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Abstract

Carbon anodes are used to produce primary aluminium and are consumed
in the electrolysis. Anodes must consequently be continuously replaced
and produced. Major issues encountered in anode processing include het-
erogeneous density and cracks that may cause preferential current paths,
uneven anode consumption and breakage. It is therefore of great interest to
improve understanding of the anode production process. Green anodes are
made of a paste containing coarse coke particles, surrounded by a binder
matrix consisting of fine coke particles and coal-tar pitch binder. Binder ma-
trix is a viscoelastic material that deforms around the coarse coke particles
and enters into their pores. The rheological properties of pitch and binder
matrix are important parameters influencing the final anode quality. Inves-
tigating the green anode paste behavior during forming and compaction
can reveal the interaction between binder matrix and coarse coke particles.
Due to high processing temperatures introducing complications such as
temperature gradients and temperature variations, experimenting on pitch
and binder matrix is challenging. Fluid models with potential similar rhe-
ological properties as pitch and binder matrix have been tested at room
temperature. A rheometer was used for rotational and oscillation testing.
Optical transparency of fluid models has been evaluated for visualization
of the movement of coarse coke particles during compaction, as the lack
of optical contrast between binder matrix and coarse coke particles prevent
visualization. Existing data on rheological properties of pitch and binder
matrix have been compared to suspension models, and the effect of proper-

ties in addition to fine coke particle volume fraction on viscosity have been
addressed.






Sammendrag

Karbonanoder brukes til & produsere primeeraluminium og forbrukes i lopet
av elektrolysen. Anodene ma derfor kontinuerlig erstattes og produseres.
Problemer relatert til prosesseringen av anoder inkluderer heterogen tetthet
og sprekker som kan fore til at strommen gdr i andre baner i elektrolysen,
anoden forbrukes ujevnt og brudd kan forekomme. Forbedret forstdelse av
anodeproduksjonsprosessen er sdledes av stor interesse. Grennanoder er
laget av en masse som inneholder grove kokspartikler, som omringes av
“binder matrix”, bestdende av fine kokspartikler og kulltjeerebek bindemid-
del. “Binder matrix” er et viskoelastisk materiale som deformeres rundt de
grove kokspartiklene og gdr inn i porene deres. De reologiske egenskapene
til bek og ”"binder matrix” er viktige parametere som pavirker den endelige
anodekvaliteten. Samspillet mellom “binder matrix” og grove kokspartikler
kan avdekkes ved & undersgke hvordan grennanodemassen oppforer seg
under forming og komprimering. Hoye prosesstemperaturer introduserer
komplikasjoner som temperaturgradienter og temperaturvariasjoner slik at
forsek pd bek og “binder matrix” er utfordrende. Modellfluider som poten-
sielt har lignende reologiske egenskaper som bek og “binder matrix” har blitt
testet i romtemperatur. Et reometer ble brukt til roterende og oscillerende
tester. Modellfluidenes optiske gjennomsiktighet ble vurdert for visualiser-
ing av de grove kokspartiklenes bevegelse under komprimering, da det ikke
er noen optisk kontrast mellom ”“binder matrix” og grove kokspartikler som
muliggjor visualisering. Eksisterende data pa de reologiske egenskapene til
bek og ”“binder matrix” har blitt ssmmenlignet med suspensjonsmodeller,
og effekten av egenskaper i tillegg til volumfraksjon av fine kokspartikler pa

viskositet har blitt adressert.
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Chapter 1

Introduction

1.1 Background

The total amount of primary aluminium produced in 2018 was more than 64
million tonnes [1]. This is an increase of approximately 60 % since 2008, and
the prognosis indicates that the production will continue to increase. The
Hall-Héroult electrolysis process is the major process for the production of
primary aluminium metal [2]. In this process, alumina (Al,O3) is dissolved
in molten electrolyte and is reduced to molten aluminium at the cathode.
The oxygen reacts with the carbon anode to carbon oxides. The overall

reaction for the process is:

2Al,0O5(dissolved) + 3C(s) = 4Al(1) + 3CO,(g) (1.1)

As the carbon anodes are consumed during the electrolysis, they must be
continuously replaced. The most common anodes used today are prebaked
anodes, which are formed and calcined before being installed in the elec-
trolysis cell [3]. A flowchart of the production of prebaked anodes is pre-
sented in Figure 1.1. The main components of green anodes are calcined
petroleum coke (CPC), recycled anode butts and coal-tar pitch as binder [4].
After the components have been blended and mixed, the resulting anode

paste enters a vibro-compactor or a hydraulic press to be formed and den-
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Anode butts | | CPC
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Figure 1.1: Flow chart of production of prebaked anodes.

sified at elevated temperatures [4]. The last step of the anode production
process is baking the anode in a furnace up to approximately 1200 °C for
~14-17 days [5]. Coal-tar pitch is carbonized during baking, and the anodes

become mechanically strong, ready to be used in the electrolysis.

The final quality of the anodes strongly depends on the physical and chem-
ical properties of the anode paste [6]. The main goals in anode production
include having high and homogeneous anode density while also avoiding
cracks. Density gradients in the anode may cause preferential current paths,
non-uniform anode consumption, and possible breakage during baking or

in the electrolysis.

There are generally two size ranges of coke particles used in the anode paste:
coarse particles (> 015 mm and < 95 mm) and fine particles
(< 0.15 mm) [7]. The fine particles and coal-tar pitch binder are defined
as the binder matrix of the anode paste, surrounding the coarse particles.
Coal-tar pitch is solid at room temperature and behaves as a Newtonian
fluid at compaction temperature of approximately 178 °C [8]. During com-

paction, the binder matrix is a viscoelastic material that deforms and moves
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around and into the pores of coarse particles [9]. The rheological properties
of the binder matrix are therefore important for the understanding of the
compaction behavior of anode paste. Factors such as forming temperature,
particle size distribution, and pitch/coke ratio affect the anode paste behavior

when being formed.

Anode compaction may be a consequence of rearrangement of coarse coke
particles that are influenced by the rheological properties of binder matrix.
As coal-tar pitch is solid at room temperature, the rheological testing of pitch
and binder matrix must be performed at elevated temperatures, introduc-
ing challenges like temperature variations, temperature gradients, and high
working temperatures. Another challenge is the opaque nature of binder
matrix and coarse particles. The absence of optical contrast prevents visu-
alization of particle movement during compaction. It is therefore of great
interest to develop methods to overcome challenges related to investigating
rheological properties of binder matrix and anode paste behavior during

compaction.

1.2 Aim of Work

The aim of this thesis was to investigate the rheological properties of fluid
models to improve the understanding of anode paste behavior during com-
paction. Rheological properties of coal-tar pitch and binder matrix have
previously been characterized at the process temperature of 178 °C as well
as at 166 °C and 190 °C [10,11]. Due to high process temperature, thermal
gradients, and temperature variations related to working with pitch and
binder matrix, fluid models with potentially similar rheological properties
were researched at room temperature. Tracking the movement of particles
in an anode paste during compaction cannot be done due to the lack of optic
contrast between the binder matrix and coarse particles. Transparency of

fluid models may therefore enable visualization of particle movement.






Chapter 2

Literature Review

2.1 Raw Materials in Anodes

2.1.1 Coke Particles

Calcined petroleum coke is the main constituent of green anodes with
60-75 % [4]. Green petroleum coke is a by-product of the distillation of raw
petroleum. Before being used as a raw material in anodes, green petroleum
coke must be heat treated by calcination to obtain the required thermal
conductivity, increase grain strength and purity by the release of volatiles,
and reduce electrical resistivity, air reactivity, and shrinking behavior dur-
ing anode baking [12]. Rotary kiln calciners and rotary hearth calciners are
generally used to calcine the green petroleum coke at temperatures from
1250 °C to 1350 °C [4]. Calcining also assures that the pores present have
binder accessibility [13]. There are both open and closed type pores, whereas
only the former is accessible to the binder. Coke with more open porosity
than closed porosity is therefore favorable. Pore dimensions depend on
multiple factors like the properties of raw petroleum and processing char-

acteristics.

Table 2.1 shows the typical content of impurity elements in calcined petroleum
coke [4]. The different impurity elements in the coke impact the anode prop-

erties and other aluminium production operations. Elements like sulfur,

5



6 Chapter 2. Literature Review

Table 2.1: Ranges of impurities and target composition for good anodes, adapted
from Keller and Sulger [4].

Element Unit Worldwide ranges Targets for good anodes

S % 0.5-3.0 <22
\Y ppm 20 - 350 <220
Ni ppm 40 - 250 <130
Si ppm 50 - 300 <150
Fe ppm 100 - 800 <350
Na ppm 100 - 1000 <200
Ca ppm 50 - 500 <300

vanadium, nickel, sodium, calcium, and magnesium have an impact on the
anode consumption while vanadium and phosphor affect the current effi-
ciency. Vanadium, nickel, silicon, and iron affect the purity of aluminium
metal. Sulfur reacts with oxygen in the air to SO, which should be limited

from an environmental perspective.

Anodes used in the aluminium electrolysis usually have a lifetime of
25 days after which they are removed [14]. The spent anode butts are cleaned
of electrolyte residues and crushed before being recycled. The anode butts
represent the second largest constituent of green anodes with 20-25 % [4].
There are two categories in which anode butts are classified: soft and hard
butts [8]. Soft butts have been more attacked during the electrolysis and will
degrade the anode quality. The CO2 gas formed at the anode will penetrate
the soft butts, resulting in a weaker anode structure [4]. Hard butts will
not be as susceptible to penetration. Similarly to calcined petroleum coke,
there are pores present in the anode butts. Their dimensions depend on the
anode properties prior to use in the electrolysis in addition to the degree of

electrolyte contamination [15].

