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ABSTRACT 

In industrial mixing applications, mineral slurries with high solids concentrations can 

develop macro networks during rest time and may exhibit yield stress and thixotropic behavior 

where the shear forces are low, causing an inactive surface zone. Nickel laterite slurries are 

empirically found to lie in the extremis of rheological challenges for mineral transport and 

processing applications. In this research, the development of yield stress in Moa Bay nickel 

laterite slurries was analysed by performing rest time experiments at the bench scale in the 

confined impeller stirred tank (CIST) using a torque transducer to continuously measure the 

dynamic response to shear stress. Concentric cylinder and vane rheometry were used to study the 

shear thinning and thixotropic behavior, and to measure the static yield stress. Different factors 

were investigated: the rotational impeller speed, mixing time, rest time, solids concentration, and 

particle size distribution.  

Rest time experiments showed consistently that 5 min of rest time and longer resulted in 

torque responses higher than the baseline level for solids mass fractions between 43 wt% and 53 

wt%. For solids concentrations from 53-60 wt%, the localized or dynamic yield stress developed 

much faster: after 15 s of rest time at 750 rpm, and after 60 s of rest time at 1000 rpm, and above 

60 wt% excess torque was recorded after 30 s of rest time at 1000 rpm. Newtonian behavior was 

observed for solids concentrations below 43 wt% as no torque responses above the baseline were 

observed at all impeller speeds. Solids above 43 wt% displayed shear thinning behavior, 

thixotropic behavior, and a dramatic increase in yield stresses.  

Vane rheometry measurements showed that adding 25 % fine particles in 3 steps (0.85 mm > 

n > 0.045 mm) to slurries prepared from coarse particles (2.36 mm > n > 1.18 mm) dropped the 

peak yield stresses, also the yield stress values of coarse particles were higher over a range of 

solids between 25 wt% and 70 wt%. Meanwhile, rest time experiments revealed that adding fine 

particles extended the time required for dynamic yield stress to develop and reduced the 

magnitude of the non-Newtonian behavior.  
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1. INTRODUCTION 

 The discovery and exploitation of nickel laterite ores have a great impact on economic 

growth and in the twentieth century, the demand for this mineral has significantly increased in 

conjunction with the technological revolution. Nickel laterites formed as residual results of the 

chemical tropical weathering of olivine-rich cumulate rocks are the greatest ore deposits with 

around 73% of worldwide nickel deposits. Nickel is used to alloy iron, chromium, and other 

metals to increase corrosion resistance and increase strength. It is used in many alloys in vehicles, 

aircrafts, carbon steel, batteries, and household appliances (Franke, 2000, Norton, 1973).  

The extraction of nickel is a hydrometallurgical process that includes high-pressure acid 

leaching and solvent extraction-electrowinning. This process involves preparing an aqueous 

solution (slurry) to recover the metal from ores. During the mixing procedure, the behavior of 

nickel laterite slurry can be unpredictable and develop complex rheology, thus, different models 

have been proposed based on rheological experiments. Rheology is a field of study that concerns 

the deformation and fluidity of matter and characterizes the relation between applied forces, 

distortion, and time on the response of the fluid. The deformation of fluid occurs due to the 

internal friction which is caused by an applied force such as mixing, squeezing, pouring, 

shearing, and sometimes under a variation in temperature. The fluid’s resistance to deformation 

defines the viscosity term in the instantaneous and localized equations of motion (Kazemian et 

al.,2012). 

All fluids fall under three categories: Newtonian fluid, time-independent non-Newtonian 

fluid, and time-dependent non-Newtonian fluid. The viscosity of a Newtonian fluid is the ratio of 

force per unit area (F/A or shear stress τ) to its corresponding velocity gradient (shear rate �̇�). It is 

constant at a given temperature. 

μ = τ γ̇⁄  (1.1) 
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The viscosity of non-Newtonian fluid either rises (shear-thickening behavior) or drops 

(shear-thinning behavior) with increasing shear stress. This is because the shear stress does not 

change in the same rate or the same direction as the shear rate varies for a non-Newtonian fluid 

(Kazemian et al., 2012). 

The non-Newtonian behavior of mineral slurries is one of many problematic challenges that 

have to be considered in industrial mixing and mineral processing applications (Mingzhao He, 

2007). One of the significant challenges appears in stirred tanks which are used for slurrying the 

ore prior to being sent to the acid leaching process (Whittington & Muir, 2000, Rice & Strong, 

1974).  

Bittorf and Kresta (2000) showed that the axial velocity, measured using laser Doppler 

velocimetry (LDV) in a baffled bench-scale tank with an axial impeller reaches a point where it 

approaches zero and the flow stops going up. Consequently, the mean circulation is no longer 

active above this point, shown as the inactive zone in Figure 1.1 (Bittorf and Kresta, 2000 and 

Ulrich, 2017). The flow in the inactive zone may be in either the transitional or laminar flow 

regime. The local flow regime is determined by the local Reynolds number which is a function of 

local velocity and length scale (Hof et al., 2003).  

 

Figure 1.1 The inactive surface zone at the 1/3 top of an industrial stirred tank. Figure 

reproduced with permission (Ulrich, 2017). 

When examining a non-Newtonian fluid in megaliter tanks (diameter D ≥ 10 m), the 

networks of fluids are easily broken down around the impeller since the energy dissipation is 

very high. However, in zones far away from the impeller and close to the tank’s surface, the 
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energy dissipation can be up to 100x lower than it is at the impeller (Zhou & Kresta, 1996). 

Studies show that during mixing, fluid tracer particles that land in the surface region take much 

longer to complete a full cycle from their starting point at the impeller to the bulk of the tank and 

then back to the high shear region at the impeller (Kehn, 2015 and Roberts et al., 1995). 

Spending a long time at the surface where the shear force is low causes networks build-up within 

nickel laterite slurries and can lead to the formation of stationary mats on the surface in large 

industrial vessels. 

 Non-Newtonian behaviors are quite difficult to observe under normal pilot and bench-scale 

conditions since the mixing is very active and the circulation time of a fluid particle takes only 3 

to 5 s, in contrast to the case in a mega-liter scale, where the circulation times may increase to the 

order of 30 s (Kresta, et al., 2016). Previous work done by (Ulrich, 2017), showed that imposing 

rest time intervals on a non-Newtonian fluid at the bench scale may lead to network build-ups 

that in turn give rise to a local yield stress. In his thesis, Ulrich (2017) examined nickel laterite 

that was supplied by Sherritt Tech from their Ambatovy JV facilities in Madagascar. Results 

revealed that nickel laterite slurries (NLS) with solids mass fractions above 45 wt% rebuilt 

structures that induced significant yield stress in the fluid after 2 min of rest time. Moreover, NLS 

above 45 wt% exhibited shear thinning behavior, thixotropic behavior, and high yield stresses. 

Below 45 wt% solids, samples displayed Newtonian behavior under all conditions. 

The work done by (Ulrich, 2017) shows that rest time experiments in the CIST give valuable 

insights into the behavior of the slurries which will lead to better/invaluable design data. 

Thesis organization 

Chapter 1 gives an explanation of some of the rheological terms and introduces the method 

done by (Ulrich, 2017) that involves rest time experiments to study the behavior of slurries. 

Chapter 2 explains the aims and objectives of this study. Chapter 3 provides a literature review of 

types, measurement methods, and complications of non-Newtonian yield stress fluid, also, it 

describes the rheological equipment, torque calculation, and the rheology of nickel laterite 

slurries. Chapter 4 talks about the experimental procedures, design, and the calibration stage. 

Chapter 5 discusses the results obtained from all experiments. Chapter 6 provides conclusions 

and recommendations for future work. Chapter 7 lists the references.  
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2. OBJECTIVES 

Defining a minimum set of bench-scale measurements to assess the rheology of mineral 

slurries under high-and-low-shear environments at the small scale is the ultimate goal of this 

work.  This will provide fundamental data to overcome uncertainties related to non-Newtonian 

behavior and the risk of surface mat formation when scaling-up mineral processing plants and 

leaching vessels. In service of this goal, nickel laterite supplied by the Moa Bay facility in Cuba 

is rheologically characterized using the bench scale rest time method in a confined impeller 

stirred tank (CIST) as developed by (Ulrich, 2017). This second ore sample allows us to validate 

the method and outcomes from the previous work, and further refine the scope of bench-scale 

measurements and analyses that can be used to identify problematic ore bodies.  

Two rheological properties are examined with respect to viscosity build-up for mineral 

slurries: the development of dynamic yield stresses with increasing rest times and the slurry yield 

stress and/or viscosity under varying solids mass concentrations, impeller speeds, and particle 

size distributions. 

Vane rheometry is used for measuring yield stresses, concentric cylinder rheometry for 

identifying shear-thinning and thixotropic behaviors, and the confined impeller stirred tank 

(CIST) equipped with a high-sensitivity torque transducer for rest time experiments which 

provide direct evidence of a localized build-up of yield stresses over time. 
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3. LITERATURE REVIEW 

3.1  Overview 

Yield stress has been observed and studied extensively as long as mineral slurries have been 

used in mineral processing plants. It has been long understood as a limiting factor in slurry 

concentration and the scale of mixing tanks. Static yield stress and dynamic yield stress have 

been experimentally confirmed, and they may both exhibit time-dependent behavior. Cavern 

formation, stagnant zones, and isolated mixing regions are adverse consequences of slurries, 

which have a yield stress, and all of these phenomena pose risks to the process.  

In this literature review, key fundamentals which underlie this thesis are presented. The yield 

stress (τy) is determined by fitting the data obtained from rheological measurements 

usingmethods such as the vane rheometry and concentric cylinder viscometry to models such as 

the Bingham model, Casson model and Herschel-Bulkley model. Mathematical expressions are 

derived to calculate the torque in the vane and concentric cylinder viscometers. Finally, the 

rheology of two different sources of nickel laterites ores is presented in detail using a concentric 

cylinder viscometer. 

3.2  Yield stress overview 

The “Yield stress” concept has gone through a huge debate over the past 100 years. In 1900, 

Schwedoff first introduced the concept of yield stress by developing a one-dimensional 

constitutive model for viscoplastic fluid based on a gelatin suspension (Saramito, 2007).  In 1922, 

Bingham proposed a mathematical model for viscous fluid with a yield stress that is well known 

as Bingham’s model (Barnes, 1999). Bingham’s model defines the yield stress as a stress value at 

which the fluid loses its elastic (solid) behavior and begins behaving like a plastic (liquid) 

(Bingham, 1922).  
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Although yield stress behavior has been documented in many familiar fluids such as ketchup, 

mayonnaise, and mustard, other authors argued for a different explanation. These authors 

hypothesize that the rapid deformation of entangled polymer and glassy liquids begins as a rigid 

body, which later becomes liquid by extending the deformation time (Larsson & Duffy,2013). 

This argument had been supported by (Barnes & Walters, 1985) who described these materials as 

“high-intensity viscous fluids” and proposed the apparent yield stress term as shown in Figure 3.1 

(Larsson & Duffy,2013). 

 

Figure 3.1 (a) True yield stress fluid with an infinite shear viscosity, (b) Apparent yield 

stress fluid with a zero-shear viscosity at very low shear rates (reprinted from Larsson & 

Duffy, 2013 with the permission of the Nordic Rheology Society). 

To test this argument, experiments were performed on polyvinyl acetate (PVA) latex 

adhesive and 0.5% solution of Carbopol for shear rates ranging from 10-5 s-1 to 150 s-1 by (Barnes 

& Walters, 1985). A conventional rheometer that measures a limited shear-rate range such as a 

Wesseinberg Rheogoniometer and the newest rheometer at that time, the Deer Rheometer; were 

used to compare the results. Figure 3.2a shows a yield stress of τy= 5.0 Pa if the shear rate range 

is limited, and Figure 3.2b shows the Newtonian behavior (no yield stress) of the same fluid if 

shear rates are examined below 10-2 s-1(Barnes & Walters, 1985). 
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Figure 3.2 Shear stress-shear rate rheograms of PVA latex adhesive. (a) Wesseinberg 

Rheogoniometer, (b) Deer Rheometer. Figure reproduced with permission (Barnes & 

Walters, 1985). 

For some processes like extrusion and pumping, the distinction between apparent yield stress 

and true yield stress is not vital, however in other processes where the gravity is dominant such as 

in sedimentation, the true yield stress must be properly defined (Larsson et al., 2012). For these 

reasons, (Nguyen & Boger, 1992) explained that the contradiction in determining whether the 

yield stress exists or not depends on the measurement method, conditions, environments, and the 

fluid that is examined (Nguyen & Boger,1992).  

Widening the concept of fluid stress, dedicating more time to analyzing the low flow stress, 

and using modern technologies, other factors come into views such as wall slip and time-

dependent yield stress (Cheng, 1986). Wall slip often occurs due to the lack of dispersion on 

walls in systems with emulsions and foam formations. These formations have lubricated 

properties that impact the effective yield stress (Larsson & Duffy, 2013). Polymer melts have 

also been shown to have wall slip, even without surface active additive effects.  

The best approach to understanding the yield stress is by analyzing the material when it 

changes from solid to liquid. This change occurs after the stress crosses the static yield stress, at 

which point the flow starts to initiate. The other case is the dynamic yield stress or the minimum 
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yield stress, at which point the flow is maintained and the material deforms from a plastic state to 

an elastic one.  

Examining the yield stress becomes more complex when the fluid exhibits time-dependent 

behavior. This phenomenon is called thixotropy, where the material is liquefied at high shear 

stress and then at rest it returns to its former conditions, followed by a yield stress increase. For 

non-thixotropic fluid (time-independent yield stress fluid), the data of shear stress synchronize 

with rising and dropping shear ramps (shear rates) as shown in Figure 3.3a. For time-dependent 

yield stress fluid, a reversible lower branch occurs, displaying a hysteresis loop that illustrates the 

increase of the yield stress with time shown in Figure 3.3b. (Moller et al., 2009). 

 

Figure 3.3 (a) Non thixotropic behavior of 0.1% carbopol performed under rising and 

dropping shear stresses. (b) Thixotropic behavior of 10% bentonite solution performed 

under rising and dropping shear stresses. Figure reproduced permission (Moller et al., 

2009). 

3.3  Complications of non-Newtonian yield stress fluid 

The low-viscosity Newtonian fluid does not exhibit complex behavior and Wu et al. (2015) 

emphasized that mixing a Newtonian fluid at lab scale can be enhanced by using a downward 

pumping axial flow impeller, or a mixed flow impeller with vertical baffles. These impellers 
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generate uniform bulk mixing due to their effective use of energy. On a larger scale, experiments 

showed that removing the baffles reduced the sedimentation zones (Welsh et al., 1994).  

Dealing with a non-Newtonian fluid is more complicated since it can exhibit yield stress and 

shear-thinning behaviors followed by cavern formations around impellers. Inside the cavern, 

mixing continues but no mixing can occur outside the cavern, resulting in segregated particles 

that may stick together and then either float to the surface or sink to the bottom as shown in 

Figure 3.4. Moreover, although visual experiments indicate a well-mixed fluid inside caverns, 

isolated mixing regions (IMRs) have been marked at Reynolds numbers less than 150 (Wu et al., 

2015).  

