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Abstract

A precise knowledge of the rheological behavior of highly loaded slurries is essential to design
mixing equipment for such applications. Laboratory research with transparent test fluids
showing the same flow behavior as the original slurry, the application of analytically-derived
models and system cross checking by means of CFD, allows reliable design of large scale
mixing equipment. A comparison of these different methods will be shown, followed up by a
scale-up to an industrial installation.
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1. Slurry data
To design efficient and reliable mixing equipment, it is essential to have a close look at the

physical properties of the liquid to be mixed. In a first step it is necessary to clarify the basics of
properties and definitions to establish a common understanding.

Dispersions
A system in which particles are dispersed in a continuous

phase:
— Molecular dispersion dp <1 nm
— Colloidal dispersion dp>1nm<1um
— Coarse dispersion dp>1pum

Suspensions
A system as coarse disperse Dispersion:
— Fine suspension dp>1pum <100 um - Red mud
— Coarse suspension dp> 100 pm <1 000 pm - Desilication slurry

Figure 1. General definition of slurries.

The above definitions are trivial, however necessary to clarify what shall be further outlined in
detail. Considering the particle composition of the two fluids, we can verify that we are dealing
with a fine suspension in the case of red mud (dp80 < 100 um), while the desilication slurry
(dp80 > 100 < 900 um) is surely categorized as coarse suspension. All slurries are in general
polydisperse, with a broad particle distribution.

The detailed composition of the respective media to be examined is listed in Fig. 2.

This data shall constitute the basis of the following considerations, knowing well that there are
wide deviations in the one direction or another.
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Bauxite Red

slurry Mud

Solids density ps | [kg/m? | 2800 3000

Continuous phase density p | [kg/m?] 1250 1000

Slurry density psL | [kg/m3] 1800 1600
Solids mass concentration Cs [%] 55 57
Solids volume concentration Cy [%] 35 30
Solid mass Cis [a/1] 990 900
Particle size 80 % passing dp [pm] 800 70

Figure 2. Physical composition of slurries considered.

2. General slurry rheology parameters

The main influencing parameters can be summarized as in Figures 3 to 5.
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Figure 3. The impact of particle size on viscosity. [1]
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Figure 4. The impact of solids concentration on viscosity. [1]
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Figure 5. The impact of poly dispersity on viscosity. [1]

Parameters influencing the rheological behavior of slurries are;

1. Solids concentration

2. Granulometry

3. Viscosity of continuous phase
4. Temperature

For all suspensions in question, it has been demonstrated by numerous publications that finer
material has higher slurry viscosity than the coarser material. This difference disappears at very
high shear rates. As most slurries we have to deal with are polydisperse, usually with a broad
spectrum of grain size, this principle prevails. However, polydispersity changes viscosity in
between the borders. A further influencing factor is the solids concentration, one of the
important viscosity determining factors. As we usually have low viscosity media as the
continuous phase, this influence is negligible. Temperature also need not be considered.

3. Specific rheology parameters for the slurries in question

For the slurries considered, the viscosity data as per Figure 6 were measured and are in good
accordance with literature. Also here it is obvious, that the coarser material (Bauxite slurry) has
the lower viscosity. All in all however, the slurries show non-newtonian flow behavior,
particularly shear thinning, and consequently the existence of a yield stress can be assumed.

Figure 7 shows the yield stresses related to solids concentration of red mud slurries.

It is obvious, that depending on the red mud source, (sample 1 to 3) there are remarkable
differences in flow behavior. The yield stress, at a solids concentration of about 57%, as used in
the sample case later, lies between t, = 60 to more than 300 Pa, for the worst case. The apparent
viscosity versus shear rate as per Fig. 4 did not show equivalent fluctuations et al.

Figure 8, the yield stress for Bauxite slurry shows, also based on granulometry, considerable
differences in the magnitude of the yield stress, however at a far lower stress level. It is
interesting that the differences narrow with increasing grain size. At a solids mass concentration
of Cs = 55 %, as used for the desilicator sample calculation, a yield stress of t, = 2.5 Pa would
be applicable.
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Figure 6. Apparent viscosity of red mud & bauxite slurry.  [2]
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Figure 7. Yield stress versus solids concentration of red mud. [3]
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Yield stress versus solids concentration of bauxite slurry
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Figure 8. Yield stress versus solids concentration of bauxite slurry.  [4]
4, Mixing considerations

The photographs in Figures 9 to 11 show very clearly that mixing of yield stress fluids requires
careful consideration of the flow behavior of those liquids.