2.1.2 Pitch

Pitch is used as a binder in the anode paste and constitutes 13-15 % of
green anodes [4]. Figure 2.1 shows the role of the binder pitch in an anode
paste. Hulse [16] hypothezised that the main role of binder is to wet the

coke particles by adsorption. The binder also penetrates the pores of coke
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Figure 2.1: Pitch and coke aggregates [16].

particles and fills the space between wetted particles to cohere. Coal-tar pitch
is the most common binder material in aluminium anode production and is
a by-product from the production of metallurgical coke [4]. Metallurgical
coke is used as a raw material for iron production and is made of coal that
is transformed to coke through pyrolysis by being heat treated in ovens
between 1100 and 1200 °C for 12-36 hours. Approximately 4 % of the
charged coal produces coal-tar, which must be distilled to remove several
components like napthalene, phenol, cresol, and creosote to obtain a pitch

that can be used in anode production.

Pitch has a complex composition depending on the coal quality and pro-
cessing, such as temperature and coking time [4]. A typical carbon content
in coal-tar pitch used in anodes in aluminium industry is 93 wt. % [17].
Other elements include hydrogen (~4.5 wt. %), nitrogen (~1 wt. %), oxygen
(~1 wt. %) and sulfur (~0.5 wt. %) presented as polycyclic aromatic hy-
drocarbons (PAHs) and heterocyclic compounds [4,17]. In addition to the
content of especially hydrogen, oxygen, sulfur and volatiles, pitch may be

characterized by many other properties such as the following [18-20]:
e Softening point
e Coking value

e Viscosity
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e Density

e Ash content

e Wetting ability

e Quinoline insolubles

The softening point describes the softening of pitch as pitch does not have
a defined melting point, but a gradual transition from solid to a viscous
fluid [21]. Coking value indicates how much carbon originating from pitch
is likely to remain in the anode after baking [16]. As volatiles are released
during baking, some pitch will be lost. Viscosity is a measure of the fluidity
of the pitch and is a determining factor on how anode paste moves during
processing. The ash content indicates the amount of impurity elements such
as sulfur which should be limited in order to prevent SO emissions during
anode baking [16]. Quinoline insolubles are solid particles in pitch that are
insoluble in quinoline solvent and affect the anode quality [16]. Branscomb
et al. [22] found that increasing softening point, coking value, quinoline
insolubles, and density of pitch result in increased anode apparent density
and crushing strength, and decreased electrical resistivity. Typical ranges of

coal-tar pitch properties are outlined in Table 2.2.

Pitch content is also crucial for the anode manufacturing [16]. Excessive
pitching may cause crack formation (greater volatile release during baking),
extreme shrinking and stub hole deformation [16,23]. Insufficient pitch in-

creases the anode porosity. The apparent density and mechanical properties

Table 2.2: Ranges of coal tar pitch properties, adapted from Keller and Sulger [4]
and Hulse [16].

Property Unit Typical Range
Softening Point (Mettler) °C 110-115
Coking Value % 56 - 60
Viscosity at 160 °C mPa-s 1200 - 2000
Viscosity at 180 °C mPa-s 200 - 500
Density in Water kg/dm3 1.31-1.33
Ash content %o 0.1-0.3

Quinoline Insolubles % 6-16
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decrease as a consequence as well as increasing electrical resistivity [24].
There are multiple parameters determining the optimal pitch content, in-
cluding [16]:

e Raw materials properties: porosity of coke particles and wettability of

both coke particles and pitch.

e Paste recipe: coke particle size distribution, anode butt content and
dust fineness and content. Anode pastes with high particle dispersity
have a large total surface area, and more pitch is thus needed to obtain

the maximum density.

e Manufacturing process: the paste operation affects how the pitch is
distributed in the paste. Inadequate paste processing results in a het-

erogeneous paste.

2.1.3 Particle Granulometry

Aggregates and fines in the anode are mainly made of calcined petroleum
coke with a smaller share of recycled anode butts. The size range of large
aggregates are larger than 0.15 mm and smaller than 9.5 mm, and the fine
particles are smaller than 0.15 mm [7]. Particle size distribution affects
density, pore size distribution, electrical resistivity, and other anode proper-
ties [8,13]. The density increases with an increasing amount of fine particles
due to the contribution of fine particles to fill inter-particle voids. Fine parti-
cles also have lower porosity than coarse particles as the latter tend to break
in porous regions when being ground to smaller particles, thus decreasing
the porosity of the coke fraction [13,25]. A wide range of particle sizes also
increases the density as smaller particles fill inter-particle space of a wide

range space sizes without increasing the volume [25,26].

Vidvei et al. [27] studied the dispersity and content of fine coke particles.
Electrical resistivity was found to decrease with increasing dispersity of
fine particles towards 40-60 % below 75 um. Rervik et al. [28] had similar
tindings by image analysis. It was revealed that the amount of fine particles
below 75 pum increases with increasing milling times, resulting in smaller

inter-particle distance between coke grains, thinner layers of pitch between
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particles and decreased electrical resistivity.

Excessive dispersity and content of fine coke particles require more binder
pitch, and the resulting anode paste may be difficult to process [13]. Fine
particles have larger surface areas, and more pitch is necessary to completely
wet the particle surface and avoid the effects of under-pitching [24]. How-
ever, high amounts of pitch can lead to an uneven pitch distribution and
cracks during baking [29]. Other anode properties like air permeability and
thermal shock resistance also decrease with increased particle dispersity and
content [13,29]. Not all anode properties can be maximized by specific par-
ticle size distribution. An optimum range of particle sizes and amounts is

therefore used to obtain the highest quality possible.

2.2 Anode Manufacturing

2.2.1 Paste Plant

The anode paste is produced in a paste plant where the anode constituents
are treated [4]. Generally, anode plants use more than one type of coke due to
the variations in coke quality and increasing aluminium production [30]. To
avoid large variations in anode quality and properties, different coke types
are blended to the optimal recipe. The coke blend is crushed before being
sieved into size fractions according to the anode specifications requested
by the producer [31]. A ball mill is used to grind coke to the smallest size
fraction. The required portion of different sizes is added to the dry aggregate
recipe that is preheated before being mixed with the pitch to avoid the pitch
to solidify [31]. The fine coke particles and pitch mix to a binder matrix,

which surrounds the coarse coke particles and enters into their pores.

Parameters such as power, time, and temperature are important in de-
termining the quality of the mixing and the resulting anode paste qual-
ity [32-34]. Optimal mixing should yield a homogeneous distribution of
dry aggregate and binder pitch. The porosity should also be minimized
to achieve improved density and thermal shock resistance. Azari [8] found

that the most efficient mixing temperature was at 178 °C for a mixing time of
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Figure 2.2: Illustration of (a) hydraulic press and (b) vibro-compactor [36].

10 minutes. 178 °C was also the same as the temperature used in commercial
paste plants, which is normally 60-70 °C above the softening point of binder
pitch.

The two different methods of anode paste compaction commercially used
today are hydraulic pressing and vibro-compaction, illustrated in Figure
2.2 [35]. Anode paste is formed into blocks with stub holes for later rod-
ding in the electrolysis. The pressing method requires pressure between 100
and 500 bar with a forming time of between 30 and 90 seconds [35]. The
vibro-compactor may have lower throughput than the hydraulic press due
tolonger forming times. Both methods can achieve similar apparent density.
However, there is a move towards vibro-compaction [35]. Compacted an-
odes have higher air permeability than pressed anodes, but lower electrical
resistance, higher strength values, and much lower pressure. According to
Hulse [35], the pressed anodes are sensitive to parameters influencing paste
elasticity and insensitive to those influencing paste viscosity. The opposite

is true for vibro-compacted anodes.

Major problems encountered due to poor anode compaction include low
anode density, density gradients, high permeability, small anode cracks
with a resulting increase in electrical resistivity and large anode cracks that
may cause anode failure [38]. Figure 2.3 shows a CT-image of a prebaked
anode with red circles around horizontal cracks. There are areas especially
pronounced below stub holes with high density and other areas with low

density.
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Figure 2.3: CT-image of a prebaked anode, adapted from Thibodeau [37].

The final step in making green anodes is anode cooling to avoid deformation
after forming [4]. The anodes can the cooled by being submerged in or
sprayed with water, or by air. To prevent thermal stresses that can cause
cracks, the temperature difference between the water and the formed anode
should be lowered by increasing the water temperature to approximately
70 °C. Anodes that are formed at higher temperatures by a vibro-compactor
require being submerged in water, while anodes formed by a hydraulic press
at lower temperatures may be cooled by air. If the anodes are quenched, the
anodes can have compressive stresses and tension in the surface and core,
respectively. When the anodes are heated during baking, these stresses may
aggravate and cause cracks in the baked anodes. Crack formation can also
occur due to thermal shock if the green anodes are taken from storage below

0 °C directly to baking at high temperatures.

2.2.2 Anode Baking

The anode baking furnace is built inside a shell of concrete with sections
divided into two rows [39]. In the two rows, each section is attached to a

headwall on both sides with openings for connection to an exhaust. A total
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of approximately 16 sections comprises a fire group, and each of the sections
has a maximum of eight pits, where green anodes are stacked. Figure 2.4
shows an illustration of a section with pits separated by flue walls. The
anodes are covered with packing coke for mechanical support as the pitch
softens, and to prevent oxidation by airburn. The pits are separated by flue
walls in which the flue gas travels to heat up and cool down the anodes [5].
The exhaust connects the baking furnace to a gas treatment plant, producing
an under pressure for the gas to travel through flue walls. During heating,
the coal tar pitch cracks, resulting in the escape of volatiles through gaps in
the flue wall due to the under pressure produced by the gas treatment plant.
Volatile hydrocarbons will be combusted, contributing to the heating of the
furnace. The heating gradient must be controlled and not exceed 14 °C/h
as a heating gradient that is too high will cause excessive cracking of the

anodes due to a too rapid release of volatiles [39].

