC is essentially higher [8].

One of the disadvantages of SCC is its cost,
associated with the use of chemical admixtures and
use of high volumes of cement. One alternative to
reduce the cost of SCC is the use of mineral
admixtures such as fly ash and slag.

The use of fly ash and slag provides benefits in
the production of SCC such as reduction in the
water requirements with increased workability and
increased strength at later ages of curing, which
cannot be achieved through the use of additional
cement.

It is also known that fly ash and slag increase
the workability, durability and long-term
properties of SCC [9].

MATERIAL AND EXPERIMENTAL STUDY

Materials

Four types of Ordinary Portland cement were
used in this study and produced in different PPC
factories according to the European Standards EN-
197/1 and labelled as CEM | 52.5 N. The maximum
size of coarse aggregate was selected as 13 mm in
order to avoid any blocking effect. The fine
aggregate was Malmesbury sand which is a river
sand with a good grading. Cyclone dust was used as
a viscosity modifiyng filler in the mix. The mix
design was for a 28 day 50 MPa compressive
strength, according to European Standards EN-
196/1.

Tables 1-3 depict the chemical and physical
properties of the cements and SPs used in this
study.

Mix proportions

One control and several mixes with mineral
admixtures were prepared and tested to quantify
the properties of SCC. In some of the mixes,
cement was replaced with two types of fly ash and
one type of slag at the same contents of 10%, 20%,



Table 1. Chemical Properties of cements

Chemical Destination of the cement samples
components
[ 2 c3 ca
SiO, (%) 20.15 207 19.4 217
ALO; (%) 3.82 4.37 3.59 4.95
Fe,03 (%) 3.22 2.45 2.93 2.99
Mn,0; (%) 0.09 0.81 0.75 0.49
TiO,(%) 0.22 0.33 0.32 0.42
CaO(%) 63.37 63.7 61.7 60.9
MgO (%) 1.13 3.58 4.26 217
P,05(%) 0.14 0.08 0.02 01
Wet SO5(%) 2.1 2.27 2.13 3.4
Wet CI(%) 0.004 0.01 0.01 0.004
K,0(%) 0.62 0.52 0.29 0.34
Na,O (%) 0.99 0.16 0.14 0.18
LOI1(%) 3 1.57 5.13 2.01
Total(%) 98.9 100.5 100.6 99.6
FCaO (%) 1.06 0.75 0.83 325
IR(%) - 0.78 1.98
Cl (ppm) - 106 106

Table 2. Physical properties of cements

Physical properties Destination of the cement samples
Cl C2 C3 C4
Relative density 3.05 3.03 3.04 2.99
Specific surface, szlg 3750 3650 4250 3850
consistence, % 25 31 25 33
Initial set, min 170 180 190 315
Final Set, h 3.25 3.75 3.75 6
45 pm residue, % 11.7 0.6 3.9 1.8
90 pm residue % 1.1 0 0.5 0.1
212 pm residue, % 0.2 0 0 0

Table 3. SP characteristics

Destination of

Characteristics super-plasticizers
SP1 SP2
Consistency Liquid Liquid
Colour Amber Brown-green
Density according to ISO 758 (g/cm®) 107 1.05
Y L . 1+ 0.02 + 0.02
Dry content according to EN 480-8 (%) 26 208
+13 +1
Chlorides soluble in water according to < 01 <01
EN 480-10 (%)
Alkali content (Na,O equivalent) <25 <1

according to EN 480-12 (%)

30% and 40% for the fly ash and 30%, 40%, 50%,
60% and 70% for slag, all by mass. After some
preliminary investigations, the water—cement ratio
(w/c) was selected as 0.45 and the cement content
was fixed at 418 kg/m®. Two different new
generation superplasticisers are the following: the
first type (SP1) is an admixture with superior
performance when compared with traditional
naphthalene-sulphonate or melamine-sulphonate
based superplasticisers and first generation acrylic
admixture in terms of both water reduction and
slump retention. The second (SP2), is a new
generation  polymer based on  modified
propionates.
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Casting, curing and testing

For each mixture, six 100 mm x 100 mm x 100
mm cube moulds were prepared to determine the 7
and 28 day compressive strength. The slump-flow
test, T50 test, L-box test and segregation test were
conducted to characterise the workability of the
fresh concrete and to determine the filling and
passing abilities as well as the segregation ratio.
During the slump-flow test, the required time for
the SCC to reach 500 mm length, slump-flow
radius (T50) and the final diameter of the concrete
flow circle in two directions were measured. In the
L-box test, the test was started by lifting the
control gate to allow the flow of SCC through the
re-bars into the horizontal part of the L-box. When
the flow of fresh SCC stopped, the heights of the
concrete at the end (h,) and the beginning (h;) of
the horizontal section were measured. The
blocking ratio was calculated as the ratio ‘“h,/h,”".
Specimen cubes were then cast in plastic moulds
and were not subjected to any compaction other
than their own self-weight. The specimens were
kept covered in a controlled chamber at 20 + 2°C
for 24 hours until demolding. Thereafter,
specimens were placed in water pre-saturated with
lime at 20°C. Hardened concrete testing was
conducted after 7 and 28 days.