While according to Figure 9, for a liquid with t, = 12 Pa, the mixed cavern reaches the wall.
Figure 10, with t, = 33 Pa teaches us that speed or impeller diameter are not sufficient any
longer to create a wall reaching cavern. The later one even makes clear that overall mixing
within the cavern cannot be well achieved, demonstrated by the color separation between top
and bottom of the cavern. Figure 11 with a dual stage system demonstrates perfectly that it is
possible to create 2 independent cavities which might be well mixed in themselves, but have no
connection to each other, and a sensible overall blending is simply impossible at the lowest
speed. This already shows clearly that the solution for a sensible mixing requires more thought
than indicated by the classic mixing cases with Newtonian liquids.
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Figure 9. Thin Carbopol solution yield stress 12 Pa at 400rpm. [5]
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Figure 11. Thick Carbopol solution yield stress 33Pa. [5]

The summary in Figure 12 below of available literature on the subject of cavern size calculation
for impellers operated in yield stress fluids, allows a quite reliable prediction of the
requirements. The theoretical approach for a known mixing solution can be handled according
to the equations illustrated.

Some important details should be considered, to use those equations properly;

- The yield stress T, is the most important factor and has to be determined carefully.

- The power number P has to be taken from the impeller specific Power number versus
Reynolds curve applicable for the chosen impeller, or as calculated above, with a curve
fitting equation. To calculate the power number, one has to consider the Reynolds
number derived by calculating with the apparent viscosity from the viscosity versus
shear rate function. The principle way will be shown in the following examples.
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Figure 12. Shape and calculation of caverns in a shear-thinning suspension.[6]
5. Examples of mixer design

In the case of Red Mud Liquefaction (see Figure 13), a single stage arrangement is chosen, as
complete mixing throughout the vessel is not required. The impeller creates a cavern in which
an apparent viscosity of n, = 32,7 Pas is established due to the impeller produced shear rate. The
liquefied material is pumped back partly above the impeller and helps to pre dilute the stream
coming from the filters. The mixed material out of the impeller created cavern is transferred by
a booster pump to the high-pressure pump, transporting the material to deposition. The
calculated impeller power for this case is 34 kW, indicating a 45 kW drive motor must be
installed.

The desilicator example (Figure 14), where overall mixing is required, must be approached
differently. Good contact between solids and caustic liqguor must be achieved to react and
precipitate the silica. This reaction is best achieved at very high solids concentration, which on
the other hand creates a highly viscous media, defining the mixing requirements. Solids
suspension as mixing task is not a significant consideration, as the solids settling tendency is
practically nil at this viscosity level.

Dispersion to homogenize and create a reaction interface has to be considered, meaning a
complete overall mixing with as few stagnant zones as possible has to be achieved. This makes
a multi-stage system inevitable, where the caverns must be overlapping to achieve overall
material transport throughout the vessel. The apparent viscosity here is n, = 128 Pas because of
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the low impeller shear rate at N = 6 rpm. The impeller power requirement (P) is 35 kW, and
here also a 45 kW motor would be sufficient.
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Figure 13. Red mud liquefaction.
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Figure 14. Desilicator.
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Conclusions

Reliable mixer design requires

1. Precise definition of the mixing requirements
1.1. Specifying mixing task and quality of mixture
2. Exact verification of slurry data
2.1. Composition and flow behavior
3. Use of available design tools and data
3.1. State of the art analytical calculation methods
Use of CFD Tools for flow
Use of FEM Tools for mechanics
4. Employing lab tests for problem visualization
4.1 Flow visualization in transparent media
Verification of physical data of the slurry
Determination of mixing parameters as mixing time and mixing quality

References

Jamie Fletcher, Adrian Hill, Making the connection — particle size, size distribution
and rheology, Malvern Instruments Ltd.

Fiona Sofra, David V. Bogher, Planning, design and implementation strategy for
thickened tailing and paste, 9th International Conference on Tailings and Mine Waste,
Colorado, USA, (2002), 129-137

Fiona Sofra, David V. Bogher, Planning, design and implementation strategy for
thickened tailing and paste, 9th International Conference on Tailings and Mine Waste,
Colorado, USA, (2002), 129-137

N. Pashias; D.V. Boger; P. J. Scales, Comparison of the rheology of bauxite residue
suspensions, Essential readings in light metals, (2013)

B. J. Gladman, S. P. Usher, P. J. Scales, Understanding the thickening process, Paste,
(2006)

Arthur Etchells, Henry Zhang, David Dickey, Suzanne Kresta, Instructional videos,
Advances in industrial mixing, (2015)