The green anodes and packing coke are loaded into the pits before baking
[39]. Heat is generated by the combustion of gas from burner ramps located

at the top of the flue walls in an open top furnace and at the top of the section

Figure 2.4: Illustration of an anode baking furnace with refractory walls and
pits [40].
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covers in a closed top furnace. The anodes are cooled down by fans after
baking. Burner ramps, exhaust manifold, and cooler ramps are moved from
one section to the next every 22-28 hours [5]. A complete firing cycle lasts
between 14 and 17 days, depending on the duration of the firing periods.
The first part of the firing cycle is pre-heating of the section at 200-600 °C in
three periods [39]. Most of the volatiles are released in the pre-heating zone.
Then the section is baked at temperatures up to the maximum temperature
of 1200-1300 °C. Pitch completely transforms to coke in the temperature
range 600-900 °C and anode properties are defined at 1050-1150 °C. Finally,

the baked anodes are cooled down and unloaded from the pits.

2.3 Rheological Properties

2.3.1 Rheology of Fluids and Suspensions

For fluids that are Newtonian, the viscosity (u) is independent of shear rate
(V) and remain constant at constant temperature and pressure [41]. The

shear stress is linearly proportional to the shear rate accordingly:

T=py 2.1)

The viscosity of real fluids is not always constant and depends on properties
such as the shear rate, temperature, pressure, and time [41]. The addition of

suspended particles can also change the viscosity.

There have been several studies on the rheology of suspensions as a function
of shear stress [41]. If the base fluid is Newtonian in the relevant shear range,
the suspensions can be expected to have Newtonian, shear-thickening, or
shear-thinning behavior. Shear-thinning is a common phenomenon where
the viscosity decreases with increasing shear rate. Shear-thickening is the
increase in viscosity with increasing shear rate. Figure 2.5 (a) shows shear
stress as a function of shear rate and Figure 2.5 (b) shows the viscosity as a
function of shear rate for Newtonian, shear-thinning, and shear-thickening

materials. If the viscosity is not constant, Equation 2.1 can be modified to
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the power-law:
T=Kky" (2.2)

where « is the consistency index and n is the power index. n is equal to
unity for Newtonian behavior, lower than unity for shear-thinning behavior
and higher than unity for shear-thickening behavior. There can also be an
appearant yield stress in the fluid, below which flow does not exist under
the experimental boundaries [41]. The concentration of suspensions where
yield stress has been detected in previous experiments have mostly exceeded
a volume fraction of 0.5 [42]. It has been argued by Barnes [43] that all fluids
flow under shear, but is undetectible in certain experiments. Some fluids
even demonstrate creep under stresses below the yield stress. However,
it is common to use different models to describe experimental data from a
limited shear rate including a yield stress parameter as Equations 2.3 [44]
and 2.4 [45].

T=T)+ HUpY (2.3)

T =19+ ky" (2.4)

where 71 is the yield stress and pp is the plastic viscosity (both constant).

When particles are suspended in a fluid, there are three different forces

acting on the particles [41]. The first is colloidal forces from the interaction

(a) (b)
$o ; .
. Q 5
& o Shear-thickening
3] Q*' ql\‘o
n N7
%) N é@ = .
2 & 2 Newtonian
: S Z
(] . 2]
2 o > »
s‘i\d&‘ Shear-thinning
Shear rate y Shear rate y

Figure 2.5: Illustration of (a) shear stress and (b) viscosity as a function of shear
rate for Newtonian, shear-thinning, and shear-thickening fluids.
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between particles causing inter-particle repulsion or attraction. The second
is Brownian (thermal) forces that cause random motion of particles from
collisions with fluid molecules (Brownian motion). Finally, there are viscous
forces on the particles from the surrounding fluid. Which force is dominating
depends on shear rate and other parameters like temperature, base fluid

properties, and particle properties.

Wagner and Brady [46] explained in a review, the transition in a concen-
trated suspension with shear rate, illustrated in Figure 2.6. The suspension
is at equilibrium with constant viscosity at low shear rates as Brownian
motion dominates the flow induced motion to restore the random particle
distribution. When the shear rate increases to a point when the colloidal
forces dominate, particles organize and align. The viscosity of the suspen-
sion decreases as the particles move past each other more efficiently, and the
suspension has shear-thinning behavior. The resulting structure depends
on whether the total forces are attractive or repulsive [41]. If the shear rate is
further increased, there is a Newtonian plateau before the shear rate reaches

a critical value where shear-thickening may occur as the viscosity starts to

Equlhbrlum Shear thinning Shear thickening

Viscosity

Shear rate

Figure 2.6: Illustration of the transition in a suspension with viscosity as a
function of shear rate, adapted from Wagner and Brady [46].
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increase. It has been indicated by some studies that shear-thinning will

resume after the shear-thickening region if there is no fracture [47,48].

Particle interaction through attractive or repulsive forces and the presence
of Brownian motion contribute to determining the nature of interaction [49].
The dominance of Brownian motion depends on the particle size and is
generally negligible for particles larger than micrometer size. If the total
interaction force is attractive, aggregation of particles controls the suspen-
sions. An important phenomenon is the breakage of aggregated particles
when shear is applied, resulting in shear-thinning behavior. There is a steady
state during equilibrium when the attractive and shearing forces cancel each

other out.

Repulsive interaction forces may cause shear-thickening behavior. Hoffman
[48] suggested that the origin of the shear-thickening behavior observed
in polymeric resins suspensions with particle volume fractions above 0.5,
was due to an ordered-disordered transition in the particle microstructure.
By white light diffraction, ordered strings and layers were observed at low
shear rates that broke at a higher critical shear rate. The resulting structure
was assumed to be more inclined to jam with an increased viscosity as a
consequence. These findings were challenged by studies suggesting that
order-disorder transition was not necessary for shear-thickening behavior,
due to the absence of layer formation [50-55]. Hydro-cluster formation

during shear-thickening is the proposed mechanism.

Deviation from Newtonian behavior depends on many parameters like par-
ticle size, particle size distribution, volume fraction of particles, tendency
to agglomerate, deformation operation, etc. [47]. Lootens et al. [56] found
that the power index from fitting results with the power law (Equation
2.2) decreased with decreasing particle size in the range between 0.1 and
2.5 pm in silica slurries. The decrease of the power index demonstrate in-
creasing shear-thinning behavior, and it was proposed that aggregated small
particles are more easily broken during low shear rates than aggregated large
particles. The influence of particle size on the power index at higher shear
rates in the shear-thickening regime was harder to predict. Van der Werff

and de Kruif [57] did not find the same correlation between particle size
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and shear-thinning for particles smaller than a micrometer and stated that
the most important parameter was the volume fraction. Only a small effect
of particle size on the shear-thinning behavior was observed by Tsai and
Zammouri [58] who studied suspensions with particles of sizes 2-150 pm.
The viscosity was however considerably higher for a suspension with 6 um

particles than a suspension with 78 um particles.

Particle size distribution is another important parameter influencing the
rheological behavior of suspensions. A wide particle size distribution in-
creases the maximum volume packing and the critical shear rate for the
onset of the shear-thickening regime as a consequence [47]. If the volume
fraction is less than approximately 0.3, then shear-thickening behavior is
rarely visible [46,59]. The volume fraction required for the onset of the
shear-thickening regime varies greatly with multiple parameters. A volume
fraction of approximately 0.5 has been reported as a typical value where
shear-thickening can be observed [46,47,59], while others report absence
of shear-thickening independent of volume fraction [57]. Due to the many
parameters governing the rheological properties of suspensions, it may be
hard to predict the behavior of materials based solely on chosen parameters

such as shear rate and volume fraction.

2.3.2 Suspension Models

Many attempts have been made to model the viscosity as depending on the
concentration for suspensions [49]. Einstein [60,61] attempted to predict the
viscosity of dilute suspensions and showed that single particles increased

the viscosity of a fluid as a function of volume fraction:

W =1+250 (2.5)

where 1y is the ratio of the effective viscosity of the suspension, and the
viscosity of the suspending medium and ¢ is the volume fraction of sus-
pensions. There is no consideration of particle size or position in the model
as it neglects the complicated interaction with other particles. A modifica-

tion of Einstein’s equation, including a second-order term of ¢ to describe
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inter-particle interaction, has been proposed:

wr =1+ 2.5¢ + Kdp? (2.6)

where K is a coefficient. Reported values of K from the literature are 4.375
[62,63], 14.1 [64] and 6.2 [65]. The suspension models above are only valid

for dilute suspensions up to a volume fraction of approximately 0.1.

Models relating the influence of particle concentration and the maximum
possible packing volume fraction on the viscosity of suspensions have been
proposed [41]. The suspension will eventually “jam” with all particles hav-
ing a continuous contact and flow will stop, causing the viscosity to rise
towards infinity. The volume fraction at which the suspension “jam” is the
maximum possible packing volume fraction. Equations 2.7-2.11 presents
models for viscosity of suspensions based on maximum packing fraction of
particles [66-70]:

iy = (1 - %m)—zmm 2.7)

iy = (1 - %m)_z 2.8)

e =1+250 (1 - %m)_l +0.1 (%m)z (1 - %m)_z (2.10)
. (211)

Ww=—————-7
(1 - d/pm)>

where ¢ is the maximum possible packing volume fraction and is depen-
dent on the packing-type, particle size distribution, and particle shape [41].