Result and discussion

Figure 1 presents the slump flow and T50 results,
which are related to viscosity, for different
cements with two different SPs.
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Figure 1. Slump-flow and T50 time of SCC mixes with
4 different cements and two SP’s.

In terms of slump flow, all optimised SCC mixes
exhibited satisfactory slump flows in the range of
640-800 mm, which is an indication of a good
flowability. With SP1, C2 and C4 produced higher
whilst C1 and C3 produced lower slump-flow
values. However with SP2, C2 and C3 produced
higher whilst C1 and C2 produced lower slump-
flow values.

Figures 2 and 3 show the slump flow and V-funnel
results for SP1 and SP2 respectively.
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Effect of fly ash 1 on cements with SP1

The effect of the fly ash 1 on different cement base
mixes in accordance with the slump flow tests and
segregation ratio are illustrated respectively in
Figure 4 and Figure 5.
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Figure 2. Slump-flow of SCC versus fly ash 1 at

different replacement rates for different cements using

SP1.
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different replacement rates for different cements using
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Effect of fly ash 1 on cements using SP2

The effect of the fly ash 1 on different cements
base mixes in accordance with the slump flow tests
and segregation ratio are illustrated respectively in
Figure 6 and Figure 7.
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Figure 6. Slump-flow of SCC versus fly ash 1 at different
replacement rates for different cements using SP2.
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Effect of fly ash 2 on different cements with SP1

——C1 —--C2 ——C3 —e—C4

Slump Flow (mm)

SP1

0% 10% 20% 30% 40% 50%
Fly ash 2 %

Figure 8. Slump-flow of SCC versus Fly ash 2 at
different replacement rates for different cements using
SP.
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Effect of fly ash 2 on cements with SP2
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Figure 10. Slump-flow of SCC versus fly ash 2 at

different replacement rates for different cements using

SP2.
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Effect of Slag on different cements with SP1
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Figure 12. Slump-flow of SCC versus Slag at different
replacement rates for different cements using SP1.
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Effect of Slag on different cements with SP2
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Figure 14. Slump-flow of SCC at different slag
replacement rates for different cements using SP2.
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CONCLUSION

The following conclusions can be drawn.

e C2 and C4 have shown higher slump flow
while C1 and C3 showed lower slump-flow
values with SP1 and SP2.

e An increase in segregation percentage and a
reduction in workability was found in C1,
when compared with other cements using SP2.

e For both fly ashes there was an increase in
passing ratio with C1 and C4 when used with
SP1. As the fly ash content was gradually
increased from 10% to 40%, mixes moved out
of the EFNARC limits

e For fly ash 1, the flowability and viscosity
were increased and the segregation and
compressive strength increased for C1 and C4.

o For the fly ash 2, the flowability and viscosity
were increased and the segregation and
compressive strength reduced for C1 and C4.

e For slag, the flowability, viscosity and
segregation severely increased to outside the
EFNARC limits when used with SP2 for all
cements.
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ABSTRACT

The evolution of rheological parameters of four
cements from one supplier manufactured at different
factories and their interraction with two differents
superplasticisers (SPs) were investigated. These were
monitored by constructing their flow curves. The
experiments were done with an MCR51 rheometer
under a controlled temperature. The yield stress
evolution over a short time is significant for all
cement with and without SP. Even though the
different cements are all CEM1 52 type, they react
differently to the SPs. Simple flow curves cannot be
used to extract rheological parameters such as yield
stress and viscosity.

INTRODUCTION.

The main purpose of this research was to study
the rheological behaviour and the impact of two
different SPs on four different cements.

According to [1] and [2] cement paste can be
treated as a colloidal material with non-Newtonian
flow properties [3]. TheHerschel Bukley (H.B)
model is a general model that is used to characterise
the flow properties of cement paste.

=1, +ky"

According to [4] and [5] cement paste is a time
and temperature dependent material and under
certain conditions it exhibits thixotropic behaviour.

Cement paste microstructure

When cement particles come in contact with
water, they are immediately electrically charged,
creating an electrical field within the paste [6].
However, the neutrality of the bulk solution is
ensured, by the nature of the cement particle double
layer that surrounds the outer surface. [5] At rest, as
the particles approach each other, there is an
interference between the charge of the particle’s
double layers and when the total energy between
neighboring particles reaches its minimum [2, 7] the
attraction forces become more relevant and
coagulation occurs. In tempting to prevent these
inter-particle forces to lead to flocculation, has
prompted researchers to use different types of SP
that act as dispersing agents [1].
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Hydration and setting

It has been proven that at early age, rheological
parameters of a fresh cement paste, depends closely
on the hydration kinetics within the paste [3]. These
reactions are responsable for setting; that is defined
as the transformation of cement in the fluid phase to
becoming a solid material [8].

