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1. Introduction 

i u

1.1 Conventional and thickened tailings management  

PondTailings

Pipeline Dam

Figure 1. Conventional tailings disposal system. 

Figure 2. Schematic descriptions of a thickened tailings system with the thickener located 
on a hill close to the disposal area.
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Figure 3. The relationship between water content per tonne solids and solids concentration 
or the volume metric concentration, Ss = 2.9. Ms= mass flow rate of dry solids, 
MO= mass flow rate of water. Cw is concentration by mass. 



Table 1. Flows of slurry and water and heat recovery potential in an example with the 
capacity 90 tonnes /h of dry tailings in a sub-arctic region. 





2. Objectives and scope 





3. Flow of thickened tailings slurries  

3.1 Characterization 

3.2 Conduit flow resistance 
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Figure 4. Rheogram for a non-Newtonian Bingham plastic fluid and a Newtonian fluid 
(left). The apparent viscosity a versus shear rate for a Bingham plastic fluid is 
shown to the right together with a constant viscosity; μ∞, at high shear rates 
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Figure 5. Transition point, VT, where flow regime changes from laminar to turbulent in a 
tailings slurry with Bingham like properties. The arrows indicate various 
approaches for turbulent friction losses. 
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3.3 Free surface flow (Paper E) 

Channel

B (m)
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Figure 6. Sketch of channel section with depth y and width B. The wetted perimeter, P, is
B+2y for the area, A = By. 
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4. Perf ormance of  centrifugal  pumps handling complex 
slurries 

Flow rate

H
Higher viscosity
Water viscosity

System curve

Pump head curve

Efficiency curve

Figure 7. Schematic sketch on pump characteristics depending on fluid Newtonian viscosity. 

Pump head curve, water 

Flow rate

H
Slurry

System curve

Efficiency curve, water 

Figure 8. Extreme derating effect on the pumping head for a non-Newtonian slurry with a 
yield stress typical giving a large head requirements for low flow rates. 



Figure 9. Sketch defining the reduction in head and efficiency of a centrifugal pump 
pumping a solids water mixture. H and H0 are heads in slurry and water service, 
respectively. The corresponding efficiencies are η and η0. 
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5. Experimental  results   

5.1 Flow resistance in pipelines and flumes (Paper B and E) 
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Figure 10. Summary of experimentally found shear stresses versus the pseudo shear rate 
8V/D for various tests in pipeline loops and in a flume. 



5.2 Deposition slope evaluations (Paper E) 
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Figure 11. Observed deposition angles from 0.025 m diameter discharge pipelines, batch 
laboratory-scale flume tests and pilot-scale trench results. Unfilled and filled 
marks correspond to tests at two companies’ with similar particle size 
distributions of the tailings. Solids density 2900 kg/m3. 

5.3 Pump performance (Paper A and B) 
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Figure 12. Pump performance derating for a simulated tailings product characterized by a 
yield stress of about 100 Pa. From Addie & Sellgern (2007). 

5.4 Overall result summary 





6. Discussion 

6.1 Centrifugal pump performance (Paper A and B) 
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Figure 13. Theoretical head curve and hydraulic losses from the ideal head curve. Partly 

from Wilson et al.(2006). Hs and Hf defined in Eqs. 13 and 14, Sayers (1990). 
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Notation Product C Rotary 
speed

Impeller 
diameter HR ER Pump type, comments and 

reference

Figure 14. Apparent viscosity for four sets of tests with mainly non-settling slurries with 
three centrifugal pumps with various impeller diameters and configurations. 
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Figure 15. The effect of slurry on the pump head and efficiency at solids concentrations by 
volume of 31 and 35 % of a scrubber sludge product. Impeller diameter 0.63 m.

y  = 35 Pa  and p = 0.03 Pas  for  35 %. From Sellgren et al.(1999). 
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Figure 16. An increase in head from A to B through an increase in rotary speed, N, for a 
constant flow rate means operating further away from the BEP-region. From 
Wennberg et al. (2008). 



Figure 17. The pressure on the suction side of the pump and the eye of the impeller when the 
suction pressure is lowered bubbles starts forming in the eye of the impeller. 
From Girdhar and Moniz (2004). 



Figure 19. Rheogram for C-values from 43.2-46.5 % for the backfilling paste measured with 
a vane-type Bohlin-viscometer. Comparison with the pipeline-loop results in 
Figure 10.
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Figure 20. Schematic working domain for the pump when handling high concentrations 
shown in Fig.19. The pump was a 3-vane all-metal unit with a semi-open impeller 
with diameter 0.35 m.