The maximum packing fraction for random close packing is 0.637. As pre-



20 Chapter 2. Literature Review

viously mentioned, a wide particle size distribution increases the maximum
packing fraction. Non-spherical particles will decrease the maximum pack-

ing fraction due to inadequate space-filling abilities.

2.3.3 Viscoelasticity

Viscoelastic materials simultaneously have both viscous and elastic prop-
erties [41]. Elastic materials have the capacity to store mechanical energy
without dissipation, while viscous materials dissipate energy without stor-
ing it. Viscoelastic materials can therefore both dissipate and store mechan-
ical energy. If the material is subjected to oscillation strain, storage and
loss modulus as a function of angular frequency can be found. The storage
(elastic) modulus represents the energy stored in the material and the loss

(viscous) modulus represents the energy dissipated in the material.

The elastic properties of viscoelastic suspensions have been studied in differ-
ent fluids. Aral and Kaylon [71] found that the storage modulus increased
with increasing volume fraction up to 0.6 for a non-Newtonian silicone oil
with hollow glass beads with a diameter of 12 um. When the volume frac-
tion was higher than ~0.3 at low angular frequencies, there was a significant
increase in storage modulus. For volume fractions higher than ~0.5 both
the storage and loss modulus reached a plateau at low angular frequencies,
suggesting increased relaxation times for the elastic effects to decay and de-
velopment of yield stress with increasing volume fractions. Other studies
have reported the increase in storage modulus with increasing volume frac-
tions with particles ranging from 4 to 80 um in diameter [72,73]. However,
the reported increase differs and is hard to predict, due to the complex nature

of fluids with and without suspensions.

2.3.4 Anode Paste, Binder Matrix and Pitch

Hulse [9] studied the rheological properties of anode paste and hypothezised
that the pitch-aggregate mixture was granulo-viscoelastic and dependent on
temperature. At high temperatures, the paste is mainly viscous. When the
temperature decreases, the paste becomes more stiff and elastic. At low

temperatures and high elastic behavior, the shape of the paste remains the
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same before and after load. The anode paste is also susceptible to shear rate
or frequency. The rheological properties of the anode paste are important
during paste processing and especially during mixing and compaction. As
mentioned previously, the shear rate is a major factor determining the vis-
cosity of a material and depending on the mixer used in the paste plant the
average shear rate can range from up to 80 1/s for a sigma blade to up to
1000 1/s for a kneader [9]. Vidvei et al. [27] found that the viscosity of
an anode paste reaches a minimum when increasing the dispersity of fine
particles to approximately 60 % below 75 pm. The viscosity minimum at
~60 % nearly corresponds to the density maximum for vibro-compacted
paste. Increasing the total fine particle content increased the minimum vis-

cosity.

Binder matrix is the deformable phase in the anode paste, surrounding
coarse coke particles. Gildebrandt et al. [74,75], Kravtsova et al. [76] and
Vershinina et al. [77] studied the influence of temperature, fine coke particle
size and fine coke particle content on the viscosity of binder matrix. The
viscosity of the binder matrix increases with both decreasing temperatures
as the viscosity of the viscous medium (pitch) increases, and decreasing
particle size. A binder matrix system with fine coke particles smaller than
74 um had a low increase in viscosity with increasing particle content up
to 50 wt. % and a significant increase when the particle content exceeded
50 wt. %. Hulse [9] and Kravtsova et al. [76] suggest that this effect is de-
pendent on particle interaction, number of particle contact points, and the
pitch layer thickness on the particle surface. Figure 2.7 shows the differ-
ence between a loose configuration with lubricated contacts at low particle
concentration and a closed configuration with direct inter-particle contact
at high concentration [9]. The number of particle contact points increases
with decreasing fine coke particle size and the pitch layer thickness de-
creases. Thus, particles interact through friction at high concentration while
the interaction is hydrodynamic at low concentration, with the former in-

crementing the strength of the pitch-coke system [76].

Both elastic and viscous behavior contribute to the deformation and com-

paction of the anode paste [9]. Elasticity and viscosity of the anode paste
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Figure 2.7: Illustration of the anode structure [9].

increase with decreasing fine coke particle size and increasing fine coke par-
ticle content as the area of the particle surface increase due to the increase
of phase volume (space taken by particles) [9]. The viscous component of
the paste will increase as the viscosity decrease. Increased temperature and
pitch content contribute to decreasing the viscosity. The elastic component
increase with increasing coke concentration and fineness of particles. A
balance between the two components should be obtained for optimal paste

rheology during mixing and compaction.

Mollaabbasi et al. [11] studied the rheological properties of pitch and binder
matrix with different concentrations of fine coke particles up to the indus-
trial concentration of 60 wt. % as an extension of previous work on pitch and
binder matrix with
15 wt. % [10]. Three temperatures were used: 166 °C, 178 °C and

190 °C. Calcined petroleum coke and coal tar pitch with densities of

fine coke particle concentrations up to

2.057 g/em3 and 1.31 g/em3, respectively, were used to produce twelve

binder matrix samples. Table 2.3 shows the fine particle size distribution

Table 2.3: Size distribution of fine particles, adapted from Mollabbasi et al. [10].

-150+106
11.5

-106+75
15.6

-75+53
18.7

-53+38
14.6

-38
36.5

Size range (um) +150
wt. % 3.1
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with a Blaine number of 4000 cmz/g. The Blaine number (BN) is an indica-
tion of specific surface area in the industry and determines the fineness of
coke particles. A Discovery Hybrid Rheometer (DHR-3) with two 20 mm
Peltier parallel plates with a gap thickness of 1000 pm was used to perform
rotational and oscillation tests. Only samples with up to 35 wt. % were
tested rotationally due to the limitation of this method testing suspensions

with high concentrations. Oscillation testing was performed on all samples.

The power law model (Equation 2.2) was used to correlate the results from
rotational testing to the rheological behavior of pitch and binder matrix and
Table 2.4 shows the consistency and power index for concentrations of fine
particles up to 35 wt. % at the three temperatures [11]. The power index of
pitch is close to unity for all the tested temperatures, revealing that pitch is a
Newtonian fluid in this temperature and shear rate range. The power index
generally decreases with increasing concentration for all temperatures and
increases with increasing temperature for most concentrations. These results
show shear-thinning behavior and can also be seen in Figure 2.8 that shows
shear stress as a function of shear rate at the three temperatures. The shear
stress increases with decreasing temperature, meaning that the viscosity of

the binder matrix decreases with increasing temperature.

Table 2.4: Consistency and power index for pitch and binder matrix from the
power law at three temperatures, adapted from Mollabbasi et al. [11].

Conc. (wt. %) 0 5 10 15 20 25 30 35

166 °C
n (-) 1.00 093 093 091 090 090 090 0.87
k (Pa-s™) 7.27 12.64 14.68 19.76 19.88 25.97 31.44 66.66
178 °C
n(-) 1.00 094 094 092 092 091 090 0.89
k (Pa-s™) 255 496 6.09 699 7.59 10.24 12.62 18.80
190 °C
n (-) 1.00 096 094 093 093 092 091 0.90

Kk (Pa-s™) 131 244 327 351 357 517 629 9.67
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Figure 2.9 shows the storage modulus as a function of angular frequency
for binder matrix with all concentrations of fine particles for three different
temperatures [11]. The elastic properties of the binder matrix increase with
increasing particle concentration and decreasing temperature for all particle

concentrations.

The loss modulus as a function of angular frequency is shown in Figure 2.10
with all concentrations of fine particles at three different temperatures [11].
The viscous properties of the binder matrix increase with increasing particle
concentration and decreasing temperature for all particle concentrations.
Both storage and loss modulus results collaborate that binder matrix is visco-
elastic and that the viscous and elastic components increase with increasing

concentration of fine particles.
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Chapter 3

Method

3.1 Materials

3.1.1 Silicone Oil and Coke Particles

One sample of silicone oil and three samples of silicone oil with fine coke
particles were prepared prior to project initiation. The first sample was pure
silicone oil with no addition of fine coke particles. The other three samples
had additions of 5 %, 10 % and 15 % fine coke particles. All four samples

were stored in plastic containers with a closed lid.

3.1.2 Xanthan Solution

Ten samples of Xanthan solution between 100 and 10000 ppm were prepared
at room temperature. Xanthan gum powder was weighted according to the
concentration and added to a glass cylinder. The powder was dissolved in
4-6 drops of glycerine to speed up the mixing process. Distilled water was
added to the sample for a total weight of 40 g. Samples with a concentration
of up to 3000 ppm were stirred by a magnetic stirrer for 15-30 minutes. Due
to the limited reach of the magnetic stirrer in more concentrated and viscous
samples, samples from 5000 ppm up to 10000 ppm were manually stirred
until all agglomerated powder flocs were visibly dissolved. To allow bubbles

generated from stirring to dissipate, the samples were rested between 90 and

29



30 Chapter 3. Method

120 minutes under a cover.

3.1.3 Carbopol Gel

Four samples of Carbopol (polyacrylic acid) gel from a Carbomer 940 was
prepared at room temperature, two samples in the low concentration range
with 0.2 % and 0.3 % and two samples in the high concentration range with
1.6 % and 2.5 %. Carbopol powder was sieved and weighted in a glass
cylinder before distilled water was added to a total weight of 40 g. The low
concentration samples were mixed with a magnetic stirrer, while the two
high concentration samples were mixed manually until all agglomerated
powder flocs were visibly dissolved. All samples rested under cover for

approximately 30 minutes for bubbles to dissipate.