The situation becomes worse for highly-viscous fluids. In this case, the fluid requires more 

power to be able to flow smoothly and reach the tank wall. Increasing power is not always a good 

solution at a large scale due to the impracticality of scaling up the motor to the size needed 

(Wang et al., 2013b) (Wang et al., 2014). To avoid the over-burden on the gearbox, an equation is 

designed to measure the energy efficiency needed by the motor to get a high velocity at the wall 

(Wu et al., 2006a): 

η =
V

(P ρT2⁄ )
1
3⁄
 

(3.1) 

where, η is the energy efficiency, V is the velocity at the wall, T is the tank diameter, ρ is the 

slurry density, and P is the power. The power is equal to P = NP ρ N3 D5; where Np is the power 

number, N is the impeller speed, and D is the impeller diameter. 

Cavern formation and IMRs result in a tremendous failure during industrial mixing 

applications due to the following consequences: high-cost production, reduced efficiency, an 

increase in raw material consumption, low-quality products, and an increase in labor costs since 

more crews are needed to clean the tank after each process due to the accumulation of particles. 

Solving problems associated with a high viscosity yield stress fluid must be undertaken through 

rheological examinations to specify fluid properties, evaluate the causes of problems, and design 

specific agitators with critical operational units, otherwise, the mixing will fail. Figure 3.4 

highlights three problematic challenges that may arise when testing a yield stress fluid (Wu et al., 

2015). 



28 

 

 

Figure 3.4 Non-Newtonian yield stress fluids. (a) Carboxymethyl Cellulose Sodium fluid at 

Re =14. (b) Dye injection in 0.15 % carbopol solution at Re= 165. Figure reproduced with 

permission (Wu et al., 2015). 

3.4  Measurement methods of yield stress  

Yield stress is measured by various designs of the rotational rheometer. This method 

measures the introduced torque and the angular velocity, which are used to calculate the shear 

rate and shear stress. The plot of shear stress as a function of shear rate is called the flow curve or 

rheogram, from which the data are fitted with accurate models (Ulrich, 2017). The most 

applicable yield stress models and yield stress test measurements are elaborated in the sections 

below. 

3.4.1  Yield stress models 

As mentioned in section 3.2, one of the first proposed models is the Bingham equation and is 

written as follows (Bingham, 1922): 
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τ =  τy  + ηBγ̇ (3.2) 

where, τy is the yield stress, ηB is the Bingham viscosity, and �̇� is the shear stress. 

Figure 3.5 describes the behavior of Newtonian and non-Newtonian fluids. 

 

Figure 3.5 Representative shear stress- shear rate flow curve (rheogram). Figure 

reproduced with permission (Barnes & Walters, 1985). 

Another model that has only a yield stress parameter is the Casson model. This model has 

wide applications in blood flow analyses, food industries, and inks. It is similar to the Bingham 

model but is written with a power of 0.5 as follows: 

√τ = √τy +√(ηc γ̇) (3.3) 

where, ηc is the Casson viscosity. 

Some yield stress fluids exhibit non-linear behavior and fit the Herschel-Bulkley model as 

shown in Figure 3.6 (Larsson & Duffy,2013). This model has a power index which is defined as a 

shear thinning index. The Herschel-Bulkley model can be written as: 

τ =  τy  + k γ̇
n (3.4) 

where, k is the consistency and n is the shear thinning index (n < 1) (Larsson & Duffy,2013). 
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Figure 3.6 Hershel-Bulkley model of shear thinning fluid with yield stress (reprinted from 

Larsson & Duffy, 2013 with the permission of the Nordic Rheology Society). 

Yield stress has also been studied by Ellis who represented a relation between the shear 

viscosity and shear stress as follows (Larsson & Duffy, 2013) : 

η =
η0−η∞

1 + [σ σc⁄ ]
n (3.5) 

where η, η0, η∞ are the viscosity, zero shear viscosity, and infinite shear viscosity, 

respectively, n is the shear thinning index, σ and σc are the shear stress and critical shear stress, 

respectively. The critical shear stress is determined by drawing a vertical asymptote directed 

toward the infinite shear viscosity. The Ellis model is illustrated as shown in Figure 3.7 (Larsson 

& Duffy,2013): 

 

Figure 3.7 Shear viscosity- Shear stress curve of Ellis model (reprinted from Larsson & 

Duffy, 2013 with the permission of the Nordic Rheology Society). 
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3.4.2  Yield stress measurement 

Over a period of time, a continuous increase in the shear ramp on yield stress fluids causes 

the viscosity to undergo a deformation in its elasticity and mark an upward trend until it reaches a 

maximum point, after which the fluids become liquid, and the trend gradually drops.  

The peak of this trend is referred to as the yield stress value as shown in Figure 3.8 (Larsson 

& Duffy,2013). 

 

Figure 3.8 Scheme of shear viscosity against stress (reprinted from Larsson & Duffy, 2013 

with the permission of the Nordic Rheology Society). 

Another time-dependent yield stress measurement is stress growth. This test measures the 

build-up of yield stress with time by employing constant shear rates. The breakdown of the solid 

structures occurs at the maximum point as shown in Figure 3.9. 
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Figure 3.9 Stress growth method for yield stress measurement (reprinted from Larsson & 

Duffy, 2013 with the permission of the Nordic Rheology Society). 

3.5  Rheological equipment 

The most common measurement instruments are the concentric cylinder rheometer and the 

vane rheometer. A concentric cylinder rheometer identifies the shear thinning behavior and 

thixotropic behavior for slurries with particle sizes less than 45 µm. The vane rheometry 

measures the yield stress over time for slurries with different particles size distributions. 

3.5.1  Concentric cylinder rheometer 

The concentric cylinder rheometer is relatively straightforward to operate. The geometry 

consists of two concentric cylinders set one inside the other, between which a sample of liquid 

fluid is filled in an annulus (narrow gap) to be examined. One of the cylinders is rotated via a 

small motor and the other one is fixed. The rotation allows the measurement of the torque with a 

controlled angular velocity. Then the shear rate and shear stress are calculated using the 

following equations: 

τ =
T

2πR1
2h

 
(3.6) 

γ̇ =
2Ω

1 − k2
≈

R2Ω

R2 − R1
 

(3.7) 
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where, T is the torque (N·m), 𝛺 is the spindle speed (rad/s), R1 is the radius of the inner 

cylinder and R2 is the radius of the outer cylinder, k > 0.99 is the ratio of inner cylinder radius to 

outer cylinder radius. Figure 3.10 shows the geometry of the concentric cylinder (Chhabra and 

Richardson, 2008) 

 

Figure 3.10 Partial illustration of concentric cylinder viscometer (Couette viscometer). 

Figure reproduced with permission (Chhabra and Richardson, 2008). 

 Each model presented in the section below has a laminar concentric cylinder relationship 

from which the yield stress and the viscosity can be calculated as follows (Shook and Rocco, 

1991): 

Bingham model: 

Ω =
T

4πηL
[
1

R1
2 −

1

R2
2] −

τy

η
ln (
R2
R1
) 

(3.8) 

 

Casson model:  

Ω =
1

η
[
T

4πL
[
1

R1
2 −

1

R2
2] − 2 (

Tτy

2πL
)
0.5

[
1

R1
−
1

R2
] − τyln (

R2
R1
)] 

(3.9) 
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Power- Law model: 

Ω = (
n

2
) (

T

2πKL
)
1/n

[
1

R1
2/n
−

1

R2
2/n
] 

(3.10) 

The Herschel-Bulkley model is a combination of Power-Law and Bingham models. 

3.5.2  Vane rheometer 

The vane rheometer is designed to eliminate the wall slip effect. Different cylindrical, 

conical, and coaxial-cylindrical shafts with multiple numbers of blades can be used to create 

stable structures within the immersed sample as schematically represented in Figure 3.11.  

 By assuming constant shear stress along the shearing yield surface, the viscometer rotates at 

low Ω < 0.1 rpm until the material yields. After plotting the graph of the torque as a function of 

time (s), the maximum torque can be indicated (Figure 3.12, Tm (N⸳m)) and the peak yield stress 

can be calculated using the following equations (Dzuy and Boger, 1983, Dzuy and Boger, 1985, 

Assaad et al., 2016): 

Cylindrical vane model: 

Tmax =
πD3

2
(
H

D
+
1

3
) τy 

(3.11) 

 

Conical vane model: 

Tm = (
πD

3
)(
D2

4
+ L2 sin θ) τy 

(3.12) 

where, L length of side cone, θ is the conic angle with respect to the vertical axis, , and x 

distance varying from 0 to L (Figure 3.11b). 

Coaxial-cylindrical model: 

Tm = [(
πD3

2
)(
1

3
+
H

D
) + (

πd3

2
) (
1

3
−
Dh

d2
)] τy 

(3.13) 
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Figure 3.11 (a) Different vane configurations; schematic diagram of (b) conical vane, (c) 

cylindrical vane and (d) coaxial-cylindrical vane. Figure reproduced with permission 

(Chhabra and Richardson, 2008, Assaad et al., 2016). 
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Figure 3.12 Torque-time curve. Figure reproduced with permission (Chhabra and 

Richardson, 2008). 

3.6  Three dimensional models to study the fluid in the vane rheometer 

The geometry of the flow in the vane rheometer is complicated, thus deriving equations of 

shaft torque and angular velocity of non-Newtonian fluids are notably challengeable, especially 

in cases in which the fluid exhibits shear thinning and shear thickening behaviors (Nazari et al., 

2013). Low-viscous fluids can generate secondary flows inside the vane viscometer at high shear 

rates. Secondary flows cause a recirculation between the vane arms, consequently, an increase in 

torque. The end effects and multi-directional flow can be interpreted by using 3-D models such as 

finite element analysis and the mass and momentum continuity equations can be applied to 

calculate the torque, velocity, and pressure profiles (Nazari et al., 2013). 

(Nazari et al., 2013) studied Newtonian fluids with a vane viscometer using a rotational 

analysis procedure. 

Starting from the uniform conservation of mass (Nazari et al., 2013): 

𝛻(𝜌𝑣) = 0 (3.14) 

And the conservation of momentum: 

ρ(v∇)v = ∇[−pI + τ] + F (3.15) 

where, I is the unit dyadic, F is the body force vector, and the tensor stress 𝜏 in Newtonian’s 

law of viscosity: 

τ = μ(∇v + (∇v)t) + (
2

3
μ − k) (∇ ∙ v)δ 

(3.16) 
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Considering an incompressible fluid (ρ= const), thus: 

 

∇v = 0                                                           (3.17)  

Navier stokes equations 

ρ(v∇)v = ∇[−pI + μ(∇v + (∇v)t)] + F    (3.18)  

        

The velocity components can be calculated as a function of angular velocity generated by 

impeller blades as follows (Nazari et al., 2013): 

vx = −rΩ sin θ  (3.19) 

vy = −rΩ cos θ (3.20) 

where, r is the distance of the examined point from the shaft axis. 

The shear stress at the surface is negligible due to the viscosity gap between the air and the 

liquid: 

[−pI + μ(∇v + (∇v)t)]n = −f0n (3.21) 

where, f0 is the atmospheric pressure, and n is the perpendicular vector to the surface. 

The COMSOL Multiphysics 4.1 software is the finite element package that was used by 

(Nazari et al., 2013) to settle the equations. To approximate the volume, 3–D finite element 

meshes are adopted as shown in Figure 3.13. 
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Figure 3.13 3 D and 2 D views of the vane geometry using the finite element package. Figure 

reproduced with permission (Nazari et al., 2013). 

3.7  Torque calculation in the vane rheometer 

The torque can be calculated by complying with the following steps: first, the vane should be 

divided into four quarters. Then, in each quarter the existed total stress on the vane walls or the 

stress generated by the impeller should be identified in x-direction and y-direction as shown in 

Figure 3.14 (Nazari et al., 2013). 

 

Figure 3.14 (a) The geometrical illustration of the four quarters in the vane and (b) The 

directions of the torque in x, y coordinate. Figure reproduced with permission (Nazari et 

al., 2013). 
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At any 2-D position, the lever arm R and the angle between the studied point and the x-axis 

are calculated as presented: 

R = √X2 + Y2,     sin θ =
y

r
, cos θ =

x

r
 (3.22) 

The total stress 𝜋 is:   

π = pI + τ (3.23) 

Then the torque on each quarter in x- and y- direction: 

|dTX| = |πx × dA × sin θ × r| = |πx × y. dA| (3.24) 

|dTy| = |πy × dA × cos θ× r| = |πy × x. dA| (3.25) 

 

The total torque on the surface: 

dTtotal=(−πx ∙ y + πy ∙ x)dA (3.26) 

The sign (–) and (+) are identified according to the location and orientation of the fluid. 

The double integral of the surface torque is the shaft-blades and cylinder-baffles torques: 

Torque =∬(−πx ∙ y + πy ∙ x)dA (3.27) 

(Nazari et.al. 2013) compared the results obtained from the equations and the experimental 

data by examining two Brookfield Standard Newtonian fluids using Bohlin CVO rheometer. The 

two fluids have a viscosity of 98 mPa·s and 12,000 mPa·s at 25 °C and densities of 970 kg/m3 

and 990 kg/m3. The results are shown in Figure 3.15. 
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Figure 3.15 Representative shaft torque – shaft angular velocity curve of a viscosity fluid of 

(a) 98 mPa·s and (b) 12,000 mPa·s. Figure reproduced with permission (Nazari et al., 2013). 

The analysis of the two graphs emphasizes the compatibility of results between the derived 

torque equation and the experimental data. The 3-D finite element method in this context is 

shown to be successful and reliable. 

(Wallevik, 2014) repeated Nazari’s experiments to study the effect of the hydrodynamic 

pressure on the shaft torque by investigating two Newtonian fluids and the other two Bingham 

fluids. The two Bingham fluids have a viscosity of 15,000 mPa·s and 8000 mPa·s and yield 

stresses of 20,000 m Pa and 40,000 mPa respectively. The CFD software used was OpenFOAM 

2.1.1 as shown in Figure 3.16. 

 

Figure 3.16 A sketch of a fluid investigated under the OpenFOAM 2.1.1 simulation using 

514,320 cells and an applied angular velocity 𝝎 of 100 rpm. Figure reproduced with 

permission (Wallevik, 2014). 
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The torque of a Bingham fluid is calculated as follows: 

T = 2 (μ +
τ0

√2ε̇:ε̇
) ε̇                               for T: T/2 ≥ τ0

2 (3.28) 

Where 𝜀̇ is the rate of deformation and it is equal to: 

ε̇ =1/2(∆𝑣 + (∆𝑣)𝑡) (3.29) 

 and 𝜏0 is the yield stress approaching to zero. 

In this case the fluid is liquid and has a shear viscosity of: 

η= μ +
τ0

√2ε̇:ε̇
 (3.30)  

Thus, T = 2ηε̇ (3.31) 

and   ε̇ = 0           for T: T/2 < τ0
2 (3.32) 

In this case, the fluid behaves like a rigid solid. 

Some challenges can be faced if Bingham fluids are studying in computational software 

since the governing equation is nonlinear, and the constitutive equation is discontinuous. 

Moreover, the yield surface cannot be determined unless simulating the calculation of the 

velocity distributions v is done before. Due to the inverse proportional relation between the shear 

viscosity η and the rate of deformation 𝜀̇, the shear viscosity loses its bounds when the yield 

surface is almost reached. To eliminate these adversities, (Bercovier and Engelman, 1980) 

regularized the Bingham model by adding a regularization term δ in the denominator and the 

discontinuity model is replaced by the continuity model: 

T = 2 (μ +
τ0
γ̇ + δ

) ε̇ (3.33) 

Where the shear rate  𝛾 ̇  is equal to: 

γ ̇ = √2ε̇: ε̇ (3.34) 

The total torque (T) can be calculated: 

T=Tη+Tp (3.35) 

Where Tη is the viscous torque, and Tp is the torque contributed by hydrodynamic pressure. 
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The results of Wallevik’s experiments indicated that the total pressure of both Newtonian 

and non-Newtonian fluid is more affected by Tp rather than Tη.  In the case of high viscous fluid 

(Figure 3.17), the shear viscosity is proportional to hydrodynamic pressure and for fluid with low 

viscosity (Figure 3.18), the density plays a vital role in changing the hydrodynamic pressure as 

much as the shear viscosity does. The examination of Bingham fluid showed the same results 

regarding their viscosity variation (Figure 3.19).  