6.2 Depositional conditions (Paper C and E) 
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Abstract: The term complex here refers to the intermediate area between homogeneously and 
heterogeneously flowing slurries. Typical examples are residual products (“tailings”) from the 
mining industry with average particle sizes of 20 to 100 microns. The performance derating are of 
special interest when centrifugal slurry pumps are applied to these slurries at high solids 
concentrations. The Hydraulic Institute’s slurry (ANSI/HI 2005) and viscous Newtonian liquid 
(ANSI/HI 2004) standards are briefly covered with focus on applicable viscosities for non-
Newtonian slurry behaviour. Various experimental results are discussed and found to give 
maximum deratings in head and efficiency of about 10 and 15 %, respectively, provided stable 
head curves can be maintained. Magnified shock losses, circulatory flows and blockage of 
slurry and possibly vapour tendencies in the pump entrance region may be considered as  
mechanisms behind unstable head curves together with the flow behaviour of the slurry. 
  
 
KEY WORDS:  complex slurries, pump performance derating, entrance losses 
 
 

1. INTRODUCTION 
 

The term complex here refers to the intermediate area between homogeneously and 
heterogeneously flowing slurries or ”non-settling” and “settling” types of mixtures, 
respectively. Typical examples are residual products (“tailings”) from the mining 
industry with normal average particle sizes of 20 to 100 microns, see for example 
Wennberg and Sellgren (2007). Today there is an increased interest in using less water, 
which means handling of tailings slurries at high solids concentrations. Criteria for 
thickening and pumpability are often referred to in rheological terms, for example yield 
stress, i.e. homogeneous flow. It is known that these slurries may not behave in a 
completely non-settling way flowing homogeneously during pipeline transportation 
because larger particles may show settling tendencies. 
 

The performance of centrifugal pumps is influenced by the solids in the slurry 
through deratings of the clear water head and efficiency. The Hydraulic Institute has 
developed a new standard (ANSI/HI 2005) for centrifugal slurry pumps were guidelines 
are given to predict the performance when handling typical settling or non-settling 
slurries. 



 
The performance of a centrifugal pump is affected when handling slurries. The 

relative reduction of the clear water head and efficiency for a constant flow rate and 
rotary speed may be defined by the ratios and factors shown in Fig. 1. 
 

Water
Slurry

H

Ho
H

Head ratio: HR = H/Ho

Head reduction factor: RH = 1- HR
Efficiency ratio: ER = / o

Efficiency reduction factor: R = 1-ER

o

 
 

Fig. 1. Sketch defining the  reduction in head and efficiency of a centrifugal pump pumping a solid 
water mixture. H and H0 are heads in slurry and water service, respectively. The corresponding 

efficiencies are η and η0. 
 

A generalized diagram for estimation of the performance derating in head for settling 
slurries is given in Figure 2, see ANSI/HI (2005) or Addie et al.(2007) 
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Fig. 2 Generalised solids-effect diagram for pumps of various sizes (impeller diameters).For solids 
concentration by volume 15% with relative density of solids,  2.65, and a negligible amount of fine 

particles smaller than 75 micron. From ANSI/HI (2005). 
 

Abritrary HR or RH values from Fig. 2 are then obtained through concurrent 
corrections for solids concentration, relative density and content of particles smaller than 
75 micron, for details see ANSI/HI (2005) or Addie et al. (2007). 



 
Typical pump performance effects when pumping viscous Newtonian liquids are 

shown Fig. 3. 
 

Flow rate

H Higher viscosity
Water viscosity

 
 

Fig. 3. Schematic sketch on pump characteristics depending on fluid viscosity 
 

ANSI/HI (2004) provides a generalized derating method of the water performance 
when pumping viscous Newtonian liquids (Fig. 3), i.e. when the property can be defined 
by a constant viscosity value. It can be seen from Fig. 3 how both the efficiency and the 
best efficiency region is influenced, indicating that the pump behaves as a smaller unit. 
Correction factors for head, flow rate and efficiency are based on viscosity, head, flow 
rate and rotary speed. 
 