3.14 PEO

Five samples of 9-10° g/mol PEO (polyethylene oxide) was prepared at room
temperature with concentrations from 3 % to 7.4 %. Due to long stirring
times, a larger 7.4 % sample was prepared by weighing PEO powder in a
glass cylinder, adding distilled water to a total weight of 80 g and stirring
manually until all agglomerated powder flocs were visibly dissolved. The
other four samples of lower concentration were made by diluting the 7.4 %
sample with distilled water. All samples were stirred by a magnetic stirrer
and rested for 90-120 minutes under a cover for bubbles to dissipate. Figure

3.1 shows a glass cylinder with the 7.4 % sample.

3.2 Rheological Measurement

The rheological properties of fluid models were characterized by a Discovery
Hybrid Rheometer (DHR-3) that can be seen in Figure 3.2. TA Instruments
TRIOS was the instrument control software used. To calibrate the rheometer,
instrument inertia was determined and accepted in the range from 20.5 to
21.5 uNms? and no more than a 10 % difference from the original inertia
value. A 20 mm Peltier parallel plate geometry was used and calibrated

by determining the geometry inertia and bearing friction correction. The
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temperature was set to 25 °C, and the gap thickness was set to 1000 um for

all measurements.

Figure 3.1: Glass cylinder with PEO solution.

Figure 3.2: Discovery Hybrid Rheometer (DHR-3) with a 20 mm Peltier parallel
plate geometry lowered to a 1000 pum gap thickness.
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Rotational testing (flow sweep) was used to measure the viscosity and shear
stress as a function of shear rate for all fluid models. The shear rates used
ranged from 0.5 to 100 1/s. Oscillation testing (frequency sweep) was used
to measure the viscoelastic properties, namely the storage and loss modulus
as a function of angular frequency for Xanthan solution, Carbopol gel and
PEO solution. The constant strain amplitude for Carbopol was set to 1 %
based on previous experience working on Carbopol. Amplitude sweeps
were performed at the highest concentrations of Xanthan solution and PEO

solution at a constant angular frequency of 1 rad/s.
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Results

4,1 Fluid Models

4.1.1 Silicone Oil and Coke Particles

The shear stress (T) of silicone oil and silicone oil with three different concen-
trations of fine coke particles (5, 10 and 15 %) as a function of shear rate (y)
from rotational testing is presented in Figure 4.1. There is linear relationship
between the shear stress and shear rate for all samples, demonstrating a
Newtonian behavior. This assessment is supported by the nearly constant
viscosity for all four samples, as seen in Figure 4.2. The viscosity of silicone
oil with 0, 5, 10 and 15 % fine coke particles were approximately 2.72, 2.87,
2.97 and 3.01 Pa-s, respectively. No apparent yield stress was detected for
any sample. The shear stress and the viscosity increase with increasing fine
particle content. The power and consistency index from curve fitting of

the power law (Equation 2.2) are presented in Table 4.1. The power index

Table 4.1: Power index and consistency index from curve fitting of the power law
(Equation 2.2) for four different concentrations of fine coke particles in silicone oil.

Conc. (%) 0 5 10 15
n(-) 1 1 1 1
k (Pa-s™) 2.75 291 3.01 3.05

33
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is equal to unity for all samples, and the consistency index increase with

increasing fine particle content as expected from the previous results.
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Figure 4.1: Shear stress of silicone oil with four different concentrations of fine
coke particles as a function of shear rate (0 % (e), 5 % (m), 10 % (a) and 15 % (¥)).
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Figure 4.2: Viscosity of silicone oil with four different concentrations of fine coke
particles as a function of shear rate (0 % (e), 5 % (), 10 % (A) and 15 % ()).



4.1. Fluid Models 35

4.1.2 Xanthan Solution

The shear stress of ten different concentrations ranging from 100 to 10000
ppm of Xanthan solution as a function of shear rate from rotational testing
is presented in Figure 4.3. Due to very low viscosities and resulting erratic
measurements at low shear rates for solutions with a small concentration of
Xanthan (100, 200, 500, 800 and 1000 ppm), results from ~0.5 to ~16 1/s are
discarded in analyzing and interpretation. The relationship between shear
stress and shear rate is not completely linear for the low concentrations,
suggesting a shear-thinning effect. The low viscosities are in the range
between 1072 and 1072 Pa-s (see Appendix A.1). From the figure, it is evident

that there is little to no yield stress for low concentrations.

For solutions with higher concentrations of Xanthan (3000, 5000, 6000, 8000
and 10000 ppm) the linear relationship between shear stress and shear rate is
less pronounced, and the shear-thinning effect is increasingly present. It also
appears to be yield stress before shear onset at 0.5 1/s that increases with
increasing viscosities and concentrations in the high concentration range.
The viscosity (i) of the higher concentrations of Xanthan as a function of
shear rate is shown in Figure 4.4. The initial viscosity of 3000 ppm solution is
~4.7 Pa-s and increase towards ~26.9 Pa-s for the 10000 ppm solution. Due
to shear-thinning, the viscosities drop to the 1072-10"! Pa-s range for all
solutions as the shear rate increases to 100 1/s. Table 4.2 shows the power
and consistency index from curve fitting of the power law (Equation 2.2).
The power index is lower than unity for all concentrations and generally
decreasing with increasing concentration. The shear-thinning effect also
increases with increasing concentration, accordingly. The consistency index

increase with increasing concentration.

Table 4.2: Power index and consistency index from curve fitting of the power law
(Equation 2.2) for ten different concentrations of Xanthan solution.

Conc. (ppm) 100 200 500 800 1000 3000 5000 6000 8000 10000

n (-) 082 074 0.55 047 044 0.18 0.13 0.10 0.10 0.12
k (Pa-s™) 0.0064 0.013 0.082 0.16 0.20 2.93 6.42 8.29 11.84 16.02
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Figure 4.3: Shear stress of ten different concentrations of Xanthan solution as a
function of shear rate (100 ppm (e), 200 ppm (=), 500 ppm (a) and 800 ppm (),
1000 ppm (), 3000 ppm (), 5000 ppm (), 6000 ppm (<), 8000 ppm () and 10000
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The set strain amplitude (yg) for oscillation testing of Xanthan solution was
not known prior to testing. An amplitude sweep was therefore performed
on the sample with the highest concentration of Xanthan (10000 ppm) at a
set angular frequency (w) of 1 rad/s. Figure 4.5 shows the storage (elastic)
modulus (G’) and the loss (viscous) modulus (G”) as a function of strain
amplitude. The storage modulus has a linear profile up to a strain amplitude
of approximately 15 % and a decreasing pattern above that value. The loss
modulus has a linear behavior up to approximately 30 % and an increasing
pattern above that value. A strain amplitude of 28 % was used in the

following oscillation testing.

Figure 4.6 shows the storage modulus of Xanthan solution as a function of
angular frequency. The storage modulus is similar for all the lower concen-
trations in the 100-1000 ppm range of Xanthan solution and has an increase
with increasing angular frequency above ~10 rad/s. For the higher con-
centrations in the 3000-10000 ppm range of Xanthan solution, the storage
modulus increases with both increasing concentration and increasing angu-

lar frequency.
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Figure 4.5: Storage modulus () and loss modulus (e) of 10000 ppm Xanthan
solution as a function of strain amplitude at angular frequency = 1 rad/s.
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Figure 4.6: Storage modulus of ten different concentrations of Xanthan solution as
a function of angular frequency (100 ppm (e), 200 ppm (=), 500 ppm (4) and 800
ppm (5%), 1000 ppm (v), 3000 ppm (), 5000 ppm (¢), 6000 ppm (<), 8000 ppm ()
and 10000 ppm (+)).

Figure 4.7 shows the loss modulus as a function of angular frequency. The
loss modulus is similar for the lower concentrations, but does not have the
increasing behavior with increasing angular frequency as with the storage
modulus and stays close to zero. For the higher concentrations, the loss
modulus increases with both increasing concentration and increasing angu-
lar frequency. The loss modulus is however generally lower than the storage

modulus for all concentrations and over the entire angular frequency range.
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Figure 4.7: Loss modulus of ten different concentrations of Xanthan solution as a
function of angular frequency (100 ppm (e), 200 ppm (), 500 ppm (a) and 800
ppm (%), 1000 ppm (v), 3000 ppm (), 5000 ppm (¢), 6000 ppm (<), 8000 ppm ()
and 10000 ppm (+)).

4.1.3 Carbopol Gel

The shear stress of four different concentrations of Carbopol gel, two con-
centrations in a low range (0.2 % and 0.3 %) and two in a high range
(1.6 % and 2.5 %), as a function of shear rate from rotational testing, is
presented in Figure 4.8. There is significant shear-thinning behavior in both
the high Carbopol gel concentrations. The low concentrations have some
deviation from linear behavior but much less than for the high concentra-
tions. There is little to no yield stress for the low concentrations. The high
concentrations appear to have a yield stress of approximately 20 Pa for the
1.6 % sample and 60 Pa for the 2.5 % sample. The measured viscosities of
the low concentrations are similar and remain in the 1073 Pa-s range (see Ap-
pendix A.2). Figure 4.9 shows the viscosity of the high concentrations as a
function of shear rate. The initial viscosity of the 1.6 % sample is ~44 Pa-s and

~129 Pa-s for the 2.5 % sample, both decreasing rapidly towards the 10! Pa-s
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Figure 4.8: Shear stress of four different concentrations of Carbopol gel as a
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140 ——rr—r |
,| —h—1.6 %
120 B —te— D 5 0% | -
= 100 -
2+
A
< 80 -
.
B
B 60 -
Qo
(]
3
240 1
20 -
0 ' 2 3 a0 ' » » » M 2 3 &
10° 10" 102

Shear rate 4 [1/s]

Figure 4.9: Viscosity of two high concentrations of Carbopol gel as a function of
shear rate (1.6 % (a) and 2.5 % ()).
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range with increasing shear rate due to shear-thinning. Table 4.3 shows the
power index and consistency index from curve fitting of the power law
(Equation 2.2). Due to the low viscosities of the low concentrations and
resulting erratic measurements at low shear rates, the results from ~0.5 to
~6.3 rad/s are discarded in analyzing and interpretation. The power index
of 0.2 % Carbopol is close but slightly lower than unity. When the concen-
tration increases to 0.3 % Carbopol, the power index decreases dramatically
to 0.91. The power index is very low at 0.17 and 0.10 for 1.6 % and 2.5 %
Carbopol, respectively. The consistency index for the low concentrations are
in the 10 Pa-s range and increase significantly to 21.64 and 63.87 for 1.6 %
and 2.5 % Carbopol, respectively.