Richard K. Grenville, Alvin W. Nienow, Blending of miscible liquids, Handbook of
Industrial Mixing: Science and Practice, (2004), Chapter 9, 507-542

Douglas E. Leng, Sanjeev S. Katti, Victor Atiemo-Obeng, Industrial mixing
technology, Albright’s Chemical Engineering Handbook, (2008), Chapter 9, 615-707
Kamil Wichterle, Agitation of non-newtonian liquids, Prace. Wydz. Inz. Chem. Proc.
Potitech. Warszaw 25, (1999), 35-44

91



	Final ICSOBA 2016 for PRINTING 18-09-2016
	1 - TRAVAUX 2016
	2 - Foreword - Introduction to the conference proceedings
	3 - Welcome note from Claude Vanvoren ICSOBA 2016
	4 - Table of Contents ICSOBA 2016_00
	5 - KEYNOTE SESSION
	KN01 - Data Connectivity, a Key Feature of the Smelter of the Future
	KN02 - Aluminium in Infrastructures
	KN03 - Fostering an Aluminium Culture in Quebec
	KN04 - Global Developments in Bauxite, Alumina & Aluminium – Past, Present and Future
	KN05 - The Amazonic Bauxite - Advantages and Challenges
	KN06 - Aluminium Market Outlook
	KN07 - Bauxite, Alumina and Aluminium Market Overview

	6 - BAUXITE SESSION
	BX01 - Developing Bauxite Projects  Planning for Quality Product
	BX02 - Study of Minor Bauxite Deposits Madhya Pradesh Geological Studies and Techno-Economic Evaluation

	7 - ALUMINA SESSION
	AA01 - Evolution of Tube Digestion for Alumina Refining
	AA02 - Basics in non-newtonian mixing for handling of tailings and other high concentrated slurries
	AA03 - Impacts of Pressure Differentials between Flash Tanks on Flash Train Performance
	AA04 - Scale Formation in Alumina Refineries
	AA05 -  A Model for the Shear Thickening Effect of Raking Systems on Red Mud
	AA06 - Three Steps to Improved Filtration
	AA07 - Vessel Diagnosis in the Bayer Process Using Ferromagnetic Tracers
	AA08 - AKW Equipment and Process Design - Expertise in Alumina Refinery
	AA09 - Particle Image Validation of a Classifier Hydrodynamic Model
	AA10 - Optimizing Alumina Production Utilising Spreadsheet Models Based on Limited Data
	AA11 - Energy consumption optimization in alumina production
	AA12 - Lime Use Alternatives and Impacts on Processing Boehmitic Bauxites
	AA13 - Large-scale Valorization of Bauxite Residue for Inorganic Polymers
	AA14 - Development of Alkaline Aluminosilicates Processing Technology
	AA15 - Environmental and Economic Benefits of Bauxite Residue Management Using Pressure Filtration
	AA16 - The Role of Green Alumina in Green Aluminium
	AA17 - Quantitative chemical analysis of red mud and products of its processing to scandium
	AA18 - Sodium Oxalate Salt Cake Degradation when Exposed to Natural Factors in the Disposal Area
	AA19 - An Overview on Bauxite Residue Utilisation
	AA20 -  Plasma Reduction Process to Minimise Bauxite Residue

	8 - CARBON SESSION
	CB01-Effects of Charcoal Addition on the Final Properties of Carbon Anod..
	CB02-Effects of Bulk Density and Inter-particle Contacts on Electrical R...
	CB03.0-Paste Plant Self-Cleaning Tar Fumes Ventilation Ducts, Design and Operation
	CB04-Equipment Improvements on Existing Anode Paste Plants
	CB05-Multi-Particle Sedimentation under Vibration
	CB06-Vibroforming and Cooling Sections Revamping of Green Anode Plant
	CB07-The Effect of Varying Mixing and Baking Temperatures on the Quality...
	CB08-Considerations for Selecting an Open Top Anode Baking Furnace Relin...
	CB09-Performance Analysis of a Horizontal Anode Baking Furnace for Alumi...
	CB10 - Effects of Flue Wall Deformation on Aluminum Anode Baking Homogenei...
	CB11-Thermodynamic Assessment of the Chemical Durability of Refractory L...
	CB12-Numerical Investigation of the Load Free Permanent Strain in Carbon...
	CB13-Optimum Baking Level of Carbon Anodes for Aluminum Production
	CB14-Evolution of Mechanical Properties of Carbon Anodes During Baking 
	CB15-Inspection of Prebaked Carbon Anodes Using Multi-Spectral Acousto-U...
	CB16-Electrical Resistivity Measurement of Carbon Anodes Using Van Der P..
	CB17-A Non-Destructive Technique for the On-Line Quality Control of Gree...
	CB18-Evolution of Anode Porosity under Air Oxidation The Unveiling of th..