The setting has been attributed to the formation of
CSH during the hydration process of the most
sensitive compounds of cement grain to water such
as C3A, C3S and C,S [9].

The impact of these cement compounds on
rheological behaviour, can be found elsewhere (e.g.
in [10]).

In fact the hydration of C3S and C,S yields the
same products that control the setting, the early
strength and the pH of cement paste. The yield stress
evolution is proportional to the development of these
product formation during the hydration process [3].

Interaction SP- cement paste

SPs are mainly used in concrete, to enhance
properties [11], allowing the material to become
more workable at lower W/C ratios, having the
advantage of increasing the concrete strength and
reducing the concrete price, since the optimization of
cement paste can then be acheived [7, 12, 13].

SPs allow the dispersion of particles that makes the
material becoming more flowable. This dispersion
effect is done by electrostatic repulsion and depletion
effect. The compatibility of SP with cement paste
depends strongly on the hydration of C;A and alkali
content in the clinker, cement fineness and calcium
sulphate [1, 13-15].

MATERIAL AND METHODOLOGY
Matirial
Tables 1-3 give the chemical and physical

properties of the 4 cements as well as the
characteristics of the 2 SPs used in this research.



Table 1. Chemical Properties of cements

Chemical c1 & 3 ca
properties
5i0; (%6) 20.15 20.7 19.4 217
Al,O5 (%) 3.82 4.37 3.59 4.95
Fe,0; (%) 3.22 2.45 293 2.99
Mn; O (56) 0.09 0.81 0.75 0.49
TiO (%) 0.22 0.33 0.32 0.42
Ca0(%) 63.37 63.7 61.7 60.9
MgO(24) 1.13 3.58 4.26 217
P,0:(%) 0.14 0.08 0.02 0.10
Wet S0,(%) 2.10 2.27 213 3.40
Wet Cl{%) 0.004 0.01 0.01 0.004
K,0(%) 0.62 0.52 0.29 0.34
Na,O0(%) 0.99 0.16 0.14 0.18
LOI(%%) 3.00 1.57 5.13 2.01
Total(%) 98.9 100.5 100.6 99.6
FCaO(%) 1.06 0.75 0.83 3.25
IR(%%) 0.78 1.98
Cl (ppm) 106 106
Table 2. Physical properties of cements.
Physical properties (o | cz c3 c4
Relative Density Pyc 3.05 3.03 3.04 2.99
R ted 5/Surf 5
CFEIEIS/ENAEED, | R 3650 | 4250 3850
cm2/g
5td Consistence, % 25.0 31.0 25.0 33.0
Initial Set, min 170 180 190 215
Final Set, h 3.25 3.75 3.75 6.00
45 um Residue, % 11.7 0.6 3.9 1.8
90 um Residue % 1.1 0.0 0.5 0.1
212 pm Residue, % 0.2 0.0 0.0 0.0
Table 3. SP characteristics.
Characteristics 5P1 SP2
Consistency Liguid Liguid
Color amber Brown-
green
Densi i -
ensity according to 150 758 (g/cm3) 1.07 1.05 0.0z
0.02
Dry content according to EN 480-8 (%) 26 1.3 20.3 1
Chlorides soluble in water according to EN
0.1 0.1
480-10 (%)
Alkali content (Na20 equivalent) according 2.5 1.0
to EN 480-12 (%) - i

Methodology

The wi/c ratio used was 0.45. The mixing was
done by hand and lasted 2min. It started immediately
after water was added to the solids. The MCR51
rheometer with a serreted parallel plate and gap of
0.6mm was used at a controlled temperature of 25°C.
Preshearing at 50/s for 10s was done in all cases
before starting the tests. The SPs were optimised at
0.3% (by weight of cement) added to the water and
the whole solution to the solids.

The evolution of rheological parameters such as
yield stress and viscosity were obtained by
constructing the flow curves at different specific
times and at a different constant shear rates.

Five different constant shear rates (SR) were
considered and the viscosity versus time curves were
measured respectively. Thereafter, the viscosity
curves were established at a point in time allowing
them to have a single value of viscosity. Finally the
flow curves were constructed at this given time with
different shear stress values calculated from the
viscosity cuve.

The rate of rebuilding of cement structure was
obtained by evaluating the thixotrophic behaviour
(the hysterisis area of up and down curves of the
flow curve for a duration of 5min in total). This was
done for each cement at different intervals of
material resting time.