The strain amplitude of the oscillation testing of Carbopol gel was set to
1 %. Figure 4.10 shows the storage modulus of Carbopol gel as a function
of angular frequency. The storage modulus of both lower concentrations
remains close to zero before it starts to increase with an increasing angular
frequency above ~10 rad/s. The 0.2 % Carbopol reaches a maximum of
~15 Pa at 100 rad/s while the 0.3 % Carbopol have a more rapid increase,
reaching ~95 Pa at 100 rad/s. Initial storage modulus for 1.6 % and 2.5 %
Carbopol are ~112 Pa and ~398 Pa, increasing towards ~240 Pa and ~472 Pa
at 100 rad/s, respectively.

Figure 4.11 shows the loss modulus of Carbopol gel as a function of angular
frequency. The loss modulus for the lowest concentrations is closely above
zero for some low angular frequencies. The 1.6 % Carbopolhas a positive loss
modulus below approximately 67 rad/s and stay positive for the full angular
frequency range for the 2.5 % Carbopol. However, the loss modulus of the
2.5 % Carbopol appears to be approaching zero with an angular frequency

above 100 rad/s. The values are fluctuating at low frequencies, especially for

Table 4.3: Power index and consistency index from curve fitting of the power law
(Equation 2.2) for four different concentrations of Carbopol gel.

Conc. (%) 0.2 0.3 1.6 2.5

n () 0.99 0.91 0.17 0.10
k (Pa-s") 0.002 0.006 21.64 63.87
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the 2.5 % Carbopol. The loss modulus for the 1.6 % and 2.5 % Carbopol at
40 rad/s are ~4.65 Pa and ~14.70 Pa, respectively.

4.1.4 Polyethylene Oxide (PEO) Solution

The shear stress of five different concentrations of Polyethylene Oxide (PEO)
solution as a function of shear rate from rotational testing is presented in Fig-
ure 4.12. There is some shear-thinning behavior at the lowest concentration
of 3 %. The shear-thinning behavior increases with increasing concentration.
Yield stress appears to be present for all concentrations as the shear stress
at 0.5 1/s and increase with increasing PEO concentration from ~0.28 Pa for
the 0.3 % solution up to ~27.7 Pa for the 7 % solution. Figure 4.13 shows
the viscosity of the five different concentrations of PEO solution as a func-
tion of shear rate. The initial viscosities of the four lowest concentrations
increase from ~0.55 Pa-s to ~17.6 Pa-s before it has a significant increase to
~55.5 Pa-s for the 7.4 % solution. The viscosities of the 7.4 % drop to ~6.3 Pa-s

at 100 1/s and the viscosities of the lower concentrations at 100 1/s decreases
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Figure 4.12: Shear stress of five different concentrations of PEO solution as a
function of shear rate (3 % (e), 4 % (®), 5 % (A), 6 % () and 7.4 % (V)).
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Figure 4.13: Viscosity of five different concentrations of PEO solution as a function
of shear rate (3 % (e), 4 % (m), 5 % (4), 6 % (F%) and 7.4 % (V)).

with decreasing concentration towards ~0.40 Pa-s for the 0.3 % solution. Ta-
ble 4.4 shows the power index and consistency index from curve fitting of
the power law (Equation 2.2). All power indices are lower than unity and
decrease with increasing concentration of PEO, from 0.75 for the 3 % solution
to 0.50 for the 7.4 % solution. The consistency indices are increasing with
increasing concentration from 1.75 for the 3 % solution to 85.51 for the 7.4 %

solution.

The set strain amplitude for oscillation testing of PEO solution was not
known prior to testing. An amplitude sweep was performed on the 7.4 %

solution at a set angular frequency of 1 rad/s. Figure 4.14 shows the storage

Table 4.4: Power index and consistency index from curve fitting of the power law
(Equation 2.2) for five different concentrations of PEO solution.

Conc. (%) 3 4 5 6 74

n () 0.75 0.67 0.62 0.58 0.50
k (Pa-sn) 1.75 7.56 17.49 31.22 85.51
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Figure 4.14: Storage modulus (=) and loss modulus (e) of 7.4 % PEO solution as a
function of strain amplitude at angular frequency = 1 rad/s.

and loss modulus as a function of strain amplitude. The storage modulus
has a linear pattern up to approximately 15 % strain amplitude and a slightly
decreasing behavior above that value. The loss modulus behaves linearly up
to approximately 40 % strain amplitude and has similar decreasing behavior
to the storage modulus above that value. The strain amplitude was set to

15 % in the following oscillation tests.

Figure 4.15 shows the storage modulus of PEO solution as a function of
angular frequency. The initial storage modulus values at 0.5 rad/s start at
~0.012 Pa for the 3 % solution and increase with increasing concentration
up to ~9.58 Pa for the 7.4 % solution. All concentrations have increased
storage modulus with increasing angular frequency with a maximum, in-
creasing with increasing concentration from ~33.87 Pa for the 3 % solution to
~555.28 Pa for the 7.4 % solution at 100 rad/s.

The loss modulus of PEO solution as a function of angular frequency is
shown in Figure 4.16. The loss modulus is generally lower than the storage

modulus for all concentrations. The initial values of the loss modulus at
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0.5 rad/s are ~0.30 Pa for the 3 % solution and increasing with increas-
ing concentrations towards ~28.0 Pa for the 7.4 % solution. All concen-
trations have increasing loss modulus with increasing angular frequency.
The maximum values at 100 rad/s range with increasing concentration from
~19.15 Pa for the 3 % solution to ~351.71 Pa for the 7.4 % solution.






Chapter 5

Discussion

5.1 Fluid Models

5.1.1 Silicone Oil and Coke Particles

Figure 4.1 shows the shear stress (T) as a function of shear rate (y) for silicone
oil and silicone oil with coke particles. When compared to the shear stress
of pitch and binder matrix from Figure 2.8 it can be seen that the shear
stress of silicone oil is similar to the shear stress of pitch at 178 °C, which
is the industrial processing temperature. The shear stress of silicone oil and
pitch are approximately 250 Pa at 100 1/s. When fine coke particles are
added, the shear stress increases with increasing particle concentration for
both fluids, but more rapidly for the pitch system. At 15 % particles, the
shear stress is approximately 500 Pa for the binder matrix and 300 Pa for the
silicone oil system at 100 1/s. Addition of fine coke particles in the range 5 to
15 % therefore have a more significant impact on the shear stress for pitch
and binder matrix than for silicone oil at 178 °C up to 100 1/s. The shear
stress of pitch and binder matrix at 166 °C is much higher ranging from
~700 Pa for pitch to ~1300 Pa for binder matrix with 15 % particles than the
shear stress of the silicone oil system. At 190 °C, the shear stress of pitch
and binder matrix is lower with approximately 250 Pa as the maximum for

15 % particles.

49
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The power and consistency index of silicone oil and silicone oil with coke
particles are shown in Table 4.1. The power index is equal to unity for all
samples, demonstrating a nearly Newtonian behavior in the shear rate range
0 to 100 1/s. Pitch have a power index of unity at all temperatures, which
decreases with increasing concentration of added coke particles in the shear
rate range 0 to 200 1/s. This can be seen in Table 2.4 showing power index
and consistency index of pitch and binder matrix at 166 °C, 178 °C and
190 °C. As the power index of pitch and binder matrix is derived from a
higher shear rate range, it is possible that it would be closer to unity if derived
from the same shear rate range as the silicone oil system. Regardless, binder
matrix with 5 to 15 % coke particles have an obvious shear-thinning behav-
ior at all temperatures. The consistency index of silicone oil and pitch at
178 °C is 2.75 Pa-s"™ and 2.55 Pa-s", respectively. When coke particles are
added to silicone oil, the consistency index increases with increasing con-
centration up to 3.05 Pa-s™ for the 15 % sample, which is much lower than
that of 6.99 Pa-s" for the 15 % binder matrix. The consistency index of pitch
and binder matrix at 166 °is much higher with the minimum of 7.27 Pa-s"
for pitch. At 190 °C, the consistency index is more similar to the silicone
oil system ranging from 1.31 Pa-s" to 3.51 Pa-s" compared to 2.75 Pa-s" to
3.05 Pa-s".

Pure silicone oil may be used as a fluid model for pitch at 178 °C as the shear
stress, power index and consistency index are similar. No apparent yield
stress was detected in the silicone oil samples as with pitch and binder ma-
trix. The transparency of silicone oil can also be utilized for visualization of
particle movement. Silicone oil with coke particles had a similar consistency
index as the binder matrix at 190 °C, but the other rheological properties did

not coincide with that of binder matrix at any temperature.

5.1.2 Xanthan Solution

The shear stress as a function of shear rate of ten different concentrations of
Xanthan solution is shown in Figure 4.3. Compared to the shear stress of
pitch and binder matrix at all temperatures, the shear stress is much lower

for all concentrations of Xanthan solution at 100 1/s. The highest shear stress
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is just above 25 Pa for 10000 ppm Xanthan solution, and the lowest shear
stress is approximately 100 Pa for pitch at 190 °C, which increases with
increasing additions of coke particles and decreasing temperature. It can
be expected that the shear stress of binder matrix with increasing fine coke
particles up to 60 wt. % would continue to increase based on the results
up to 35 wt. %. Xanthan solution of concentrations ranging from 3000 to
10000 ppm also have an apparent yield stress, which is not detected in any

of the pitch and binder matrix measurements.