 

Figure 3.17 (a) The trend of shaft torque compared to the shaft angular velocity and (b) 

shaft pressure torque Tp versus shaft viscous torque Tη curve for the fluid of η=12,000 

mPa·s and 𝝆=990 kg/m3. Figure reproduced with permission (Wallevik, 2014). 
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Figure 3.18 (a) The trend of shaft torque compared to the shaft angular velocity and (b) 

shaft pressure torque Tp versus shaft viscous torque Tη curve for the fluid of η= 98 mPa·s 

and 𝝆=970 kg/m3. Figure reproduced with permission (Wallevik, 2014). 

 

 

Figure 3.19 (a) The trend of shaft torque compared to the shaft angular velocity and (b) 

shaft pressure torque Tp versus shaft viscous torque Tη curve for the two Bingham 

viscoplastic fluids. Figure reproduced with permission (Wallevik, 2014). 

3.8  Torque calculation using the equation of motion in the Couette 

viscometer 

To determine the viscosity of a non-Newtonian fluid through a cylindrical tube, the pressure 

difference and mass flow should be measured. Another way is by turning the fluid within a 
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rotating solid object, which allows measuring the torque. A good example of this methodological 

function is the Couette viscometer which consists of two cylinders with various radius, the outer 

cylinder rotates while the inner one is stationary. During the rotation of the fluid with constant 

angular velocity (𝛺) between the gap of two cylinders, the velocities along the r-direction and z-

direction are zero, while the velocity of θ-direction is a function of r (𝑣𝜃 = 𝑣𝜃(𝑟)) as shown in 

Figure 3.20. The pressure P is a function of r and z, due to the centrifugal force and gravity 

respectively. 

 

Figure 3.20 (a) The rotation of the outer cylinder applied on an incompressible fluid 

creating a tangential laminar flow. (b) A descriptive drawing of a Couette Viscometer. 

Figure reproduced with permission (Bird et al., 2006). 

All the components with constant density and viscosity of the equation of continuity are 

equal to zero. The equation of motion along the cylindrical coordinates is presented as follows: 

r-component                           
−ρ
vθ
r
= −

∂p

∂r
 

(3.36) 

θ-component                          
0 =

d

dr
(
1

r

d

dr
(rvθ)) 

(3.37) 

z-component                           
0 =

∂p

∂z
− ρg 

(3.38) 

The velocity distribution is calculated from the θ-component as follows: 
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0 =
d

dr
(
1

r

d

dr
(rvθ)) →

d

dr
(rvθ) = rc1 → rvθ =

1

2
c1r

2 + c2 

→ vθ =
1

2
c1r +

c2
r

 
(3.39) 

The surfaces of the two cylinders have no slip effects. Thus, the boundary conditions: 

B.C.1                          
vθ = o at r = KR →  C2 = 

−1

2
C1K

2R2 
(3.40) 

B.C.2                           
vθ = Ω0R at r = R → C1 =

2Ω0
(1 − K2)

 
(3.41) 

Thus, the velocity distribution: 

vθ =
Ω0R (

r
KR −

KR
r )

1
K − K

 

(3.42) 

The momentum flux: 

τrθ = −μ
d

dr
(
vθ
r
) = −μ

d

dr

(

 
 
 
 

Ω0R (
r
KR −

KR
r )

1
K − K

r

)

 
 
 
 

= −2μΩ0 (
R

r
)
2 K2

1 − K2
 

(3.43) 

The torque Tz is calculated as follows: 

TZ = ((τrθ)|r = kR) × 2πKRL × KR = 4πμΩOR
2L(

K2

1 − K2
) 

(3.44) 

During the procedure, the flow is controlled by a critical Reynolds number (Recri), above 

which the flow acts as turbulent: 

Recrit =
Ω0ρR

2

μ
 

(3.45) 
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3.9   Slurry rheology measurements reports in the literature with particular 

attention to yield stress characteristics 

(Bhattacharya et al., 1998) studied the rheology of nickel laterite slurries under varying 

concentrations, particle sizes, pH, and temperature. The nickel laterite ore was supplied from a 

hydrocyclone discharge in Sukinda, India. Four nickel laterite slurry samples were prepared with 

demineralized water from three fine fractions (F1, F2, F3) and coarse tailing (T). The particle sizes 

of each fine fraction and coarse tailing sample are shown in Figure 3.21. 

 

Figure 3.21 The percentage of particle size distribution in four different nickel laterite ores. 

Figure reproduced with permission (Bhattacharya et al., 1998). 

A Haake RV 100 rotational viscometer was used to study the rheological behavior of the 

nickel laterite ores. Figure 3.22 shows the shear stress-shear rates plot graphs for F2 and T at 

different solids concentrations. Initial observations show that fine fractions (F1, F2, F3) and 

tailings (T) exhibit non-Newtonian Bingham behavior at solid concentrations above 20 % (w/w) 

and 25 % (w/w) respectively, while samples below those ranges are Newtonian.   
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Figure 3.22 Stress-shear rates curves at pH= 7.1 and temperature of 30 °C for F2 (20 %, 30 

%, 40 %) and T (20 %, 25 %). ALL samples exhibit yield stress Bingham behavior, except 

sample T (20%) exhibits Newtonian behavior. Figure reproduced with permission 

(Bhattacharya et al., 1998). 

Figure 3.23 shows that the slurries prepared with more fine particles had higher yield stresses 

over a range of solid concentrations from 20 % to 60 % (w/w). All fine fractions (F1, F2, F3) 

indicated a steep increase in yield stress above 40 % (w/w), while the yield stress of tailings (T) 

samples increased above 55 % (w/w). Results also show that all samples exhibit shear thinning 

behavior above 40 % (w/w), with a reduction in the apparent viscosity for samples with less fine 

particles as shown in Figure 3.24. 
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Figure 3.23 Peak yield stress as a function of solid concentration. Yield stress of F1 sample 

has yield stresses higher than other samples at the same solid concentrations. Figure 

reproduced with permission (Bhattacharya et al., 1998). 

 

Figure 3.24 Apparent viscosity against shear rate showing shearing thinning behavior for 

all samples. The fine particles have more complex non-Newtonian behavior. Figure 

reproduced with permission (Bhattacharya et al., 1998). 

Figure 3.25 shows that increasing and decreasing the pH had a great impact on the rheology 

of nickel laterite slurries. It was found that the minimum yield stress and Bingham viscosity were 
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achieved at pH = 7, while the alkaline solutions had the highest values (Bhattacharya et al., 

1998). 

 

Figure 3.25 Effect of pH on the yield stress and Bingham viscosity of nickel laterites 

slurries. Figure reproduced with permission (Bhattacharya et al., 1998). 

Another study was done by (Klein and Hallbom, 2002) on nickel laterite slurries. Nickel 

laterite ore used in this study was taken from the Ramu deposit in Papua New Guinea. Concentric 

cylinder measurements made using the Haake RV20 showed that nickel laterite slurries with a 

weight fraction of 30 wt % at room temperature exhibited shear thickening behavior at shear rates 

below 200 s-1 and shear thinning behavior at higher rates up to 400 s-1. Slurries also had yield 

stress and showed a rheopectic time dependent behavior (or anti-thixotropy where the apparent 

viscosity increases with time at a constant shearing rate).  

Figure 3.26 shows the shear thickening and shear thinning behavior of a nickel laterite 

sample (30 wt%) with and without dispersant (1000 ppm sodium hexametaphosphate), indicating 

that adding dispersant lowered the shear stress values (Klein and Hallbom, 2002). 
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Figure 3.26 Shear stress-shear rate plot graphs showing the shear thickening behavior at < 

200 s-1 and shear thinning behavior at > 200 s-1 with and without dispersant. Figure 

reproduced with permission (Klein and Hallbom, 2002). 

To study the effect of dispersant on the apparent viscosity, (Klein and Hallbom, 2002) 

prepared nickel laterite slurries with a weight fraction of 30 wt% and performed 6 tests using a 

concentric cylinder viscometer. Tests 1, 2, and 3 without dispersant following pre-shearing at 50 

s-1, 200 s-1, and 400 s-1 respectively, and Tests 7, 8, and 9 with dispersant (1000 ppm sodium 

hexametaphosphate), following pre-shearing at 50 s-1, 200 s-1, and 400 s-1 respectively.  

Figure 3.27 shows the apparent viscosity over time with and without dispersant. Tests with 

dispersant displayed lower apparent viscosity than tests without dispersant and became constant 

within a shorter time. These results indicate the great impact of dispersant on the particles' 

agglomeration/dispersion.  
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Figure 3.27 Apparent viscosity – time curves showing the effect of adding dispersant on 

apparent viscosity. Tests 1, 2 and 3 are performed without dispersant, and Tests 7, 8, and 9 

with dispersant. Figure reproduced with permission (Klein and Hallbom, 2002). 

Other studies were done by (Ley-Hernandez and Feyz, 2021) on the cement paste and (Dinç-

Şengönül et al., 2020) on the hydraulic lime-based grouts, to evaluate the effects of dispersants 

and rest time on the development of the structural network using concentric cylinder rheometer. 

Both results showed that the yield stress and the viscosity increased with increasing rest time due 

to the flocculation and network build-up within the particles, and decreased with adding 

dispersants which delayed the development of hydration and yield stress.  

The yield stress within mineral slurries is an engineering fact and its existence has been 

experimentally proved. The static and dynamic yield stress does show up in different behaviors, 

shapes, and scales. The experimental procedures and design of this research project are based on 

the hypothesis that the inactive volume and networks formation, which are seen as a stagnant mat 

on the surface of the tank form due to the presence of agglomeration and development of 

localized or dynamic yield stress over time. The method developed by Ulrich (2017) is used to 

test a new slurry, gain more understanding of the effect of solids concentration on the rheology, 

and to provide some initial insight into the effects of the particle size distribution (PSD) on the 

slurry rheology. 
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4. EXPERIMENTAL PROCEDURE AND DESIGN 

In this chapter, the time varying yield stress of nickel laterite slurry is characterized using 

two major sets of experiments: solids mass fraction runs (wt% runs) and particle size distribution 

runs (PSD runs). Solids mass fractions (wt%) runs to study the effects of varying solids mass 

fractions, while PSD runs to study the effects of changing particle size distribution.  Each run is 

illustrated in a flow chart that shows all steps, decisions, and chemical analyses done during an 8-

hour run.  

Specific geometrical and functional explanations of the equipment used in the research are 

given in the subsections which follow the flowcharts with detailed information about each step in 

the experimental procedure.  The first group of subsections addresses slurry property 

measurements: particle size analysis, ore density analysis, slurry preparation, and slurry density 

measurement. The second group of subsections provides specifications of the mixing equipment: 

the confined impeller stirred tank, mixing motor, and torque transducer. The three core 

experiments which characterize the rheometry measurements conclude the chapter with 

explanations of vane rheometry and concentric cylinder rheometry, and finally, the chapter 

concludes with the procedure for the rest time experiments using the dynamic torque transducer 

recording. For the full detailed safe operating procedure, refer to APPENDIX A.3 .  

Before beginning new experiments, the confined impeller stirred tank and new torque 

transducer set-up were validated by replicating a part of the experiments reported by (Machado 

and Kresta, 2013) where the impeller power number was measured.  As a first test run, the 

experimental method and steps were validated by replicating Ulrich’s original experimental plan 

(Ulrich, 2017).
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4.1 Yield stress characterization overview 

4.1.1 Overview 

The objective of this research is to identify the factors that lead to a build-up of localized 

yield stress in mineral slurries of nickel laterite. The rheology literature on slurries demonstrates 

that rising yield stress is significantly dependent on solids' mass concentration, particle size 

distribution, shear-rate history, shape and size of particles, and the composition of the suspending 

fluid. The yield stress characterization in this work is focused on the effects of the shear-rate 

history, solids mass fraction (wt%), and particle size distribution (PSD). 

Shear-rate history 

 The shear-rate history, or mixing sequence, is controlled using a confined impeller stirred 

tank that is filled with five Rushton metal impellers to generate a uniform turbulent flow field 

with strong circulation. The geometry of the tank, positioning of the impellers, and spacing 

between impellers are designed to achieve a more uniform distribution of high energy dissipation 

while minimizing the volume of inactive circulation (Machado and Kresta, 2013). This allows us 

to develop an understanding of local mixing effects on the rheological behavior of the slurry. The 

mixing sequence provides the history of local shear rates that the slurries are being subjected to 

as characterized by the rotational speeds and mixing times.   

Performing the rest time experiments at a lab scale in a confined impeller stirred tank (CIST) 

is a new rheological method to simulate the mixing environment in a large industrial stirred tank 

(ST), while continuously measuring the torque. Measuring the torque pre/post rest times indicates 

the excess torque generated if and when there is a dynamic build-up of localized yield stresses 

over the rest time interval.  

In parallel, two more classical rheological measurements of the slurry properties under 

varying shear-rate conditions are used: 

1. vane rheometry measurements are taken for the baseline slurry (52% fines and 

varying mass fractions solids) and for varying solids mass fractions that are prepared 

only from coarse particles used in the PSD runs. These are used to compare the 
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behavior of the yield stress observed on 52 % fine particles NLS using vane 

rheometry with the excess dynamic torque behavior observed in the CIST. 

2. a separate slurry sample is prepared to perform concentric cylinder (CC) 

measurements with varying solids mass fractions. Only particles less than 45 µm can 

be used in the CC because the gap between the two spindles is very narrow. Bigger 

particles can damage the device. The CC is used to measure the shear thinning and 

thixotropic behavior of the NLS. This data is used to determine at which solids mass 

fraction the finer particle slurries shift towards non-Newtonian behavior. 

Solids mass fraction 

A series of wt% runs are used to determine if there is a critical solids mass fraction of NLS, 

at which point the rheology of NLS starts to change towards non-Newtonian behavior. The effect 

of solids mass fraction was measured using rest time experiments and vane rheometry to measure 

the yield stress of a wide range of wt% solids 

Particle Size Distribution 

PSD changes the rheology of slurries because of the way the particles settle and pack, which 

has a great impact on viscosity and yield stress. PSD runs detect how the build-up of yield stress 

changes by gradually increasing the proportion of fine particles to coarse particles with constant 

solids mass fraction (wt% solids). The effect of PSD was determined by performing rest time 

experiments and using vane rheometry to measure the yield stress of constant solids mass fraction 

NLS with different percentages of fine particles. 

4.1.2 Effect of varying solids mass fractions (wt%) 

The first major set of experiments was designed to uncover the effect of varying solids' mass 

fractions. In order to reduce the complexity of the particle separation and mixing steps, four of 

the largest weight fractions were selected from the sieved sample. The 4 fractions of the ore were 

recombined and remixed to prepare the first slurry sample. 