RESULT AND DISCUSSION

Figures 1 and 2 below give the viscosity vs time
curves at only two typical constant shear rates for the
four cements without SP.
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Figure 1. Viscosity vs time at constant SR 5/s for all
cements without SP.
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Figure 2. Viscosity vs time at constant SR 75/s for all
cements without SP.

It is clearly seen from Figure 1 and 2 that, for
cement paste, the viscosity is not a single value or
constant over time at a constant shear rate. This puts
in question the way previous researchers were
estimating rheological parameters especially the
yield stress of cement paste.

Figure 3 shows the viscosity curve at 15s on
logarithmic scales for all cements without SP.

t=15s

'Shearlrate I[l/sl] 100

Figure 3. Viscosity curve at 15s of all cements with no
SP.



Figure 4 shows the flow curves derived from the
viscosity curve (as shown in Figure 3) and fitted by
the H.B model.

100 +
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Figure 4. Flow curve at 15s as fitted by H.B for all
cements without SP.

o

The evolution of rheological parameters, yield
stress and viscosity, are consequently given in the
Figures 5 and 6:
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Figure 5. Yield stress evolution of all cements without
SP.
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Figure 6. Viscosity evolution of all cements without
SP.
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Other coefficients of the H.B model that describe
the evolution of rheological parameters of cements
with SP1 and SP2 are given in tabulated form in
Table 4 and 5.

Table 4. Coefficient values as fitted by H.B model for
all cements with SP1.

Time C1 Cc2 C3 C4

(S) Ty K Ty K Ty K Ty K
[Pa] [Pa] [Pa] [Pa]

15 0.6 02 | 3 02 | 2 01]6 0.2

60 0.4 02 |9 02 |7 01]9 0.2

120 15 0.2 | 26 0.2 | 24 0.1 | 23 0.2
180 8.5 0.2 | 45 0.2 | 39 0.1 | 45 0.2
240 216 | 0.2 | 61 0.2 | 59 0.1 | 60 0.2
300 350 | 0.2 | 85 0.2 | 105 0.1 | 91 0.2

Table 5. Coefficient values as fitted by H.B model for
all cements with SP2.

Time | C1 C2 C3 C4

©) Ty K Ty K Ty K Ty K
[Pa] [Pa] [Pa] [Pa]

15 4 0.3 6 02 | 8 02 | 7 0.1

60 6 0.3 8 02 |9 0.2 11 0.1

120 9 0.3 19 0.2 | 13 02 | 21 0.2

180 12 0.3 33 0.2 | 13 0.2 | 33 0.2
240 20 0.3 48 0.2 | 20 0.2 | 43 0.2
300 28 0.3 60 0.2 | 25 0.2 | 48 0.2
480 67 0.3 89 0.3 | 47 02 | 77 0.2
600 96 0.3 114 ] 0.3 | 68 0.2 | 106 0.2

In the case where there is no SP as demonstrated
in Figures 5 and 6, rheological behaviour of all
cements change over time differently, with C1
showing less change in yield stress and only a slight
change in viscosity for C2. These change have to be
attributed mostly to the physical properties of
cements and the reactivity of their C3A content as
cited in the literature [3]. In the first few seconds, the
change in yield stress of C2 is very significant, the
reason being that it has a great rate of rebuilding as
shown in Figure 7.

Figure 7 demonstrates the rate of rebuilding of all
cements with no SPs. C2 exhibits a higher rate of
rebuilding followed by C4 and C1. C3 has a low rate
of restructuring.
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Figure 7. Rate of rebuilding of all cements without
SP.




Observing Figure 5 and Table 4 and 5, the yield

stress of cements are increasing significantly in a few
seconds. In the presence of SPs these changes have
to do mostly with the chemical properties of cement,
especially the C;A content in each cement.

Table 4 and 5 shows that the change in viscosity is

insignificant for the simple resason that at the
saturation dosage of SP, the viscosity is not affected
that much.

CONCLUSION

In summary, the observation of these results and
the discussion above

leads to the following

conclusions:

SPs affect the rheological parameters of the
cement by decreasing the yield stress and at the
saturation dosage the viscosity will only slightly
change over time.

The Herschel-Bulkley model describes very
well the flow behaviour of all cements with or
without SP with n=1. (Bingham model)

The SPs affect the cements differently which
could relate to their chemical and mollecular
structure.

Rheological parameters such as yield stress and
viscosity cannot be evaluated by measuring the
flow curve since the viscosity of the paste is
changing and not a single value over time at
constant shear rate. Moreover, the measurement
of these flow curves takes a few minutes while
as demonstrated, the yield stress can change
significantly in a few seconds.

An approach as described in this manuscript
has to be formulated in order to evaluate these
parameters correctly.
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