	9 - ALUMINIUM SESSION
	AL01 - Implementation of D18+ Cell Technology in Potline 1 at EGA Jebel Ali
	AL02 - Low Energy Start-Up for Low Energy Cells
	AL03 - Development and Deployment of Slotted Anodes Technology at Talum Smelter
	AL04 - Design Options to Reduce Specific Energy Consumption in Aluminium Electrolysis Cells
	AL05 - Power Supply Outages to Cells in Aluminium Smelters
	AL06 - Optimisation of the Performance of Cathode Risk Pots
	AL07 - Using SPC Method to Design an Aluminum Fluoride Addition Strategy for Aluminium Electrolysis
	AL08 - Factors Affecting Current Efficiency Based on Na Content in the Metal
	AL09 - Modelling and Design of a Forced Convection Network for Hall-Heroult Cells
	AL10 - Economic Simulation Based Decision Support for Cathode Relining Facility
	AL11 - Alternative Methods for Process Control in Aluminium Industries - XRD in Combination with PLSR
	AL12 - Comparison of Electrochemical Methods to Determine Alumina Concentration in Cryolite Based Bath
	AL13 - Metal Tapping Flow Regulation System - A Large Scale Industrial Experiencer
	AL14 - Modeling of Aluminum Tapping Operational Management to Enhance Smelter Productivity
	AL15 - Recent On-line Measurements of Individual Anode Currents at Alouette
	AL16 - Low Voltage AEs and Unreported PFC Emissions_2016-08-04
	AL17 - First Years of Operation of the Rio Tinto AP 60 OZEOS Gas Treatment Centre
	AL18 - In-Duct Scrubber _IDS_ - A Commercially Available Technology for Removal of Gaseous Pollutants from an Industrial Facility
	AL19 - Update on the Abart Gas Treatment Center Technology
	AL20 - Prolonging the Economic Lifetime of GTCs and FTCs
	AL21 - Measurement of Pot Gas Exhaust Flowrate and Heat Loss
	AL22 - Influence of Hooding Conditions on Gas Composition at the Duct End of an Electrolysis Cell
	AL23 - The LCLL process a sustainable solution for the treatment and recycling of spent potlining
	AL24 - Impact of the Solidification Rate on Chemical Composition of Frozen Cryolite Bath
	AL25 - Investigation of the Frozen Bath Layer under Cold Anodes 
	AL26 - Properties of lithium modified baths
	AL27 - Flotation and Infiltration of Artificial Rafts on the Surface of Molten Cryolite
	AL28 - Development of a New Type of Cathode for Aluminium Electrolysis
	AL29 - A New Lining Material for Aluminum Electrolysis Cells that Can be Recycled
	AL30 - Assessment of the Thermodynamic Stability of Thermal Insulating Materials in Aluminium Electrolysis Cells
	AL31 - Role of Pitting in the Formation of Potholes in Carbon Cathodes-Review
	AL32 - A Bypass Bridge Design for the Installation of Additional Cells in an Operating Potline
	AL33 - Electroslag Welding (ESW) - A New Option for Welding Aluminum Bus Bars in Smelters
	AL34 - Contact Resistance versus Pressure of Electrical Connections Used in Aluminium Smelter Potlines
	AL35 - Modelling and Engineering Experience of EGA in Brown Field Modernization of Aluminium Smelters
	AL36 - Validation of Anode Model for Voltage Drop Mitigation Studies
	AL37 - In Situ Investigation of Current Distribution in the Anode
	AL38 - Application of Boron Oxide as Protective Surface Treatment of Carbon Anodes
	AL39 - New Busbar Network Concepts Taking Advantage of Copper Collector Bars to Rduce Busbar Weight and Increase Cell Power Efficiency

	10 - DOWNSTREAM SESSION
	DS01 - Hot Top Mould for Casting Aluminium T-Bar
	DS02 - Influence of Impurities and Gassing on the Tensile Properties of 2xx Sand Cast Al - Cu Alloys
	DS03 -The Influence of Tool Geometry on Mechanical Properties of Friction Stir Welded AA-2024 and AA-2198 Joints
	DS04 - Surface Analysis of Laser Marking of Aluminum
	DS05 - Effects of Friction Stir Welding Parameters on Banded Structure for Aluminum Alloys_Abstract