The main sequence of the weight percent runs (wt% runs) is shown in Figure 4.1: 

1. Sieve nickel laterite ores with particle sizes of 2.8 mm and less, and measure the 

ore density; 
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2. Prepare low solids mass fraction NLS by mixing the ore minerals with saline 

water; 

3. Conduct vane rheometry test;                    

4. Mix the slurry at 500 rpm in the CIST and record the torque continuously until a 

steady-state torque measurement is reached; 

5. Perform the rest time experiments at three different rotational speeds (500 rpm, 

750 rpm, and 1000 rpm); 

6. Take samples from the CIST to measure the slurry density and calculate wt% 

solids; 

7. Add sieved ores to the slurry in the CIST to increase the % solids mass fractions; 

8. Withdraw excess slurry to ensure a constant fluid volume in the CIST; 

9. Return to step 3; 
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Figure 4.1 Flow chart of the vane rheometry measurements and rest time experiments with 

varying solids mass fractions.  

4.1.3 Effect of changing particle size distributions (PSD runs) 

The second major set of experiments was designed to uncover the effects of changing 

particle size distributions. In PSD runs, the same 4 fractions of the ore that were selected in wt% 

runs were combined into two parts: large particles and small particles. Starting from a slurry 

made up of 100 % large particles, the experiments were repeated four times to increase the 

relative mass fraction of small particles from 0 % to 25 %, 50 %, and 75 %. The same loop of 
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increasing rpm was used, but in this set of experiments, the increasing mass fraction is focused on 

increasing small particle fraction, while the total solids mass fraction was kept constant at 53 

wt% with a constant volume of 800 ml.  

In order to keep the total mass fraction constant while adding fine particles, 25 % of the large 

particle (200 ml) were withdrawn from the first slurry, then 25 % small particles plus water (200 

ml) were added to the slurry to achieve a second 53 wt% NLS with 25 % small particles and 75 

% large particles. At this point, a separate 53 wt% NLS was made up of 75 % small particles and 

25 % large particles with a volume of 1,600 ml. A volume of 800 ml of this sample was added to 

the second slurry to prepare a third slurry of 50 % small particles and 50 % large particles. Now 

the volume of the third slurry is 1,600 ml, so only 800 ml was tested in the CIST. The remaining 

800 ml of the separate 53 wt% NLS sample (75 % small particles and 25 % large particles) was 

the fourth slurry. The main sequence of the particle size distributions runs (PSD runs) is shown in 

Figure 4.2: 

1. Sieve NL ores to isolate particle sizes between 2.36 mm and 1.18 mm, and 

measure the ore density; 

2. Prepare NLS with a desired solids mass fraction (53 wt%) by mixing the ore 

minerals with saline water; 

3. Conduct vane rheometry test;                    

4. Mix the slurry at 500 rpm in the CIST and record the torque continuously until a 

steady-state torque measurement is reached; 

5. Perform the rest time experiments at three different rotational speeds (500 rpm, 

750 rpm, and 1000 rpm); 

6. Increase the wt% of fine particles to the slurry with sizes between 0.85 mm and 

0.045 mm by 25% and keep the 53 wt% overall solids mass fraction constant; 

7. Withdraw excess slurry to ensure a constant fluid volume in the CIST; 

8. Return to step 3; 

 

 



58 

 

 

 

Figure 4.2 Flow chart of the vane rheometry measurements and the rest time experiments 

with changing size distribution. 

4.2  Experimental equipment and sub-steps in the yield stress fluid 

characterization plan 

4.2.1 Slurry properties 

4.2.1.1 Particle size analysis 

 The geometry of the confined impeller stirred tank (CIST) restricts the experiments to 

particle sizes of 2.8 mm and less. Coarse particles bigger than 2.8 mm can combine in structures 
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in the 31.6 mm gap between the blades and the baffles which hinder the rotation of the impeller 

and can create a different solid-solid interaction at the small scale than the large scale. To 

separate the coarse particles, and characterize the ore as provided, a Cole-Parmer sieve shaker 

was used and assembled with seven sieves (2.8 mm, 2.36 mm, 1.7 mm, 1.18 mm, 0.85 mm, 0.3 

mm, 0.045 mm) plus a ground pan as shown in Figure 4.3. 

 

Figure 4.3 Cole-Parmer siever shaker. 
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The particle size distribution (PSD) of one round of sieving the nickel laterite ore is given in 

Table 4.1. Other sieving rounds were performed as needed throughout the research plan. Nickel 

laterite ore has no specific shape. 

Table 4.1 The solids mass fractions obtained from each mesh after 15 min sieving. 

US Sieve Mesh Size Microns µm Mass of solid (g) Mass of solid (%) 

+7 +2800 1762.15 36.42 

-7/+8 -2800/+2360 274.37 5.67 

-8/+12 -2360/+1700 681.85 14.09 

-2/+16 -1700/+1180 489.49 10.12 

-16/+20 -1180/+850 337.16 6.97 

-20/+50 -850/+300 672.31 13.89 

-50/+325 -300/+45 604.38 12.50 

-325 -45 16.31 0.34 

 Total 4838.02 100 

For the wt% runs, a slurry was prepared from fractions of the 4 sieving screens less than 2.8 

mm that have the highest solid mass percentages (-2.36 mm/+1.7 mm, -1.7 mm/+1.18 mm, -0.85 

mm/+0.3 mm, and -0.3 mm /+0.045 mm). The solid mass % of those fractions are similar so that 

combining these fractions gives an approximately equal parts particle size distribution. This 

allows the first experiments to be focused only on varying the overall solids mass fraction. These 

four fractions are recombined and remixed after sieving as shown in Figure 4.4. This sample ore 

contains approximately 52% fine particles (smaller than 0.85 mm). 

 For the PSD runs, only particles between 2.36 mm and 1.18 mm are initially recombined 

and remixed to prepare 0 % fine particles. Then fine particle sizes between 0.85 mm and 0.045 

mm are added in 3 steps to increase their weight percent to 25%, 50% and finally 75%.  
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Figure 4.4 Nickel laterite ore sample with random shape. 

4.2.1.2 Ore density analysis 

An AccuPyc II 1340 nitrogen gas pycnometer shown in Figure 4.5 was used to measure the 

skeletal ore density which is the ratio of the mass of the solid material to the sum of volume of 

the ore including only close pores but excluding open pore volume, inter particle volume, and 

external void volume. This is sometimes called the particle density. The device consists of two 

chambers: the sample chamber or filling chamber and the expansion chamber (known as the 

reference volume). A pressure transducer is connected to the first chamber. The two chambers are 

connected by a pipe as shown in Figure 4.6 and the density measurement is done using the 3 

valves. The fill valve is before the filling chamber, an expansion valve connects the two 

chambers, and a valved vent after the second chamber vents the nitrogen gas out of the unit after 

finishing each purge. The sample is weighed and loaded to a calibrated sample chamber of 

known volume. The mass of the solid material sample (ms) is entered into the device.  

The sample chamber is pressurized by opening the fill valve and adding nitrogen gas to reach 

a pressure of 22 psi and the fill valve is closed. The gas molecules rapidly fill the void volume of 
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the chamber including the tiny pores of the sample, then the expansion valve is opened to 

discharge the gas from the first chamber into the second chamber with the vent valve closed. The 

pressure recorded by the transducer upon filling the sample chamber and then discharging it into 

the expansion chamber allows computation of the sample solid phase volume. The difference 

between the void volume of the empty chamber and the new void volume is the volume of the 

sample solid phase. The gas is vented out of the unit by opening the vent valve. The pycnometer 

automatically repeats the analyses 10 times (the system allows from 0 to 999 purges), records the 

pressure of first the filling chamber (P1) and then the filling and expansion chambers (P2). The 

volume of the sample is calculated as follows: 

Vs = Vc −
V𝑒

P1
P2
⁄ − 1

 
(4.1) 

where, Vs is the sample volume, Vc is the volume of the sample chamber and Ve is the 

volume of the expansion chamber. 

The skeletal density of the sample is automatically calculated as follows:  

 

ρs =
ms
Vs

 (4.2) 
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Figure 4.5 AccuPyc II 1340 gas pycnometer. 

 

Figure 4.6 The inner parts of the pycnometer and the three-valve measurement 

arrangement. 
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For the wt% runs, 6.9460 g was added to the sample cup of the AccuPyc II 1340 nitrogen gas 

pycnometer to measure the ore density. The average ore density obtained is  ρs =

3.4829 
g
cm3⁄  .  

For the PSD runs, 6.9928 g was added to the sample cup to be measured. The average ore 

density of this sample (0 % fine particles) is ρs = 3.5425 
g
cm3⁄ .  

4.2.1.3 Slurry preparation 

The mineral slurry is prepared using saline water and its compounds are given in Table 4.2. 

Saline water was found to enhance the coalescence of particles due to the effect of ions in water 

on ore particles. Ions tend to scour the negative charges on ore surfaces and weaken their 

electrical double layers. As a result, counteracting forces are eliminated, positive ions are 

magnetized, and ore particles coagulate (Zhang et al., 2018).  

The rheological and settling behaviors of laterite slurries prepared with saline water are 

enhanced in comparison to slurries’ behaviors in tap water due to the change of surface charge 

and exchange of positive ions in the sludge layers (Das et al., 2010).  

The concentration of pure salts in deionized water selected to simulate process water as 

reported by other investigators is given in Table 4.2 (Das et al., 2010). 

Table 4.2 The concentration of salts in the saline water (Das et al., 2010). 

Salt Csalt [g/L] ion Cion [g/L] 

Sodium chloride (NaCl) 4.24 Na+ 6 

Magnesium chloride (MgCl2) 12.65 Mg2+ 6 

Magnesium sulfate (MgSO4) 13.72 Cl- 12 

Sodium sulfate (NaSO4) 13.39 SO4
2− 20 

For the wt% runs, 243 g of the 4 sieved fractions are mixed with 730 ml of saline water to 

achieve an initial slurry volume of 800 ml with 25 wt% solids mass fractions. 
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For the PSD runs, 684 g of sieved particles between 2.36 mm and 1.18 mm are mixed with 

607 ml of saline water to achieve an initial slurry volume of 800 ml with 53 wt% solids mass 

fractions. 

The slurry is mixed for 1 hour at 500 rpm. Then, it is mixed for another one hour at 600 rpm 

to achieve a completely homogenized slurry.   

4.2.1.4 Slurry density measurement and calculating wt% solid 

The actual slurry composition is determined by measuring the slurry density. This step is 

done after performing the rest time experiments. Samples are taken after stirring the mineral 

slurry for 30 min at 1000 rpm to break-down any agglomerates and re-set the slurry to the 

baseline. The density of the slurry (ρslurry) is measured by using a 25 ml graduate cylinder (density 

measurement steps are explained in A.3.8). Syringes are used for withdrawing samples from the 

CIST, taking into consideration that the opening of the tip should be wide enough to prevent the 

blockage of the syringe due to mineral particles. An open diameter tip two times bigger (~ 3 mm) 

than the particle sizes is adequate for this task. 

The solids mass fraction (wt%) is calculated as follows (Menon, 2014): 

wt% solid =
 ρsolid(ρfluid − ρslurry)

ρslurry(ρfluid − ρsolid)
 × 100 

(4.3) 

4.2.2 Mixing equipment  

4.2.2.1 Confined impeller stirred tank 

The confined impeller stirred tank (CIST) is used to prepare the slurry and perform the vane 

rheometry tests and rest time experiments. The CIST has a diameter (T) of 0.076 m, equipped 

with a set of five metal Rushton (RT) impellers of a diameter of D= 0.0381 m whose blades are 

aligned with each other. The lowest impeller has an off-bottom clearance of C= D/3, the upper-

most impeller is submerged one impeller diameter depth below the surface S=D, and the other 

three impellers are equally spaced over the length of the shaft. Around the periphery of the tank, 

four rectangular baffles with a width Wb = T/12 are evenly spaced as shown in Figure 4.7. At the 

bottom of the tank, the shaft is inserted into a centering Teflon disc.  
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Figure 4.7 Confined impeller stirred tank (CIST) filled with 5 metal Rushton turbines. 

Figure reproduced with permission (Jairamdas et al. 2018). 

The specifications of metal Rushton impellers are indicated in Table 4.3.  

Table 4.3 Geometry, diameter, blades number and power numbers of RT impellers. 

Impeller Geometry 
Diameter 

(m) 

Number of 

blades 

Blade 

height (m) 

Blade 

width (m) 

Blade 

thickness (m) 

Np per 

impeller 

Metal 

Rushton 

 

0.0381 6 0.007 0.01 0.0015 3.79 

Some modifications to the tank design were made during the first stages of rest time 

experiments since the alignment of the shaft in the CIST was a challenging task.  That challenge 

was due to the rise in the center of the glass vessel from the manufacturer, so the bottom 

(centering) disc did not sit flat and wobbled around on the rise. The receiver hole in the bottom 



67 

 

disc where the shaft is guided was also small. This caused extra friction which led to a change in 

torque measurements, and a challenge to insert the shaft after each experiment due to the stuck 

particles in the receiver hole. To overcome this problem, the centering disk was hollowed out on 

the bottom to sit flat against the bulge in the glass bottom. Since the bottom of the shaft has a 

conical shape, the receiver hole was made conical and widened to provide a gap of 3x the largest 

particle size at the opening and narrowed it down to 2x the largest particles at the bottom as 

shown in Figure 4.8. 

 

Figure 4.8 Sketch representing the way the shaft is aligned in the bottom’s notch. 

4.2.2.2 Torque transducer setup 

The CIST is stabilized by installing the mixing motor “Lightnin L1410” on a metal frame. 

The motor “Lightnin L1410” is able to deliver rotational speeds up to 1800 rpm. A torque 

transducer (MCRT 29000TB Non-Contact Torquemeter from S. Himmelstein & Co.) is then 

installed between the motor and the shaft to measure and record the torque. General 

specifications of the torque transducer are given in Table 4.4. 
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Table 4.4 General specifications of MCRT 29000TB Non-Contact Torquemeter 

(Torquemeter manual, 700 series user’s guide, S. Himmelstein and Company). 

General specifications of torquemeter Standard performance 

Maximum torque 200 ozf-in 

Accuracy (nonlinearity, hysteresis, and repeatability +/- 0.10 % of full scale (or +/- 0.1 ozf-in) 

Stability, 6 months +/- 0.15 % of full scale (or +/- 0.15 ozf-in) 

Calibration accuracy +/- 0.05 % of full scale (or +/- 0.05 ozf-in) 

Zero balance +/- 1% of full scale (or +/- 1 ozf-in) 

The transducer is highly sensitive to any axial loads and bending forces, so a pillow bearing 

(INA radial sealed ½ inch ball bearing) is placed between the torque transducer and the impeller 

shaft to isolate the transducer and transmit only the torque generated from the impellers. The 

temperature of the bearing is adjusted to 50 °C using a thermocouple and two 125 W electric rod 

heaters enclosed by an aluminum block to control the lubricant viscosity and make sure the 

results are not affected by friction in the bearing. More precautionary actions were taken to avoid 

any vibrations and minor misalignments by adding two flex couplers below and above the 

transducer as shown in Figure 4.9 (Chapple et al., 2002).  

The torque transducer is connected to a torquemeter signal conditioner (S. Himmelstein & 

Co, Model 701) shown in Figure 4.10 to display torque on a LED screen. The torquemeter signal 

conditioner is connected to a power source that delivers 90-250 VAC, 47-63 Hz, and to a 

computer via RS232, RS422, or RS485. Processing the signal on the computer is done using 

LabVIEW. 
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Figure 4.9 Schematic draw reproduced with permission (Chapple et al. 2002), and a picture 

of the torque measurement setup.  