Non-settling type of slurries means that the liquid contains solids in the form of very 
small particles, practically giving no segregation or settling tendencies during the 
handling in pumps and pipelines. These mixtures behaves often in a non-Newtonian way 
and exhibit a yield stress which is defined as the minimum stress required causing the 
slurry to flow. Highly concentrated industrial slurries can often be approximately 
represented by a yield stress and a straight line for larger shear strains in a rheogram. The 
slope of the line is often denoted ‘tangent viscosity’. If the linear relationship prevails to 
zero shear strain then the slurry is a Bingham type of medium, for which the slope 
(tangent viscosity) is termed plastic viscosity or coefficient of rigidity. 
 

Pump performance derating results for two non-Newtonian slurries fluids causing 
unstable head curves are shown in  Figs. 4 and 5. 



 
 

Fig. 4. The effect of slurry on the pump head and  efficiency at solids concentrations by volume of 
31 and 35 % of a scrubber sludge product. Impeller diameter 0.63m. τy  =35 Pa  and η =0.03 Pas  

for  35%. From Sellgren et al.(1999). 
 
 

30

25

20

15
0 25 50 75 100

Flow rate (l/s)

H
ea

d
(m

)

 
Fig. 5.Kaolin, τy =240 Pa, η= 0.034 Pas. A 0.15 by 0.1m pump with a 5-vane metal impeller with 

diameter  0.365m. BEP at about 50 l/s. From Kabamba (2007). 
 

The flow rates for which the head cannot be maintained for the fine-particle slurries 
in Figs. 4 and 5 are about 50% of the flow at the best efficiency flow rate (BEP).The 
results in the figures show how the head diverges for low flow rates, which is opposite to 
what is shown in Figure 3 for viscous Newtonian liquids. The deratings in Figure 3 are 
caused by increased flow resistance within the pump due to an increased liquid viscosity. 
The slurries in Figs 4 and 5 are composed of small solid particles which takes up 20 to 
35% of the volume. Most of the kaolin particles are smaller than about 2 microns and the 
suspension can be considered to be fully homogeneous. 



 
The ANSI/HI (2005) slurry pump standard relates for non-settling slurries that 

corrections can be based on a characteristic viscosity, for example the tangent viscosity  
defined above or other viscosity concepts. With industrial non-settling slurries typical 
deratings in head and efficiency may not exceed 5 to 10% when operating close to the 
best efficiency point of the pump. However, with respect to the complex behaviour 
sometimes observed for lower flows, it is suggested in the standard that the pump 
manufacturer should be consulted for guidance regarding non-Newtonian effects on 
pump performance. 
 

1.1 MODELLING 
 

Apparent viscosity is the viscosity at a particular rate of shear expressed in terms of a 
Newtonian fluid. With a non-Newtonian fluid with a yield stress, the apparent viscosity 
increases dramatically for small shear rates. Most modelling approaches of the 
progressively derating with decreasing flow rates have been based on assumptions about 
a representative shear rate within the pump. The corresponding apparent viscosity is then 
used with the Hydraulic Institute Newtonian liquid method to calculate the derating 
factors. Sellgren and Addie (1994) simply used the bulk shear rate 8V/D (V is velocity) 
calculated for the pump suction pipeline diameter, D, to simulate the reduction in head in 
Fig.4. The agreement was good for the conditions covered in Fig 4, however the 
approach does not represent conditions in the pump entrance region and it could not be 
validated when compared to other data, for example Walker and Goulas (1984). 
 

Pullum et al. (2007) related an apparent viscosity to a characteristic geometric section 
within the pump, thus representing a characteristic shear rate. The detailed section 
geometry is so far mainly determined by experimental data, however results correspond 
to realistic main pump dimensions and the approach seems promising for generalisations. 
 

A different modelling approach by Wilson and Sellgren (2006),directly linked to the 
yield behaviour simulated well the experimentally observed dramatic drop in pumping 
head at flow rates less than about 50 % of BEP in Fig.4. They expressed a dimensionless 
yield stress parameter to the actual flow rate over the flow rate at BEP. Build-up 
tendencies of material within the pump have been documented in pictures with an acrylic 
pump, Pullum (2006). These attached lumps can occlude fractions of the passages within 
the pump which may seriously influence the head produced. 
 

2. OBJECTIVES 
 

The objective in this paper is to characterize the effect of solids on the performance of 
centrifugal slurry pumps for various industrial slurries with a complex behaviour as 
defined above. The effect on the performance is often moderate to low when the head 
curves are fully maintained. Experimental results will be presented and various 
mechanisms causing the effect of solids will be discussed. 