Table 4.2 shows the power and consistency index of Xanthan solution. The
shear-thinning behavior is very pronounced at the lowest concentration of
100 ppm with a power index of 0.82 and increases to a power index of 0.12
for 10000 ppm. The lowest power index found for pitch and binder matrix
was 0.87 for 35 wt. % at 166 °C. Even if the power index can be expected to
drop with increasing coke particle content up to 60 wt. %, the range of the
power index for Xanthan solution is much lower than the existing values.
The consistency index for the low range of Xanthan solution (100-1000 ppm)
are all below zero. Itincreases from 2.93 Pa-s" for 3000 ppm to 16.02 Pa-s" for
10000 ppm and is comparable to the consistency index of pitch and binder
matrix. However, the associated power index at the same concentration is

much lower than what is the case for pitch and binder matrix.

The storage modulus (G’) and loss modulus (G”) of Xanthan solution as a
function of angular frequency (w) are shown in Figure 4.6 and Figure 4.7,
respectively. When comparing to the storage modulus and loss modulus
for pitch and binder matrix (Figure 2.9 and Figure 2.10, respectively), it
is evident that both elastic and viscous properties of Xanthan solution are
much lower than that of pitch and binder matrix at all concentration of coke
particles and temperatures. The storage modulus of Xanthan solution is also
higher than the loss modulus for Xanthan solution, while the opposite is true
for pitch and binder matrix. As can be seen from Figure 4.5, the constant
plateau of the storage modulus indicating the linear viscoelastic region is
up to approximately 15 %. The strain amplitude (y() used for the following
oscillation tests was set to 28 % based on the constant plateau of the loss

modulus up to approximately 30 %. The results from the oscillation tests of
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Xanthan solution may therefore be invalid due to the possible irreversible
change or even destruction of the structure related to strain amplitudes

exceeding the linear viscoelastic region [78].

None of the concentrations of Xanthan solution had overall similar rheo-
logical properties as pitch and binder matrix in the reviewed concentration
range. Xanthan solution has a semi-transparent nature, but the order of
property discrepancy is too great. The shear stress, power index, consis-
tency index, elastic modulus and viscous modulus of Xanthan solution was
much lower than that of pitch and binder matrix for the entire concentration

range in addition to the presence of an apparent yield stress.

5.1.3 Carbopol Gel

Figure 4.8 shows shear stress as a function of shear rate for four different
concentrations of Carbopol gel. The shear stress of the two lowest concen-
trations (0.2 % and 0.3 %) is very low while it is slightly higher for the two
highest concentrations (1.6 % and 2.5 %). However, when comparing to the
shear stress of pitch and binder matrix at all concentrations of coke particles
and temperatures, the shear rate of the highest concentrations of Carbopol
gel is much lower in the shear rate range from 0.5 to 100 1/s. An apparent
yield stress was also detected for the two highest concentrations of Carbopol

gel, which is not present for pitch and binder matrix.

The power index of the 0.2 % and the 0.3 % samples from Table 4.3 are
similar to some of the pitch and binder matrix power indices, indicating a
shear-thinning behavior. The consistency index is still as low as 0.002 and
0.006, which is much lower than that of binder matrix in the same power
index range. For 1.6 % and 2.5 % samples, the consistency index is higher
with 21.64 Pa-s™ and 63.87 Pa-s", which is close to the consistency index of
binder matrix at 166 °C with 20-35 wt. % coke particles. The power index
is however 0.17 and 0.10, and much lower than that of 0.90 to 0.87 of binder

matrix from 20 to 35 wt. % coke particles.

Storage modulus as a function of angular frequency of Carbopol gel is shown

in Figure 4.10. The Carbopol samples with a concentration of 0.2 % and
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0.3 % both have an initial storage modulus close to zero. The initial stor-
age modulus of pitch and binder matrix is also close to zero for almost
all concentrations of coke particles and temperatures. The 0.2 % Carbopol
sample has a lower increase with increasing angular frequency towards
100 rad/s than pitch and binder matrix. The 0.3 % Carbopol increases to
almost 100 Pa at 100 rad/s, which is close to the value of binder matrix with
high concentrations of coke particles up to 60 wt. % at all temperatures.
For the 1.6 % and 2.5 % Carbopol samples, the initial storage modulus is
~100 Pa and ~400 Pa, respectively, and much higher than that of pitch and
binder matrix. At 100 rad/s the storage modulus is higher than all pitch and
binder matrix at all temperatures, except for the binder matrix with 60 wt. %
coke particles at 166 °C. The loss modulus as a function of angular frequency
of Carbopol gel is shown in Figure 4.11 and it is evident that the results are
erroneous as the loss modulus is negative or approaches negative values
with increasing angular frequency for all concentrations. Possible explana-
tions include the use of strain amplitude exceeding the linear viscoelastic
region and a resulting structure alteration or destruction, thus producing
incorrect values. Due to the erroneous loss modulus, all results from the
oscillation testing of Carbopol gel, including storage modulus, could also be

incorrect.

Shear rate, power index, consistency index, and yield stress presence of Car-
bopol gel did not match those of pitch and binder matrix. Carbopol gel is
semi-transparent with decreasing transparency with increasing concentra-
tion. The elastic properties (storage modulus) of Carbopol gel were some-
what similar to the elastic properties of pitch and binder matrix. However,
the loss modulus values of Carbopol gel question the validity of the storage
modulus values obtained and makes viscoelastic comparison to pitch and

binder matrix difficult.

5.1.4 Polyethylene Oxide (PEO) Solution

Figure 4.12 shows the shear stress as a function of shear rate for five different
concentrations of PEO solution. The shear stress of pitch and binder matrix

at 166 °C reaches values from approximately 700 Pa for pitch to 2750 Pa
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for binder matrix with 35 wt. % coke particles at 100 1/s. PEO solution of
7.4 % approaches a shear stress of ~650 Pa at 100 1/s. This is the highest
value, which is even lower than the lowest shear stress value measured at
166 °C for pitch and binder matrix. The 3 % solution has a shear stress of
approximately 30 Pa at 100 1/s. At 178 °C, the shear stress at 100 1/s of pitch
and binder matrix increase with increasing coke particle concentration from
~250 Pa (pitch) up to ~1200 Pa (35 wt. %), suggesting that the lower concen-
trations of coke particles have similar shear stress as the PEO solutions. The
35wt. % binder matrix approaches ~700 Pa at 100 1/s as the highest at 190 °C,
while pitch and binder matrix of lower concentration of fine coke particles
have lower shear stress, thus remaining in the shear stress range of PEO
solutions. There is a low apparent yield stress, increasing with increasing

concentration of PEQO.

The power and consistency index of PEO solution are shown in Table 4.4. All
concentrations show shear-thinning behavior with the power index starting
at 0.75 for 3 %, decreasing towards 0.50 for 7.4 %. Pitch and binder matrix
up to 35 wt. % all have a higher power index at all temperatures, but if the
trend of decreasing power index with increasing coke particle concentration
continues, it is possible that the power index of the binder matrix highest
concentrations of coke particles will be in the range of PEO solution power
indices. The consistency index of PEO solution from 3 % to 6 % are all
within the range of pitch and binder matrix at all temperatures, while the
7 % solution has a consistency index of 85.51 Pa-s", exceeding the highest
value of the 35 wt. % binder matrix at 166 °C with 66.66 Pa-s". If it is
also assumed that the consistency index will continue to increase for binder
matrix with increasing coke particle concentration, the 7 % consistency index

may also be in the range of the higher concentrations of coke particles.

Figure 4.15 shows the storage modulus as a function of angular frequency for
five concentrations of PEO solution and Figure 5.1 shows the same datain a
logarithmic scale next to the storage modulus of pitch and binder matrix at
178 °C to visualize the similarities of elastic behavior with concentration and
angular frequency in the two systems. The storage modulus of PEO solutions

increases more rapidly with increasing angular frequency but remains in
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Figure 5.1: Storage modulus as a function of angular frequency of (a) five different

concentrations of PEO solution at 15 % strain amplitude (3 % (o), 4 % (%), 5 % (A),

6 % () and 7.4 % (v)) and (b) pitch and binder matrix with concentrations from 0
wt. % to 60 wt. % fine coke particles.

the same range as the pitch and binder matrix with both higher and lower
values. Pitch and binder matrix at 166 °C and 190 °C have a similar increase
in storage modulus with angular frequency as pitch and binder matrix at
178 °C, but is generally higher at 166 °C and lower at 190 °C. The range of
storage modulus of PEO solutions closely covers the entire range of pitch

and binder matrix at all temperatures.

The loss modulus as a function of angular frequency of five concentrations
of PEO solution is shown in Figure 4.16. Figure 5.2 shows the same data in
a logarithmic scale next to the loss modulus of pitch and binder matrix at
178 °C to compare the viscous behavior of the two systems with concen-
tration and angular frequency. In contrast to the storage modulus, the loss
modulus increases more slowly with increasing angular frequency for the
PEO solutions than for pitch and binder matrix. The initial loss modulus
values are similar, but the loss modulus at 100 rad/s are generally much
lower for PEO solution than for pitch and binder matrix. Loss modulus of
pitch and binder matrix is even higher at 166 °C and has a consequently
higher discrepancy with the loss modulus of PEO solutions. At 190 °C, the
loss modulus of pitch and binder matrix is lower and therefore more similar
to the PEO solutions.