 

Figure 4.10 Torquemeter signal conditioner. 
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4.2.3 Concentric cylinder rheometry and vane rheometry measuring 

systems 

4.2.3.1 Concentric cylinder rheometry 

For this task, the rheometer Haake RheoStress 6000 with the concentric cylinder is used as 

shown in Figure 4.11. Only fine particles (n < 45 µm) should be examined to protect the 

rheometer. To ensure the appropriate fraction of fine particles, the ores are screened by hand on 1 

mm, 150 μm, and 45 μm meshes. A concentrated slurry (maximum target is 63 wt% solids) is 

prepared by adding the finest particles (< 45 μm) to saline water.  The sample is transferred to the 

cup of the Haake RheoStress 6000. The shear rate is swept twice to attain a clearer perception of 

possible non-Newtonian behavior and to detect any lagging in the slurry response. The 

descriptions of the shear-rate sweep are given in Table 4.5 .  

 

Figure 4.11 Rheometer Haake RheoStress 6000.  

 

Haake RheoStress 6000 

Inner spindle 

Outer spindle 
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Next, the density of the slurry is measured to determine the solids mass fraction. After the 

first experiment, the slurry is diluted with saline water for the next solids mass fraction. Figure 

4.12 illustrates the steps taken for the full cycle of CC testing. 

 

Figure 4.12 Flow chart for the concentric cylinder measurements with varying solids mass 

fractions. 
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Table 4.5 Experimental details for concentric cylinder measurements. Each sweep is 

performed twice. 

1. Sample conditioning 
Temperature (°C) 20 

Soak time (s) 10 

2. Up-Sweep 

Temperature (°C) 20 

Shear rate (min-1) 10 to 610 

Number of points 11 

Equilibration time (s) 5 

3. Down-sweep 

Temperature (°C) 20 

Shear rate (min-1) 610 to 10 

Number of points 11 

Equilibration time (s) 5 

4.2.3.2 Vane rheometry 

The six-bladed FL 100 sensor is attached to the Haake Viscotester 550 as shown in Figure 

4.13. The geometric dimensions of FL 100 are given in Table 4.6.  

The FL 100 sensor is submerged into the CIST as its geometric dimensions fit and show no 

constrained measurement. To get appropriate data, the sensor has to be placed two sensor heights 

off the bottom and submerged by one sensor height on the top. The VT550 is connected with the 

data acquisition software RheoWin 3 Job Manager. The experiments are conducted for about 2 

min at a shear rate of 0.01 s-1 and a controlled temperature of 21 °C.  

Table 4.6 Geometric dimensions of FL 100 sensor. 

Sensor FL 100 

System No. 21 

Rotor 

Radius [mm] 

Height [mm] 

 

11 

16 

Temperature [°C] -30/200 

System Factors 

f [Pa/Ncm] 

M [min/s] 

 

564.0 

0.209 
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Figure 4.13 Vane rheometer VT 550 with FL 100 sensor. 

4.2.4 Rest time experiments 

 The build-up of localized yield stress in nickel laterite slurries is studied by leaving the 

fluid at rest for varying periods of time after intense mixing. For this purpose, the same CIST 

used in slurry preparation and for vane rheometry is set up under a mixing motor “Lightnin 

L1410” and the torque transducer (MCRT 29000TB Non-Contact Torquemeter from S. 

Himmelstein & Co.) The shaft should be properly aligned in the bottom notch and vertically 

adjusted. 

The amplifier (S. Himmelstein & Co, Model 701) is connected to display the torque signal 

on the screen, the computer is turned on, and the DAQ device is checked up to make sure it is 

recognized in the computer.   

The LabVIEW program is started, and the motor is set to the desired rpm (500 rpm, 750 rpm, 

or 1000 rpm) until the steady state torque measurement is achieved (~ 30 min ). Next, the motor 

speed is dropped to 500 rpm for 10 min to find the baseline torque measurement.   

Haake Viscotester 550 

Six-bladed FL 100 
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The rest time experiments are done by stopping the motor and data logging for one of the 

rest time intervals (15 s, 30 s, 60 s, 2 min, 5 min, and 15 min), then restarting mixing for another 

3 min to reach the steady state torque. The procedure is repeated for the other rest time intervals 

in randomized order. Once the first series of rest time experiments for this speed and 

concentration are done, the data acquisition is stopped and the torque data is saved.  

The same procedure is repeated for the same solids mass fractions at 750 rpm and 1000 rpm. 

It should be noted that the rotational speed is increased without shutting down the motor. 

4.3  Calibration 

4.3.1 Power number measurements for 4 sets of impellers 

The design specifications of a stirred tank are mainly determined by several hydrodynamic 

characterizations such as the power number of the impeller (s), the power consumed per unit 

mass, flow number, momentum number and the flow patterns generated by each impeller 

(Chapple et al, 2002). This section replicates a part of work done by Machado and Kresta, (2013). 

In their work, the power number (Np) for four impeller geometries (PBT plastic, Intermig metal, 

RT metal and RT plastic) was measured at the bench scale in a confined impeller stirred tank 

(CIST). 

The power number is dependent on the configuration and number of the impellers, space 

between them, off-bottom clearance, submergence of the top impeller, and Reynolds number. 

The flow regime is defined by the point when Np becomes constant and the flow shifts from 

transitional to fully turbulent with increasing Re (Machado and Kresta, 2013). 

The dimensionless power number, Np, developed by Rushton (Chapple et al, 2002) is given 

by:  

NP =
P

ρN3D5
 

(4.4) 

where P is the power required by the impeller (W), ρ is the fluid density (kg/m3), N is the 

rotational impeller speed (s-1), and D is the diameter of the impeller (m).  

The power is calculated from the shaft speed and its torque Tq data provided by a torque 

transducer as follows: 
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P = 2πNTq (4.5) 

The Reynolds number is tracked by the following equation:  

Re =
ND2ρ

μ
 

(4.6) 

All experiments were carried out in a transparent confined impeller stirred tank (CIST) with 

a flat-bottom tank diameter T of 76 mm, a liquid height H of 3T= 228 mm, and filled with four 

rectangular baffles with a width Wb of T/12 and five impellers either aligned or for the case of 

Intermig impellers, staggered at 90° to each other. Four sets of impellers were examined as given 

in Table 4.7. Only water was used (µ = 1 × 10−3 Pa·s and density ρ= 1000 kg/m3). 

Table 4.7 Characteristics of the impellers. 

Impeller Number 

of impellers 

Impeller 

Diameter D [m] 

Off-bottom 

clearance  

C [m] 

Surface 

Submergence  

S [m] 

Rushton plastic (RT) 5 T/2 D/3 D 

Rushton metal (RT) 5 T/2 D/3 D 

Intermig 5 2T/3 D/3 D 

Pitched blade turbine 

(PBT) 

5 T/2 D/3 D 

Figure 4.14 presents the power number per impeller as a function of Re of all impellers in 

addition to the reference data taken from (Machado and Kresta, 2013). The rotational speed is 

ramped up and down from 100 rpm to 1000 rpm. The trend of Rushton plastic curves 

approximately flattens at Re > 12 000 (N >500 rpm). The fully turbulent power number is 16.3, 

which gives an Np per impeller of 3.26. At low rotational speeds (N < 500 rpm), the baseline 

torque measurements show no stability resulting in dramatic changes in the downward trend. This 

behavior might be due to details of the geometry of the impellers at the bench scale, or to the 

fabrication from plastic providing some flexion as the impellers are loaded.  

The Rushton metal impellers exhibit turbulent behavior at Re > 13 000. The total power 

number is equal to 18.95, which is approximately equal to the value of Np= 18.9 that was 

reported by (Machado and Kresta, 2013). This gives a power number of 3.79 per impeller. Both 

the absolute torque and the baseline torque measurements are stable in ascending and descending 

order. 
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The 5 Intermig metal impellers reach the turbulent regime at Re ≥ 11 000. The individual 

power number is equal to 0.34. The average standard deviations of both absolute and baseline 

torque are +/- 0.012 ozf-in and +/- 0.0018 ozf-in respectively. While Machado and Kresta (2013) 

used 6 Intermig metal impellers, the power number per impeller indicated is 0.47 and the 

turbulent regime begins at Re ≥ 10 000. 

 

Figure 4.14 Power number curves of different types of impellers for increasing shaft speed 

(up) and decreasing shaft speed (down). Rushton reference and Intermig impeller reference 

reproduced with permission (Machado and Kresta, 2013).  

The curves for 5 PBT become approximately turbulent at Re > 16 000 but did not achieve a 

flat portion. The average fully turbulent of the three highest Re is 5.9, which gives a power 

number of 1.18 per impeller. The baseline torques at Re < 400 rpm indicate a slight deviation. 

Overall, the geometry of the impellers affects the transition from transitional to turbulent 

flow. The Intermig metal impellers reach the turbulent flow regime at a lower Re compared to 

other impellers. Both the RT metal and Intermig metal impellers indicate high stability in both 

increasing and decreasing impeller speeds. Of the plastic impellers tested, only the PBT impellers 

gave stable results with no hysteresis. 
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4.3.2 Duplicating Ulrich’s experimental plan 

The method for continuous torque measurements was developed by Ulrich at the University 

of Alberta. It was essential to validate the new setup, data acquisition method, the performance of 

the concentric cylinder rheometry and the vane rheometry before starting the yield stress 

characterization plan.   

 The nickel laterite ore supplied from Moa Bay, Cuba was tested following Ulrich’s 

procedure. The first objective was to replicate Ulrich’s method to ensure that the method is 

working on a second nickel laterite slurry. The results are discussed in more detail in the next 

chapter. Ulrich tested nickel laterite slurries supplied by Sherritt Tech from their Ambatovy JV 

facilities in Madagascar, thus, the rheological behavior between the two NLS could be different 

due to the source of the nickel laterites, their compositions, and particle size distributions.  The 

shear thinning behavior and the time dependent behavior of nickel laterite slurry are examined 

using a concentric cylinder viscometer, the yield stress is measured using a vane viscometer, and 

rest time experiments are performed using a confined impeller stirred tank filled with six 

Intermig metal impellers. 

The NLS ores were sieved for 15 min using a Cole-Parmer sieve shaker with seven sieves 

(2.8 mm, 2.36 mm, 1.7 mm, 1.18 mm, 0.85 mm, 0.3 mm, 0.045 mm) plus a ground pan.  

To measure the ore density, 877 g of all received fractions (2.36 mm, 1.7 mm, 1.180 mm, 

0.85 mm, 0.3 mm, 0.045 mm) were recombined and remixed. 8.2459 g of the sample was placed 

in the filling chamber and the density was measured using the AccuPyc II 1340 nitrogen gas 

pycnometer. The average ore density for the Moa Bay laterite is ρore = 2.3357g/ml  with a 

standard deviation of 0.0028 g/ml, while (Ulrich, 2017) found ρore = 1.922g/ml  for the 

Abatovy ore sample with fractions of (1.40 mm, 0.85 mm, 0.60 mm, 0.30 mm, 0.15 mm, 0.063 

mm), using manual measurement with a glass pycnometer 

Ulrich’s viscosity measurements were done with an AR-G2 rheometer. Since the two ores 

are from different sources and have different fractions, the shear rate profiles and viscosity curves 

displayed different behaviors. It was confirmed that the rheometer Haake RheoStress 6000 

operates effectively with the Moa Bay ore.  Two fractions of Moa Bay NLS were tested (57.5 

wt% and 42.5 wt%). 
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Results for both slurries are shown in Figure 4.15 . The initial shear stress increases with 

increasing solids mass fractions as expected.  At 42.5wt% and 57.5 wt% the slurries have average 

initial shear stresses of 32 Pa and 151 Pa respectively, which then shoot up to approximately 74 

Pa and 560 Pa as the shear rate increases over the first sweep. The shear stresses of the first 

up/down sweep of all shear rates are slightly higher than the stresses during the second up/down 

sweep, which indicates a disruption of some kind of microstructure in the slurries over the course 

of the runs. Figure 4.15a (57.5 wt%) shows time dependent behavior (thixotropy) while the 

diluted sample (42.5 wt%) shows no evidence of thixotropic behavior in Figure 4.15c.  

The viscosity curves are shown in Figure 4.16. The trend of the two curves for 57.5 wt% in  

Figure 4.16a and for 42.5 wt% in Figure 4.16c indicates shear thinning behavior as the viscosity 

declines with rising shear stress.  

Two solids mass fractions (61.3 wt% and 43 wt%) were chosen from CC measurements in 

(Ulrich, 2017) to show their rheological behaviors. At high solid mass fractions (61.3 wt%), the 

slurry exhibits clear shear thinning and thixotropic behavior as shown in Figure 4.15b and Figure 

4.16b.  At low solid mass fractions (43 wt%), the non-Newtonian behavior was significantly 

reduced as shown in Figure 4.15d and Figure 4.16d.  
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Figure 4.15 Stress-strain curves showing the thixotropic behavior of high solids mass 

fractions: (a) 57.50 wt% NLS (Moa Bay Sample) and (b) 61.30 wt% NLS (Ambatovy JV 

sample), and how it is diminished for diluted samples: (c) 42.5 wt% NLS (Moa Bay sample) 

and (d) 43 wt% NLS (Ambatovy JV ) across up and down sweep measurements. Figure 

reproduced with permission (Ulrich, 2017). 
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Figure 4.16 Viscosity-shear curves showing the shear thinning behavior for (a) 57.50 wt% 

NLS (Moa Bay sample), (b) 61.30 wt% NLS (Ambatovy JV sample), (c) 42.5 wt% NLS 

(Moa Bay sample), and (d) 43 wt% NLS (Ambatovy JV sample) across up and down sweep 

measurements. At similar shear rate, the viscosity of 42.5 wt% Moa Bay slurry is roughly 

10x lower than for 43 wt% Ambatovy slurry. Figure reproduced with permission (Ulrich, 

2017). 

Vane rheometry showed that the yield stress curves of high solids mass fractions are higher 

than the initial yield stress curves of low solid mass fractions as expected. Figure 4.17a shows 

that the maximum yield stress of 66.55 wt% solid fractions is 114 Pa, however, the yield stress of 

slurries at solid mass fractions lower than 61.04 wt% ranges between 20 Pa and 7.6 Pa. That 

steep drop indicates that the NLS shifts toward Newtonian behavior with decreasing solids mass 

fractions. More data could be taken to indicate the exact critical point where the slurry becomes 

fully non-Newtonian, but at this stage, it was enough to ensure that the vane rheometry is 

operating normally. According to (Ulrich,2017), the critical point of Ambatovy JV NLS was 

achieved at 45 wt% solids mass fractions as shown in Figure 4.17b.  
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Figure 4.17 Vane rheometry results showing the rise of peak yield stress with increasing 

solids mass fractions.  (a) Stresses for solid mass fractions between 66.55 wt% and 39.04 

wt% (Moa Bay NLS), (b) Stresses for solid mass fractions between 71.8 wt% and 25.2 wt% 

(Ambatovy JV NLS). Figure 4.17b reproduced with permission (Ulrich, 2017). 

Rest time experiments were performed for different solids mass fractions at three various 

rotational speeds (500 rpm, 750 rpm, 1000 rpm). A speed of 1000 rpm was able to keep all torque 

responses below the average baseline for 47.4  wt% slurry as shown in Figure 4.18a. Ulrich’s 
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experiments showed an excess torque response after 5 min of rest time for 48.3 wt% as shown in 

Figure 4.18b. 

 

Figure 4.18 Torque-Time plot at 1000 rpm for (a) 47.4 wt% in randomized order (Moa Bay 

NLS), (b) 48.3 wt% in randomized order (Ambatovy JV NLS). The rest times of 5 min and 

15 min of Ulrich’s work showed an excess torque response. Figure 4.18b reproduced with 

permission (Ulrich, 2017). 
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The results obtained from the experiments validated the effectiveness of the new setup of the 

method developed by Ulrich, 2017. This first attempt of performing concentric cylinder 

rheometry, vane rheometry, and rest time experiments gave a comprehensive idea about how to 

daily manage running an 8-hour run starting from ore sieving, slurry preparation, performing CC 

and vane measurements, RTE, finding the spot of all equipment needed in the wet and dry lab at 

Saskatchewan Research Council and finally how to transport safely the CIST across the different 

locations. 
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5. RESULTS AND DISCUSSION 

The most important data from concentric cylinder rheometry, vane rheometry, and rest time 

experiments are analysed in this section to summarize key rheological results for the nickel 

laterite slurries’ behavior under varying solids mass fractions, impeller rotational speeds, and 

particle size distributions. 

5.1  Concentric cylinder rheometry under varying solids mass fractions 

For this task nickel laterite slurries are prepared from particle sizes less than 45µm, so 

rheological properties may reasonably be expected to change due to the change in the particle 

size distribution. Measurements are taken for solids mass fractions between 28 wt% and 61 wt%.  

Above 61 wt%, the CC measurements could not be taken as an overload signal is received by 

the CC rheometer. This corroborates the results obtained in the next subsection from vane 

rheometry tests where a dramatic increase in yield stress is observed above 61 wt%.  

Figure 5.1 shows the highly cohesive physical state of a 63 wt% NLS.
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Figure 5.1  Unequal distribution of the sticky thick slurry (63 wt%) across the inner spindle 

of the concentric cylinder rheometer (consolidation phenomenon). 

Concentric cylinder experiments indicate that slurries with solids mass fractions above 43 

wt% are dependent on strain rate and time. Figure 5.2 shows the shear stress and the viscosity of 

these samples decreasing over time at a constant shear rate, which is thixotropic behavior. 

Figure 5.2a shows that when the sample is diluted, the gap between the up and down trend in 

the hysteresis loop gets narrower proving a reduction in time dependent behavior. The gap almost 
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disappears for the second sweep of 46 wt% solids. In addition, the up/down trendline of the 

second sweep is lower than the first sweep due to the breakdown of the microstructures after 

shearing.  

Applying up/down sweeps for solids mass fractions below 43 wt% gives the opposite 

behavior. For all samples, the up curves lie below the down curve as shown in Figure 5.2b.  

This phenomenon could be attributed to the quick sedimentation of the low concentration 

slurry that causes an unequal particles distribution throughout the inner spindle or to the intense 

break-down within networks during slurry preparation or/and examination (Toorman, 1995). 

Particles in this case settle in the annular gap out of the control volume to the bottom of the cup. 

The settled solids fraction can not be tested in a concentric cylinder viscometer unless 

considering the suspension mechanism in the laminar regime and a rapid test to limit settling 

rather than multiple sweeps to consider thixotropic behavior.  
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Figure 5.2 Stress-shear rate curves for (a) 60.25 wt%, 57 wt%, and 46 wt% NLS across a 

double sweep measurement and (b) 43 wt%, 41.9 wt%, 37 wt%, 34 wt%, and 28 wt% NLS 

across a double sweep measurement. Note the change in scale between the two figures and 

the increasingly thixotropic behavior with increasing weight percent solids. 

Figure 5.3 shows the first up ramps of all NLS samples. Overall, for solids mass fraction 

below 61 wt% the shear stress increases with increasing solids mass fraction and shear rate. At 

the highest solids mass fraction, 60.25 wt%, the slurry has an initial shear stress of 300 Pa, which 

then shoots up to approximately 1077 Pa by the end of the experiments. The 28 wt% sample, 

which is the lowest solids mass fraction, exhibits Newtonian fluid as the trend starts at an initial 

shear stress of 0.752 Pa and reaches a maximum shear stress of only about 13.35 Pa. This 

indicates the major difference in rheological behavior between low and high solids mass 

fractions. The 43 wt%, 41.9 wt%, 37 wt%, 34 wt% samples display the same behavior as the 28 

wt% sample, a linear shear stress/shear strain relationship, but with an offset on the ordinate axis 

which is the yield stress. These samples are classified as a low stage of Bingham fluid  
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since the fluid needs a limited yield stress to start flowing. In another description, a fluid with a 

solids mass fraction just below 43 wt% is in a transitional stage from Newtonian to non-

Newtonian fluid. Samples above 43 wt% display a combination of pseudoplastic fluid (shear 

thinning fluid) and Bingham fluid. This rheological behavior can be fitted by a Herschel-Bulkley 

model. All samples above 43 wt% show a constant shear thinning index “n” over the whole range 

of shear rates, except for 57 % sample that follows the same pattern for shear rate < 2 [s-1], then 

the trend declines due to the drop in shear thinning index “n” with increasing shear rate at just 

above 2 [s-1]. 

 

Figure 5.3 First up-sweep concentric cylinder measurements for different solids mass 

fractions showing the full range of solids mass fraction from Figure 5.2 on one plot.  

Figure 5.4 shows the viscosity of solids above 43 wt% decreasing gradually with increasing 

shear rates, indicating shear thinning behavior. Below 43 wt%, the shear thinning behavior is 

more limited as the viscosity drops immedialty at 1 [s-1], and then stays roughly constant to the 

end of the CC test. 
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Figure 5.4 Logarithmic scale of viscosity against shear rate showing shear thinning 

behavior at all solids loadings. 

5.2  Vane rheometry under varying solids mass fractions 

Figure 5.5 shows the results from the wt% runs which indicate the progression of stress 

against time over a range of 12 solids mass fractions. The stresses display an upward trend with 

increasing as the solids mass fraction increases, reach the peak yield stress before 30 s, and then 

gradually decrease by the end of the test. The maximum solids mass fraction (69.4 wt%) has a 

yield stress of 935 Pa, while the lowest solids mass fraction (25.5 wt%) has a yield stress of 4.5 

Pa. A yield stress rise occurs at solids mass fractions above 43.75 wt%.  Below 43.75 wt% solids, 

the slurries exhibit Newtonian behavior as shown by the lack of stress responses.  
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Figure 5.5 Stress-time graph for solid mass fractions from 25.5 wt% to 69.4 wt% NLS in 

the vane rheometer. The onset of significant yield stress is evident at 44.7wt% and there is a 

dramatic increase in yield stress response above 60.7 wt% solids. 

Figure 5.6 shows the peak yield stresses for all wt% runs. The peak yield stress increases 

with increasing solids mass fraction. For two samples 44.7 wt% and 50.9 wt% which differ in 

concentration by 6 wt%, the yield stress differs by approximately 59 Pa. This indicates the onset 

of non-Newtonian behavior. Another steep yield stress increase is seen from 51 wt% solids to 61 

wt% solids. At solids mass fractions above 61 wt%, peak yield stresses rise even more rapidly. 
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Figure 5.6 Peak yield stresses as a function of solids mass fraction for 12 samples of nickel 

laterite slurry. Yield stress increases with increasing solids mass fractions. There is a 

dramatic yield stress rise above 43 wt% solids indicating the onset of non-Newtonian 

behavior. 

Merging these data with CC measurements, it is concluded that the nickel laterite slurry 

becomes non-Newtonian above 43 wt% solids. At solids mass fractions above 61 wt%, the build-

up of dynamic yield stress increases rapidly, CC measurements could not be performed and the 

yield stress as measured from vane rheometry rises exponentially. 

5.3  Torque transducer and temperature control 

The start-up phase of the rest time experiments was quite challenging. The initial plan was to 

prepare the highest solids mass fraction and then dilute the sample to the next fraction. While 

preparing the first sample, the torquemeter displayed a significant zero offset and unbalance of 

the strain gage bridge. This is indicative of the transducer having been exposed to an overload 

condition, meaning a torque in excess of its’ overload rating of 200 ozf-in. The torquemeter was 

broken, and it was sent to the shop for repair. To overcome this problem for the next experiments, 

a LabView audible alarm was activated so it will blare out a loud warning if high torque 

measurement is recorded and a relay box was installed to automatically turn off the motor if the 

torquemeter signal conditioner is exposed to a torque in excess of 70 ozf-in. The next step was to 
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change the steps of the procedure, so it was decided to prepare first a low solids mass fraction and 

then add ores to target the next highest fraction.  

Also, it was noticed during the first set of rest time experiments that the temperature control 

of 50 °C applied to the pillow bearing reduced the friction of the lubricant to the point that none 

of the rest times (15 s, 30 s, 60 s, 2 min, 5 min, and 15 min) resulted in torque responses higher 

than the baseline level - even at high solids mass fractions. To further investigate this problem, 

two sets of experiments with and without temperature control were performed for the same solids 

mass fraction (56 wt%) to track the temperature’s influence on the torque response.  

Figure 5.7 shows that rest times of 2 min and longer without temperature control resulted in 

torque responses higher than the average as expected, however, all rest times with temperature 

control remained below or at the same level as the baseline. In view of these results, the 

temperature control was turned off, and the remaining rest time experiments were performed with 

the bearing at room temperature. 
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Figure 5.7 Torque-Time plots for 56 wt% NLS (a) with temperature control and (b) 

without a temperature control at 1000 rpm. For our experimental set-up, the results are 

more stable without temperature control, so the control was turned off for the rest of the 

study. 

Having resolved the risk of particle jams which can overload the sensitive torque transducer, 

and removed the temperature control, we proceeded to the wt% and PSD rest time runs described 

in sections 5.4 and 5.5 of the experimental chapter.  

5.4  Rest time experiments under varying solids mass fractions 

Rest time experiments (15 s, 30 s, 60 s, 2 min, 5 min, and 15 min) were performed in a 

randomized order of rest times. They are repeated for three rotational speeds (500 rpm, 750 rpm, 

1000 rpm) at increasing solids mass fractions from 25.5 wt% to 69.3 wt%. The slurry is made up 

of particle fractions (-2.36 mm/+1.7 mm, -1.7 mm/+1.18 mm, -0.85 mm/+0.3 mm, and -0.3 mm 

/+0.045 mm) in roughly equal proportions, as given in Table 4.1. 
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5.4.1 Solids mass fractions below 43 wt% 

Figure 5.8 shows the results of rest time experiments (RTE) for solids mass fractions below 

43 wt%. All rest times cause torque responses lower than the baseline level or stay at the same 

level. No network build-up and development of yield stress is seen, indicating that the fluid 

below 43 wt% solids is in a Newtonian state.  

 

Figure 5.8 Torque-Time plot for 25.5 wt% NLS and 34.5 wt% NLS at different rotational 

speeds showing no evidence of development of localized or dynamic yield stress. 

5.4.2 Solids mass fractions between 43 wt% and 53 wt% 

Figure 5.9 shows a shift in NLS behavior for solids mass fractions above 43 wt% and below 

53 wt%. Nickel laterite slurries needed 5 min of rest time to build up the localized or dynamic 

yield stress and rearrange their networks after mixing. Rest times of 5 min and 15 min resulted in 

torque responses slightly higher than the average at varying solids mass fractions between 43 
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wt% and 53 wt% and different rotational speeds (500 rpm, 750 rpm, and 1000 rpm), which in 

general indicate the early stage of non-Newtonian behavior (transitional stage). 
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Figure 5.9 Torque-Time plot for (a) 43.75 wt% NLS at 500 rpm (no yield stress evident), (b) 

49 wt% NLS at 750 rpm (yield stress builds up for rest times longer than 5 min) and (c) 52 

wt% NLS at 1000 rpm (instabilities develop after 60s rest time).  

5.4.3 Solids mass fractions at 53 wt% and above 

At a stage of above 53 wt% solids, the slurry’s behavior becomes more complex. Many 

factors such as the order of rest time experiments, the impeller speeds, and the mixing between 

runs start all together to affect the torque response measurements as well as the time needed to 

reach the steady-state torque measurement.  

Table 5.1 presents the first expectation which is to get higher torque responses for higher 

impeller speed and for higher solids mass fraction, however, the second expectation for getting 

higher torque responses as the duration of rest times becomes longer is not observed. To 

illustrate, at 60.4 wt% solids mass fraction, the 30 s rest time at 750 rpm resulted in torque 

responses higher than the 60 s and 2 min rest times when it is performed directly after the 15 min 

rest time. However, when the order of 60 s rest time at 1000 rpm was placed after 15 min rest 

time, 60 s rest time resulted in torque responses higher than the 30 s and 2 min rest time. That 

happens because the build-up of the yield stress after 15 min of rest time is much bigger than 
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after other rest times, which leads to not reaching the steady-state torque measurement within 3 

min of mixing between runs. As a result, the order of 15 min rest time affects the overall torque 

responses. To overcome this problem, it is decided to prolong the duration of mixing between 

runs to 6 min instead of 3 min, only after the 15 min of rest time for solids mass fractions above 

53 wt%.  

Table 5.1 Average torque after rest times for 58.5 wt% and 60.4 wt% (randomized order). 

 Average torque after rest times/order of RTE [ mN·m] 

Rest 

time 

58.5 wt% 60.4 wt% 

500 rpm 750 rpm 750 rpm 1000 rpm 

Baseline 49.33  89.99 132 154.26 

15 s 54.32 (6th) 91.51 (5th) 131.5 (6th) 155.09 (6th) 

30 s 53.70 (3rd) 93.04 (3rd) 134.9 (3rd) 157.45 (5th) 

60 s 54.44 (5th) 93.05 (4th) 133.76 (5th) 160.051 (3rd) 

2 min 50.93 (1st) 91.22 (1st) 133.65 (1st) 157.56 (1st) 

5 min 54.77 (4th) 93.94 (6th) 135.96 (4th) 161.81 (4th) 

15 min 54.21 (2nd) 95.14 (2nd) 138.05 (2nd) 162.91 (2nd) 

Mixing the slurry at high solids mass fractions becomes challenging since the NLS in this 

stage is very dense and agglomerated. The non- Newtonian behavior is completely dominant at 

low impeller speeds which leads to matt formation. 

 Figure 5.10 shows the instability of the baseline torque measurements for solids mass 

fractions above 53 wt% at 500 rpm. The experiments could not be performed since the trend of 

the baseline kept decreasing without achieving a stable state.  
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Figure 5.10 Torque-time plot showing unstable baseline torque level for thick slurry at 500 

rpm, (a) 57 wt% NLS and (b) 65.5 wt% NLS.  
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At 750 rpm, the steady-state torque measurement for solids above 53 wt% takes at least 40 

min of mixing prior to performing the rest time experiments to stabilize, compared to 30 min for 

solids below 53 wt%.  

Figure 5.11 shows that at this stage, all rest times demonstrate torque responses higher than 

the baseline level due to the inefficiency of mixing between runs at a speed of 750 rpm to fully 

dissipate the yield stress that was built during rest times.  
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Figure 5.11 Torque-time plot for (a) 53 wt% NLS, (b) 55.5 wt% NLS, (c) 58.5 wt% NLS, 

and (d) 69.3 wt% NLS at 750 rpm showing evidence of development of localized or dynamic 

yield stress for all samples above 53 wt% solids. 

Figure 5.12 shows the rest time trends against time for solids of 53 wt% and above at 1000 

rpm. The development of yield stress becomes faster with increasing solids mass fractions. NLS 

with solids mass fractions of 53 wt%, 55.5 wt%, and 58.5 wt% need 60 s of rest time to rebuild 

their networks which is faster by 4 min than solids below 53 wt%.  It is clear from these graphs 

that rest times longer than 60 s resulted in torque responses higher than the baseline level, while 

30 s and 15 s rest times remain at the same level of baseline or below.  