Many rheological parameters of different concentrations of PEO solutions
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Figure 5.2: Loss modulus as a function of angular frequency of (a) five different
concentrations of PEO solution at 15 % strain amplitude (3 % (o), 4 % (%), 5 % (A),
6 % (%) and 7.4 % (v)) and (b) pitch and binder matrix with concentrations from 0

wt. % to 60 wt. % fine coke particles.

are similar to those of pitch and binder matrix. The shear stress resem-
blance increase with increasing temperatures. The power index of PEO
solutions are too low compared to the power index of pitch and binder ma-
trix with coke particle concentration up to 35 wt. %, but can be accurate
for higher concentrations of coke particles if the general trend of increased
shear-thinning behavior with increasing particle concentration continues.
Consistency indices were comparable to the existing pitch and binder ma-
trix measurements, and the consistency index 7.4 % is likely comparable to
binder matrix with increased particle concentration. The viscous component
of pitch and binder matrix is generally higher than the elastic component at
all temperatures and angular frequencies. The same is true for PEO solu-
tions at low angular frequencies, while the elastic component surpasses the
viscous component at increased angular frequencies as the storage modulus
increases more rapidly than the loss modulus. The range of the storage mod-
ulus of PEO solutions nearly covers the storage modulus of pitch and binder
matrix overall, and the loss modulus had similar initial values. At low tem-
peratures and increased angular frequencies, the discrepancies between the
loss modulus of PEO solutions and pitch and binder matrix increased. From
Figure 4.14, it is evident that the linear viscoelastic region does not exceed
15 % strain amplitude, which was used in the oscillation testing. It can there-

fore be assumed that the results from the oscillation testing of PEO solution
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are valid. PEO solution also has a semi-transparent nature and possibility

of visual contrast between particles and fluid.

5.2 Suspension Models

Figure 5.3 shows the viscosity of pitch and binder matrix at 178 °C as a
function of volume fraction from Mollaabbasi et al. [11] at high shear rate
(100 1/s) and low shear rate (1 1/s) with different suspension models. As
suspension models are based on volume fraction, weight fractions from 0
to 35 wt. % from measurements have been translated to volume fractions
from 0 to ~25.5 %. The viscosity of pitch at 178 °C and a volume fraction of
0 is 2.54 Pa-s, independent of shear rate as pitch is a Newtonian fluid [11].
The blue lines represent modifications of Einstein’s equation (Equation 2.5)
with a second-order term to describe inter-particle interaction (Equation 2.6).
Three different values of K have been used: 4.375 (o) [62,63], 14.1 («) [64]
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Figure 5.3: Viscosity of pitch and binder matrix as a function of concentration of
fine particles at high shear rate = 100 1/s (o) and low shear rate =11/s (v) at 178 °C
and different suspension models.
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and 6.2 (%) [65]. The yellow lines represent suspension models relating the
influence particle concentration and maximum packing volume fraction on
viscosity: Equation 2.7 (») [66], Equation 2.8 (») [67], Equation 2.9 (V) [68],
Equation 2.10 (=) [69] and Equation 2.11 (¢) [70]. The maximum packing

volume fraction used was 0.637 for random close packed arrangement [41].

None of the suspension models are able to predict the experimental results
from both low and high shear rates at 178 °C. As the viscosity is lower at
190 °C, the experimental results are closer to those of suspension models,
while the opposite is true for 166 °C [11]. The suspension models including a
maximum packing volume fraction (yellow lines) are closer to experimental
results than suspension models based on Einstein’s equation. Zarraga et al.
[70] with Equation 2.11 (¢) have the model nearest experimental results. The
deviation of the experimental results from the suspension models increases
with increasing volume fraction. Assuming that this trend continues above
35 wt. % up to 60 wt. % the suspension models will never coincide with the

experimental results.

It is evident from comparing experimental results with selected suspension
models that the viscosity of binder matrix depends on other parameters
than only the volume fraction. In addition to shear rate and temperature,
tendency of particles to agglomerate, particle size, particle size distribu-
tion, and deformation operation are among the properties that affect binder
matrix viscosity to some extent [47]. Also, the maximum packing volume
fraction decreases with decreasing particle size distribution. If the particle
size distribution and consequently the maximum packing volume fraction is
lower than assumed in calculations, the suspension models would be closer

to the experimental results.



Chapter 6

Conclusion and Further
Work

The purpose of this work was to investigate different fluid models that have
similar rheological properties of pitch and binder matrix at room tempera-
ture. Silicone o0il was the fluid model most similar to pitch at the industrial
temperature, 178 °C. Additions of fine coke particles did not have the same
effect as on pitch and binder matrix. Changing the added coke particles
to transparent particles with different properties, the rheological properties
may be tuned to coincide with binder matrix while retaining the optical
transparency of silicone oil. Xanthan solution did not show similar rheo-
logical properties at any concentration as pitch and binder matrix. Only the
elastic properties of Carbopol gel matched those of pitch and binder ma-
trix. The validity of elastic and viscous modulus of both Xanthan solution
and Carbopol gel was questioned due to the possibility of strain amplitudes
exceeding the linear viscoelastic region. PEO solution had some similar
rheological properties of pitch and binder matrix. The power index of PEO
solution was too small compared to pitch and binder matrix with coke par-
ticle concentrations up to 35 wt. %. However, if the power index of binder
matrix continues to decrease with increasing coke particle concentration up
to 60 wt. %, PEO solution may be used as a fluid model for high concentra-

tion binder matrix if the other rheological properties remain close to those of
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pitch and binder matrix. PEO solution also had optical semi-transparency.
From comparing the viscosity of binder matrix with suspension models as a
function of volume fraction, it is evident that other parameters than volume
fraction contribute to the determination of rheological properties of binder
matrix. Shear rate, temperature, maximum packing volume fraction, and

other particle parameters are factors that should be considered.

Rotational testing of binder matrix with fine coke particle concentration
exceeding 35 wt. % has not been done due to limitations of the used method
[11]. A complete analysis of the rheological properties of binder matrix up to
the industrial coke particle concentration of ~60 wt. % would contribute to
the understanding of anode paste behavior during compaction and enable
further development of fluid models. The rheological properties of a range
of concentrations from 3 % to 7.4 % PEO solution have been determined but
could be tuned more accurately if the rheological properties of the entire
range of pitch and binder matrix were known. Furthermore, if PEO solution
can be used as a fluid model for binder matrix, it may be possible to use
a high-speed camera to track the movement of coarse coke particles in the
PEO solution, depending on the level of optical transparency. If silicone oil
with added transparent particles could have similar rheological properties
as binder matrix, it could also be used as a fluid model to track coarse particle

movement in.
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Appendix A

Viscosity of Fluid Models

A.1 Xanthan Solution

Table A.1: Viscosity of Xanthan solution of low concentrations (100, 200, 500, 800
and 1000 ppm) with shear stress from 0 to 100 1/s.

Viscosity (Pas)
Conc. (ppm) 100 200 300 400 500
Shear rate (1/s)

0.50 -0.13 -0.054 -0.041 0.074 0.32
0.63 0.15 0,14 0,23 0.34 0,22
0,79 -0.018 -0.033 0.051 0.14 0.20
1,00 0,052 0.070 0,12 0.20 0.16
1,26 -0.019 -0,017 0.038 0.10 0,16
1,58 0.0099 0.0090 0.063 0,12 0.14
1.99 0.0084 0.015 0.055 0.11 0,12
2.31 0,015 0.015 0,057 0.10 0.11
313 0.0027 0,0088 0.041 0.079 0.097
247 0.0056 0.0090 0.040 0.073 0.085
5.00 0.0041 0.0085 0.035 0.064 0.075
6,29 0.0046 0,0080 0.032 0,057 0.065
792 0.0032 0.0064 0.028 0.050 0.057
9.98 0.0040 0.0071 0.026 0.045 0.050
12,56 0.0033 0,0060 0.023 0,039 0.044
15.81 0.0032 0.0057 0.021 0.035 0.03

1991 0.0028 0,0051 0.018 0.030 0.034
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25,06 0,0024 0,0045 0,016 0,026 0,029
3155 0,0022 0,0042 0,014 0,023 0,025
39,72 0.0021 0,00338 0,013 0,020 0,022
50,00 0.0020 0,0036 0,011 0,018 0.019
62,95 0.0019 0,0034 0,010 0,016 0.017
79,24 0.0018 0,0032 0,0092 0,014 0.015
99,76 0.0018 0,0030 0.0085 0,013 0,013
100.00 0.0018 0,0030 0,0085 0,012 0.013

A.2 Carbopol Gel

Table A.2: Viscosity of Carbopol gel of low concentrations (0.2 % and 0.3 %) with
shear stress from 0 to 100 1/s.

Viscosity (Pa's)
Conc. (ppm) 100 200
Shear rate (1/3)
0,50 -0.091 -0.096
0.63 0.043 0.059
0,79 0.0052 -0,000010
1.00 0.00059 0.0095
1,26 -0,010 -0.011
1,58 0.0065 0.0080
1.99 0.0018 0,0042
251 0.0050 0.0078
3,15 -0,0016 0.00094
3,97 0.0017 0,0045
5,00 0.0008 0.0036
6,29 0.0019 0,0047
7,92 0.0016 0.0042
9,98 0.0021 0.0048
12.56 0.0020 0,0045
1581 0.0020 0.0044
19.91 0.0020 0,0043
25.06 0.0019 0.0041
31,55 0.0019 0,0039
39.72 0.0019 0.0038
50.00 0.0019 0,0038
62.95 0.0019 0.0037
70.24 0.0019 0,0036
99.76 0.0019 0.0036
100,00 0.0019 0,0036