It is evidently noticed that increasing the speed from 750 rpm (Figure 5.11) to 1000 rpm 

(Figure 5.12) for the same NLS samples (53 wt%, 55.5 wt%, and 58.5 wt%) delayed the 

development of yield stress from 15 seconds of rest times to 60 seconds of rest times. 
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Figure 5.12 Torque-time plot for (a) 53 wt% NLS, (b) 55.5 wt% NLS, and (c) 58.5 wt% 

NLS at 1000 rpm showing evidence of development of localized or dynamic yield stress 

after 60 s of rest time. 

Figure 5.13 shows a build-up of localized or dynamic yield stress after 30 s of rest time for 

solids above 60 wt%.  62.5 wt% and 65.5 wt% solids mass fractions resulted in torque responses 

higher than the baseline after 30 s of rest time, while the 15 s of rest time is too short to 

effectively build up the yield stress after intense 1000 rpm shearing, so the trend of 15 s stayed at 

the same level of the baseline.  
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Figure 5.13 Torque-time plot for 62.5 wt% NLS and 65.5 wt% NLS at 1000 rpm showing 

evidence of development of localized or dynamic yield stress after 30 s of rest time. 

At very high solids mass fractions (69.3 wt% solids), nickel laterite slurry is so thick and 

gravelly. At this point, taking the measurements of torque at 1000 rpm in CIST is risked by 
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breaking the tank and/or damaging the sensitive torque transducer. Many attempts were 

performed to get good results from RTE at high wt% solids and high rotational speed, but the 

factors mentioned earlier had a negative influence on torque measurements. 

5.4.4 Summary of rest time experiments 

Figure 5.14 shows the summary of the three stages that nickel laterite slurries undergo under 

varying solids mass fractions.   

 

Figure 5.14 Summary of the three rheological behavior stages that NLS went through over 

the range of solids mass fractions examined in the rest time experiments. Newtonian 

behavior was observed for solids fractions below 43 wt%, transitional behavior for solids 

between 43 wt% and 53 wt% and non-Newtonian behavior for solids fractions above 53 

wt%.  
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5.5  Effect of particle size distributions on the development of yield stress 

(PSD runs) 

In the second set of rest time experiments, the solids mass fraction is kept constant at 53 wt% 

while the particle size distribution is varied. Previous observations show that NLS completely 

shifts towards non-Newtonian behavior at 53 wt% solids and above, thus, it was decided to 

perform the first set of rest time experiments with only coarse particles at 53 wt%. The rest time 

experiments (15 s, 30 s, 60 s, 2 min, 5 min, and 15 min) are performed in randomized order and 

repeated for three rotational speeds (500 rpm, 750 rpm, 1000 rpm). Then, three more 53 wt% 

nickel laterite slurries are prepared by adding fine particles to the coarse particles in 25% 

increments (25%, 50%, and 75% fine particles).  

Table 5.2 presents the excess torque responses above the baseline level at 1000 rpm. The 

excess torque is attributed to the development of loosely bound networks or agglomerates within 

the slurries. After 15 min rest time, the excess torque for 53 wt% coarse particles is 

approximately 9 mN·m. After adding 25 %, 50 % and 75% fine particles, the excess is reduced 

by 1.9 mN·m, 3.913 mN·m, and 4.321 mN·m respectively. At 15 s of rest time, the 53 wt% 

slurry has 0.199 mN·m excess torque for 0% fine particles and no excess torque at 75% fine 

particles. After 2 min of rest time, the excess torque is 3.426 mN·m for 25 % fine particles and 

the excess torque declines to reach 0.698 mN·m for the slurry with 75% fine particles. In all 

cases, the excess torque increases with increasing rest time and decreases with an increasing 

fraction of fine particles. 
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Table 5.2 Excess torque responses after rest times in randomized order at 1000 rpm. 

 Excess torque responses [mN·m] 

Rest 

time 

53 wt% (0% 

fine particles) 

53 wt% (25 % 

fine particles) 

53 wt% (50 % 

fine particles) 

53 wt% (75 % fine 

particles) 

1000 rpm 1000 rpm 1000 rpm 1000 rpm 

15 s 0.20 0.19 0.18 No excess 

30 s 2.15 1.42 1.29 0.14 

60 s 3.42 1.94 0.89 0.35 

2 min 3.60 3.43 1.45 0.70 

5 min 4.79 3.63 2.60 2.36 

15 min 8.99 7.09 5.08 4.67 

Figure 5.15 displays the torque-time records on the restart of mixing for the rest time 

experiments at 53 wt% solids (0%, 25 %, 50 %, and 75% fine particles). It is clear from these 

graphs that the development of localized yield stress is significantly reduced with increasing 

fractions of fine particles. The sample with 0% fine particles rebuilds networks after 30 seconds 

of rest time, while the sample with 75 % fine particles needs 5 minutes to reform these structures.  
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Figure 5.15 Torque-Time detail plot for 53 wt% NLS at 1000 rpm showing a decrease in 

excess torque with increasing fine particles after 30 seconds of rest time. The yield stress 

build-up at 30 s is (a) 2.152 mN·m (0% fine particles), (b) 1.418 mN·m (25% fine particles, 

(c) 1.291 mN·m (50% fine particles), (d) 0.143 mN·m (75% fine particles). Full excess 

torque results are given in Table 5.2. 
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Figure 5.16 and Figure 5.17 show the results obtained from the PSD runs using vane 

rheometry. Vane rheometry measurements follow the same trends as the results obtained from the 

PSD rest time experiments in the CIST.   

Figure 5.16 plots peak yield stresses against solids mass fraction. Both slurries prepared 

using coarse particles (0% fine particles) and mixed coarse-fine particles (≈52 % of fine 

particles) indicate that yield stress increases dramatically with increasing solid mass fractions 

above 43 wt%, however for the same solids mass fraction, the stress responses of the coarse 

particle slurries are higher than the stress responses of the mixed coarse-fine particle slurries. For 

example, the yield stress of the 44.6 wt% coarse particle slurry is 76.4 Pa, and for the 44.6 wt% 

mixed coarse-fine particle slurry, the yield stress is 39.9 Pa. At approximately 65 wt%, the yield 

stress for coarse particles is just below 1300 Pa, and for mixed coarse-fine particles, it is just 

above 737 Pa. Those results clearly show that there is a significant impact of particle size 

distributions on the development of yield stress. This result has not been widely reported before 

this work, and these results clearly show that the rest time experiments performed using the CIST 

can provide valuable insights into slurry rheology under turbulent flow conditions, allowing the 

applications engineer to scale-up the design of mixing vessels with significantly more 

confidence. 
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Figure 5.16 Peak yield stresses as a function of solid mass fraction for coarse particles NLS 

and mixed coarse-fine particles NLS. 0% fine particles NLS have yield stress greater than 

52% fine particles NLS. 

Figure 5.17 shows a gradual decrease in yield stress by adding 25 % fine particles in 3 steps 

to solids mass fraction of 53 wt% NLS. This suggests a reduction in the build-up of networks 

within the nickel laterite slurries as more fine particles are added.  

 

Figure 5.17 Peak yield stresses for 53 wt% NLS with different percentages of fine particles 

showing a decrease in yield stress with adding 25% fine particles in 3 steps.
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6. CONCLUSION AND RECOMMENDATIONS FOR FURTHER WORK 

6.1  Conclusion 

This study validated the method developed by (Ulrich, 2017) using a second nickel laterite 

slurry. Ulrich’s method provides a protocol to measure the dynamic torque response of a slurry to 

cycles of mixing and rest times. This provides bench scale data to detect the risk of yield stress 

build-up in large scale vessels using a 1L sampler of slurry in a confined impeller stirred tank 

(CIST). Measuring the torque response under varying solids mass concentration, impeller 

rotational speeds, and particle size distributions during experiments where the rest time and 

mixing time were varied revealed the development of yield stress in nickel laterite slurries (NLS).  

Vane rheometry and concentric cylinder (CC) measurements were performed to validate the 

results obtained from rest time experiments.  

Three significant discoveries were found while working on NLS. First, the critical NLS solid 

mass fraction at which the fluid started to transition towards non-Newtonian behavior. Second, 

the rest time needed for NLS to rebuild their networks. Finally, the effect of particle size 

distributions on the rise of yield stresses. 

All concentric cylinder rheometry, vane rheometry, and rest time experiments indicated a 

shift in NLS behavior above a solids mass fraction of 43 wt%. Initial experiments showed that 

the shear rate and shear stress have a linear relationship (Newtonian behavior) for solids 

concentrations less than 43 wt%. Concentric cylinder measurements and vane rheometry both 

indicate that the NLS exhibits shear-thinning and thixotropic behaviors for solids mass fractions 

of 43 wt% and above. The dynamic yield stress after rest time also increases dramatically above 

43 wt% solids. Small or negligible dynamic stress responses were observed below 43 wt% solids.
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Specifically, data from rest time experiments revealed some underlying properties of NLS at 

different stages: 

First, the order of rest times was found to affect the torque responses after 15 minutes of rest 

time. For example, 3 minutes mixing time between runs for solids mass fractions of 53 wt% and 

above is not enough to break down the networks build-up caused by the development of yield 

stresses after 15 minutes of rest time. Consequently, the steady-state torque measurement could 

not be reached. The steady state after 15 minutes of rest time is reached after 6 min of mixing 

between runs. Once the steady state is reached, the next torque responses are no longer affected 

by the order of the previous rest time experiments. 

Second, experiments for solids mass fractions of 53 wt% and above were only performed at 

750 rpm and 1000 rpm. On the surface and wall, the dense slurry was not subjected to mixing at 

500 rpm, so mixing was not uniform throughout the CIST that resulted in unstable baseline 

torque measurements.  

Third, rest time experiments detected that slurries between 43 wt% and 53 wt% solids 

rebuild their networks after 5 minutes of rest time at three different rotational speeds (500 rpm, 

750 rpm, and 1000 rpm). The yield stress gradually increases with prolonging rest time and 

increasing solids mass fraction. Slurries of 53 wt% solids and above need only 15 seconds of rest 

time at 750 rpm to rebuild their networks. At 1000 rpm, the development of dynamic yield stress 

and rearrangement of slurries’ networks takes 30 seconds to 60 seconds for NLS above 53 wt% 

solids. Slurries above 67 wt% solids could not be studied at 1000 rpm because they exceeded the 

capacity of the set-up. 

Finally, rest time experiments showed that adding fine particles reduces the development of 

yield stress and extends the rest time needed to rebuild their networks from 30 seconds of rest 

time for 53 wt% (no fine particles) to 5 minutes of rest time for 53 wt% (75 % fine particles). 

Validation of this observation was confirmed by vane rheometry measurements which indicate 

that slurries prepared from coarse particles (2.36 mm > n > 1.18 mm) have yield stresses higher 

than slurries prepared from coarse and fine particles (2.36 mm >n > 1.18 mm and 0.85 mm > n > 

0.045 mm) at a range from 25 wt% solids to 70 wt% solids. 
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6.2  Recommendations 

Based on the experiences gained by this research project and the challenges faced during 

performing the experiments, some recommendations can be suggested for future work. 

As mentioned in subsection 4.2.2.1, the alignment of the shaft was problematic at first. A 

better design could be worked on to reduce friction and achieve a better alignment. For example, 

using glass vessels without a bulge in the glass bottom, and steadying (glue) the centering disc so 

it does not rattle around.  

The impeller flow patterns have a great impact on the mixing process. All rest time 

experiments in this study were performed by using radial flow turbines (Rushton), by which two 

circulations loops are produced in the tank, one above and one below the impeller, and the fluid 

was radially discharged outward to the tank wall. Thus, using different types of impellers like 

axial or hydrofoil impellers could result in different rheological NLS behavior since they produce 

a single-stage flow pattern throughout the whole tank.  

Regarding the particle size distributions, in this study two fractions of fine particles (0.85 

mm > n > 0.3 mm, and 0.3 mm > n > 0.045 mm) were recombined, remixed, and added to coarse 

particles to study their effects on the development of yield stress. The percentages of fine 

particles were defined after recombining both fractions. More experimental insights can be 

gained by singly defining the percentage of each fraction before recombining. In this case, the 

operator can study the effect of each fraction separately on the rheology of NLS. 

Further works can be done on particle shape and other shear-thinning mineral slurries like 

bauxite and petroleum coke to prove the functionality of the yield stress characterization plan. 

Testing different minerals could lead to different rheological behavior and face different 

challenges that may show the strengths and flaws of this plan. Moreover, to check the versatility 

of this plan, shear thickening slurries can be tested. All those factors can prove the effectiveness 

of this plan to simulate the mixing environment in a large industrial stirred tank (ST). 

Upgrading the method, enhancing the design, and testing various mineral slurries will lead 

the examination of the build-up of localized yield stress in mineral slurries using alternating high-

shear and rest-time environments in the CIST to be reliable and recognized as one of the well-

known yield stress measurements methods.  
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APPENDIX   

A.1 Permission to reproduce 

Table A.1 provides a summary of the figures reproduced in the thesis with the permission of 

the rightsholders.  

Table A.1 A summary of all reproduced figures, article titles, source of the articles, and 

order license ID.  

Figure Number Article Title Publisher Order Number 

1.1; 4.15; 4.16; 

4.17; 4.18; 

Development of a method to 

detect and quantify time-

dependent yield stress in 

mineral slurries 

Dustyn Ulrich’s master 

thesis 
Dustyn’s email 

3.1; 3.6; 3.7; 

3.8; 3.9 

An Overview of 

Measurement Techniques for 

Determination of Yield 

Stress 

Nordic Rheology Society 

Nordic Rheology 

Society secretary’s 

email 

3.2; 3.5 The Yield Stress Myth Springer Nature 5176850636859 

3.3 
An Attempt to Categorize 

Yield Stress Fluid Behavior 
The Royal Society 1157591 

3.4 

Improved viscous slurry 

agitation for minerals 

processing 

Elsevier Science 

&Technology Journals 
1157594 

3.10; 3.11; 

3.12 

Chapter 2 – Rheometry for 

non-Newtonian fluids,” in 

Non-Newtonian Flow and 

Applied Rheology 

Elsevier Science 

&Technology Journals 
1161838 

3.11 

Effect of vane configuration 

on yield stress measurements 

of cement pastes 

Elsevier Science 

&Technology Journals 
1158076 

 3.20 Transport phenomena John Wiley & Sons 1158091 

3.13; 3.14; 

3.15 

A three-dimensional model 

of a vane rheometer 

Elsevier Science 

&Technology Journals 
1158095 

3.16; 3.17; 

3.18; 3.19 

Effect of the hydrodynamic 

pressure on shaft torque for a 

4-blades vane rheometer 

Elsevier Science 

&Technology Journals 
1158100 
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Modifying the rheology of 
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Blend time measurement in 

the confined impeller stirred 

tank (CIST) 
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The Effect of Impeller and 
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specification of local mixing 

conditions required in large 

scale vessels 

Elsevier Science 

&Technology Journals 
1165478 

 

 

 

 

 



122 

 

A.1.1 License agreements 

 

 



123 

 

 



124 

 

 



125 

 

 



126 

 

 



127 

 

 



128 

 

 



129 

 

 



130 

 

 



131 

 

 

 



132 

 

 



133 

 

 



134 

 

 



135 

 

 



136 

 

 



137 

 

 



138 

 

 



139 

 

 

 



140 

 

 



141 

 

 

 



142 

 



143 

 

 

 

 

 

 



144 

 

 



145 

 

 



146 

 

 



147 

 

 

  



148 

 

 



149 

 

 

 

 

 

 



150 

 

 



151 

 

 

 



152 

 

 



153 

 

 

 

 



154 

 

A.2 Safety Parameters for Mineral Ores 

A.2.1 Overview  

The information provided in the safety data sheets (SDS) of nickel laterite ores is collected 

and presented in this part. The goal is to raise the reader’s awareness of the chemical and physical 

safety properties, potential hazards, toxicity, personal protective equipment required, and first aid 

measures.  

A.2.2 Chemical and physical properties (referenced from SDS of 

Laterite ore) 

Table A.2 presents the chemical and physical properties of Moa Bay nickel laterite ore. 

Table A.2 Chemical and physical properties of nickel laterite ore. 

 

 Nickel laterites 

Appearance fine dry solid 

Colour brown or red/brown 

Odour no odour 

Flammability no flammability 

pH 5 to 7 

Water solubility no data available 

Reactivity no data available 

Decomposition products no data available 

A.2.3 Potential hazards/Toxicities (referenced from SDS of Laterite ore) 

➢ Skin irritation and burns. 

➢ Eye irritation. 
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➢ Nickel laterite might cause cancer and dysfunction in organs such as lung and heart if 

exposed to it frequently and prolongedly. 

➢ Tank breakage. 

➢ Impeller breakage. 

A.2.4 Personal protective equipment (PPE) (referenced from SDS of 

Laterite ore) 

➢ Chemical safety goggles 

➢ Lab coat 

➢ Chemical resistant gloves (nitrile gloves) 

➢ Full length pants 

➢ Close-toed shoes 

➢ Respiratory protection 

A.2.5 First aid measures  

➢ Antiseptic wash  

➢ Gauze pads 

➢ Adhesive tapes 

➢ Ace bandage 

➢ Instant cold pack 

➢ Burn relief gel 

➢ Spill kit 
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A.3 Standard Operating Procedure (SOP) 

A.3.1 Overview 

The SOP provides a full explanation of the experimental steps, starting from ore sieving, 

slurry preparation, vane rheometer test and CC rheometer test, density measurement and slurry 

dilution, and finally the CIST rest time experiments. Each section has additional safety 

instructions to prevent health hazards or/and devices malfunction as mentioned above in section 

A.2.3. 

The list of SOP’s in this section are: 

➢ A.3.2: SOP references for all viscometers and particle size analysis 

➢ A.3.3: Particle size analysis 

➢ A.3.4: Ore density analysis 

➢ A.3.5: Slurry preparation 

➢ A.3.6: Vane rheometry 

➢ A.3.7: Rest time experiments 

➢ A.3.8: Density measurement 

➢ A.3.9: Concentric cylinder viscometer 
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A.3.2 SOP References 
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A.3.3 Particle Size Analysis (referenced from SOP LAB001-032- Particle 

Size Analysis, 2020, SDS of Laterite ore) 

1. Clean and dry the samples in the oven the day before the procedure. Do not sniff the 

samples or the dust that can spread in the air when moving or preparing the samples. The 

dust of nickel laterite sample contains soluble iron or aluminum salts and/or respirable 

silica. The inhalation of these materials must be regulated under the permissible exposure 

limits, which is 1 mg/m3 (8 hours TWA) for soluble iron salt, 2 mg/m3 (8 h TWA) for 

soluble aluminum salts, and 0.025 mg/m3 (8 h TWA) for respirable silica. Wear a 

respiratory protection in case of unrelieved breathing. Always allow fresh air to enter the 

room when working on these materials. Do not ingest the samples. Always wear safety 

goggles. 

2. Bring the preferable screens (7 screens and the pan) from the wet lab. The wires of 

screens should be tight and not broken or torn. Clean carefully and gently the screens with 

a dry small paint brush if they have some remaining samples from the previous sieving.  

3. Weigh each of the empty screens and jot the weight down. 

4. Arrange the screens from the biggest mesh size down to the smallest one plus the pan. 

5. Add the samples and close the top with a lid. The samples should not be heavier than 250 

g to avoid screen stretching. In case of skin contact, rinse straightway with warm water 

and soap for a couple of minutes. In case of eye contact, promptly remove lenses if they 

are worn, then swill the eyes for at least 5 minutes.  

6. Put the screens on the Cole-Parmer sieve shaker. Lay a black rubber sealer on the screen's 

lid. Compress the lid of the shaker onto the lid of the screens by pushing down the grey 

and red clips together. The rubber sealer protects the lid of screens from indentations. 

7. Adjust a time of 15 min and a level speed of 9 on the touch screen. The level of speed 

ranges from 0 to 10, it is not desirable to run the shaker at the highest speed for safety 

purposes.  

8. After completing the shaking, take off the lid of the shaker by pushing up the red grip. Be 

slow and careful when moving up the lid off the shaker since both the black rubber sealer 
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and the lid of the screen might be stuck together. If so, the lid of the screen will be lifted 

up and then the samples may fall down. In case of spillage, clean up instantly, and store 

them in recovered or waste labeled containers in a safe place.  

9. Detach each screen and weigh them separately. Write down the net mass of solids 

according to their particle sizes.  

A.3.4 Ore density analysis 

1. Turn on the AccuPyc II 1340 nitrogen gas pycnometer.  

2. Insert a known volume sample chamber into the device. Make sure to wear latex cloves 

while using the AccuPyc II 1340 gas pycnometer to protect the chambers from any 

contaminations.  

3. Open the fill valve to fill the sample chamber with nitrogen gas. 

4. Choose the volume of the used sample chamber, then press the calibration button. The 

calibration takes approximately two hours. The instrument now is set for reloading which 

means it is ready to perform analysis. 

5. Zero the pressure transducer reading before starting the first analysis, press the Blue and 

Zero buttons followed by doubled Enter. This causes the instrument to zero itself, and 

zero is atmospheric pressure. If you do not zero the instrument, data can run into errors.  

6. Open the chamber, take out the sample cup with a tweezer. Fill ¾ of sample cup with 

nickel laterite ore. Weigh the net mass of the nickel laterite ore. 

7. Place the sample cup in the sample chamber. To start the analysis, press the Blue key and 

set-up key. The set-up parameter analysis is visible in the LED window. Press Enter to set 

up the number of purges. Usually, 10 purges are enough. Then, press Enter to set up the 

net mass of NL ore and finally press Save. 

8. Press Blue key and Analyze key to run the ore density measurements. The density 

measurements for 10 purges take about 1 hour. Once the measurements are done, write 

down the average ore density. 

9. Open the sample chamber, take out the sample cup, empty it from the NL ore, and clean it 

with a laboratory wipe. Then, place it in its safe box.  

10. Turn off the gas pycnometer and close the fill valve. 
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A.3.5 Slurry preparation  

1. Fill the tank with baffles and bottom (centering disc) disc. Check if they are clean and 

have no rifts. If any of these parts are broken, potential damages such as spills, shattering 

glasses, and system failure can occur. 

2. Hang the 5 metal Rushton impellers on the shaft. Tighten the screws of impellers in a way 

they are aligned and equally spaced to each other (use Allen key). The lowest impeller has 

an off-bottom clearance of C= D/3, the uppermost impeller is submerged one impeller 

diameter depth S=D. The shaft and impellers will have to be secured on a workbench/vise 

to keep them in the correct orientation while tightening. Make sure the shaft is centered in 

the tank by inserting it into the receiving hole of the bottom disc. Attach the impeller shaft 

to motor “Lightnin L1410” mixing motor. Shake smoothly the shaft to ensure its stability 

and its right position under the “Lightnin L1410” mixing motor. 

3. Run the “Lightnin L1410” mixing motor at a speed of 100 rpm to test any misalignments 

of components. 

4. Fill the required amount of process water into a graduated cylinder. 

5. Add one-quarter of the process water to the tank. 

6. Add one-third of mineral ores plus a ¼ of water to the tank. At this stage, the speed might 

need to be lowered down to 50 rpm. Mix the samples for a couple of minutes, then add 

the other one-third of ores plus a ¼ of water. Let them mix for a couple of minutes, and 

finally, add the remained ores and water. Samples must be prepared by following the 

precautions provided by the safety data sheet. 

7. Increase the motor speed to 500 rpm and stir for one hour the mixed components. 

8. Stir for another 1 hour at 600 rpm to ensure the homogeneity of the slurry.  

9. Stop the motor and lift up the shaft. 

A.3.6 Vane rheometry (referenced from SOPLAB006-01-Vane, 2020) 

1. Turn on the Haake Viscotester 550 rheometer and start the computer. 

2. Lay the CIST tank beneath the vane rheometer. 
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3. Attach the FL100 sensor and submerge it into the tank until it reaches a depth of two 

sensor heights above the bottom and one sensor height below the slurry surface. Make 

sure the position of the sensor is accurate since the measurement is greatly affected by the 

geometry.  

4. Open the program RheoWin 3 Job Manager and fill in the experimental specifications: 

FL100 sensor, a shear rate of 0.01 s-1 and a temperature of 21 °C. Turn on the vane 

5. Press the start button and run the test for 2 min. 

6. After the experiment is done, save data. 

7. Elevate the sensor out, detach and clean it with deionized water. Then, place it in its safe 

box. 

8. Close the software, shut down the computer, and turn off the vane. 

9. Transfer the CIST tank to the torque transducer for rest time experiments. 

A.3.7 Rest time experiments  

1. Put the CIST tank just below the “Lightnin L1410” mixing motor. The motor must be 

switched off before starting the installation to ensure the safety of the operator and the 

equipment. 

2. Check the connection of data acquisition parts such as the torque transducer, amplifier, 

USB-6001, National Instrument hardware driver (NI), the blue LED light at the DAQ 

device and then start the PC. 

3. Insert the impeller shaft into the tank. Make sure the baffles are still tight since any 

mobility can slip off the baffles at high speed causing impeller breakage, tank breakage, 

destabilization, and probably operator's injury. 

4. Choose an adequate chuck size, and insert it into the tube. The tube has a set screw, to 

tighten it, the hole of this set screw has to be aligned with the hole in the heater block. 

Keep smoothly rotating until the two holes match with each other.  

5. Attach the shaft to the chuck and tighten it with an Allen key. The attachment should be 

easy without any force, otherwise, the position of either one is not correct. 
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6. Using the traverse, adjust the height of the motor for proper sit of the impeller shaft in the 

tank’s notch. Fix the position of the shaft in the center. 

7. Secure the motion of the tank by a jig. During the mixing, the tank has to be safely 

controlled and fixed to avoid any reckless vibration, which may cause the impeller to hit 

the tank’s wall and break it. 

8. Open LabVIEW. Open “main.vi” (Open the project “Torque measurement 1.x”). Click 

the top left arrow icon on the taskbar, then “New Experiment”, “Start Run” and “ok”. 

9. Switch on the amplifier, and the motor to a desired rotational speed (500 rpm, 750 rpm, 

and 1000 rpm) until the steady state in the torque reading is achieved. 

10. Start the data logging and the motor for 10 min at 500 rpm as a recorded reference for 

baseline torque.  

11. Stop the motor and data logging. 

12. Impose the slurry in one of the rest time intervals (15 s, 30 s, 60 s, 2 min, 5 min, and 15 

min), then reactivate the data logging just before the rest time finishes and restart the 

motor.  

13. Stir for 3 min and repeat the same procedure for the other rest time intervals in 

randomized order. 

14. After finishing the procedures, click “save” and “End Experiment”. 

15. Increase the speed to 750 rpm without turning off the motor, record 10 min baseline 

torque reference, then repeat steps 11 to 14. 

16. Increase the speed to 1000 rpm without turning off the motor, record 10 min baseline 

torque reference, then repeat steps 11 to 14. 

A.3.8 Slurry density measurement  

1. Mix the slurry for 30 min at 1000 rpm to overcome the sedimentation that occurred during 

the rest time experiments. 

2. Place a 25 mL graduated cylinder on a digital weight scale and tare it.  
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3. Pour 15 ml of water into the graduated cylinder with a known density. Record the mass of 

water in grams.  

4. Withdraw slurry from the tank using disposable 12 mL syringes. Inject 10 ml of slurry 

into the graduated cylinder. Be accurate by checking that the meniscus is right at the 25-

ml mark.  

5. Record the total mass of water and slurry in grams.  

6. Find the mass of the slurry by subtracting the total mass from the mass of water. 

7. Use the mass and the volume of the slurry to calculate the density.  

8. Repeat steps 2-7 three times, then calculate the average slurry density. 

A.3.9 Concentric cylinder viscometer (referenced from Ulrich, 2017, 

SOP LAB008-01- Rheo Stress 6000 Haake Concentric Cylinder 

Viscometer, 2019) 

1. Turn on the Haake RheoStress 6000 viscometer by clicking the back button in the device 

and ensure the temperature control bath Haake AC200 is switched on. 

2. Open the Haake RheoWin 4 Job Manager. The base back should be placed in its position 

before opening the program otherwise the base moves up and runs aground. 

3. Regulate the desired temperature of the bath by pressing the up and down arrows, then 

click enter. 

4. Fill in the detailed information of the test and proper parameters. 

5. Specify the appropriate geometries attached (cylinders, spindle, and thermocontroller). 

The properties of slurry determine which spindle sizes should be used. 

6. Attach the spindle and insert down the cup and tighten it. To make sure the spindle is 

placed properly, the indentation on its tip has to be matched with a down arrow on the 

spindle shaft. 

7. Check all the connections between all instruments and the computer software. A proper 

connection is assured if the green dot in the top left corner of the software is blinking. 
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8. Click start and wait until the program gives a safety notice to add the sample. 

9. Fill the sample into the gap based on the marked line on the inside of the cup. Each line is 

referred to as one spindle size. The spindle sizes vary from the smallest Z31 Ti to the 

biggest Z41 Ti. The filling should be slow to avoid spilling. 

10. Start the measurement after the temperature reaches stability. 

11. After the experiment is done, save the data. The file is saved in the RheoWin 4 Dara 

Manager program. 

12. Detach both cylinders and clean them with water and soap. Dry them thoroughly. Make 

sure that the sample is disposed of in the waste pails.  

13. Re-attach the bearing lock, close the software and turn off the rheometer, computer, and 

thermocontroller. 

A.3.9.1 Precautions to be considered when using CCV  

1. The device has a limited volume load, which is between 22-24 ml. Be advised to fill the 

gap without spilling. Spilling has to be cleaned promptly with spill kits to avoid any 

hazardous environment for operators and equipment. 

2. The device does not handle volatile solvents, if so, experiments must be done in a fume 

hood.  

3. The device must not be cleaned with solvents. Solvent could be flammable and could 

damage the device. 

4. Be careful from burning when checking the water circulation in small hoses. 

5. The pressure is the main function that runs the system, and the frictionless motion caused 

by the air bearing on the stationary outer cylinder of a Couette viscometer makes it easy 

for any small changes in torque to be measured. Thus, the pressure has to be regulated on 

2 bar by opening the air supply valve.  

6. The bearing lock must be removed to allow measuring by sensors, otherwise, the inner 

cylinder falls down and collides with the bottom of the outer cylinder. The accident could 

be fast and not controllable. 

7. The bearing spindle should be mobile to avoid breakage or twisting after the torque is 

applied.  

8. The water in the temperature control tank cools the cup, so if the level of water is not 

enough, the cup heats too fast and short circuits take place in the device causing 
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hazardous damages. Take into consideration that the temperature should not exceed 180 

°C as the system can tolerate. 

9. The time required for experiments is dependent on fluid properties, gap size, and spindle 

speed. 