 



3. CHARACTERISATION 
 

Values of HR and ER in the range of 0.9 to 1 were presented by Cooke( 2007) from 
results obtained for various  high-density tailings products with yield stresses of up to 
100 Pa and  η from 0.01 to 0.07. He related the derating parameter to a chart that goes 
back to Walker and Goulas (1984) and a pump Reynolds number. 

                                                      miD2

Re                                                          1 

where ω is rotational speed, Di, impeller size ,ρm slurry density and η and plastic or 
tangent viscosity  Cooke (2007) recommended that installations are not designed for Re< 
3.105 without conducting test work. This value corresponds in the chart to about 0.8 and 
about 0.9 for Re about 106. In this range the derating on head will be small with 
HR>0.95.With Re in excess of 107 any derating can be neglected. One of the tailings 
product investigated by Cooke had 70% of the particles larger than 75 micron with a d50 
here estimated to about 0.1mm. Even if the settling slurry diagram in Fig.2 has not been 
intended for this type of mixtures, it gave HR values of about 0.95, i.e. in accordance 
with observations and Eq.1. 
 

3.1 SIMULATED TAILINGS DATA 
 

A simulated a tailings product was characterized by a fully sheared yield stress of 
about 100 Pa., Addie and Sellgren (2007). The rheology was evaluated from the pipeline 
loop results and expressed in terms of the yield stress and a tangent viscosity. The 
corresponding tangent viscosity was estimated to 0.055 Pas. Resulting pump deratings 
are given in Fig. 7.The pump was a modified 3-vane metal unit with an open shroud 0.3 
m diameter impeller having a simple auger-like inducer. 
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Fig.7 Pump performance derating for a simulated tailings product characterized by a yield stress of 

about 100 Pa. From Addie and Sellgren (2007). 
 

It follows from Fig. 7 that the estimated head curve was stable HR and ER were 
found to be 0.95 and 0.86, respectively. These values agreed reasonably well with the 



Re-criterion in Eq.1 and the HI-method based on Newtonian fluids. Whitlock and 
Sellgren (2002) reported tests with a paste-like slurry with solids concentration by 
volume, C=38 % in  the  0.3 m impeller pump described in connection with Figure 7,see 
Table 1. It follows  that values of HR and ER were 0.9 and 0.85. 

 
                                                                                                            Table 1 

Resulting HR and ER for τy =240 Pa and η=0.07 Pas. Whitlock and Sellgren (2002) 

Product C Rotary 
speed 

Impeller 
diameter HR ER 

Pump type, 
comments and 

reference 

Clay-
sand 38 1300-2000 0.3 0.9 0.85 

0.1 by 0.075 m open 
shrouded 3-vane 

impeller  
 

3.2 KAOLIN AND CMC DATA 
 

Bootle (2006) investigated the derating effects for high and low yield stress kaolin 
slurries with C= 28 and 37% with a 4-vane semi open 0.244-m impeller pump. A 
chemical additive was used to reduce the yield stress from 200 Pa to 7.5 Pa, see results in 
Table 2. 

Table 2 
For C=28%, τy =200 Pa , η=0.14 Pas. For 37%,  τy =7.5 Pa , η=0.018 Pas  after adding a chemical. 

Product C Rotary 
speed 

Impeller 
diameter HR ER Pump type, comments 

and reference 

Kaolin 28 
37 1500 0.244 0.99 

0.99 
0.83 
0.82 

0.186 by 0.1 m semi-
open 4-vane impeller,  

Bootle (2006) 
 

It follows from Table 2 that the performance is not affected despite the big change in 
yield stress in this case and the values for HR 0.99 and ER 0.82/0.83. Any derating effect 
was not observed on the head. 
Results by Kabamba with a CMC fluid is shown in Fig.8. CMC is a non-Newtonian 
liquid with pseudoplastic properties and no yield behaviour. 
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Fig. 8. Head curve for a CMC fluid with pseudoplastic coefficients 3.69 and 0.598. Bingham 

parametrar for large shear rates gave τy= 50 Pa and η =0.2Pas. Pump and pumping conditions as in 
Fig.5. From Kabamba (2007). 



 
The tendency of a lowering head in Fig.8 indicates that a yield stress not necessarily 

is a determining factor for the development of an unstable head curve. 
 

4. DISCUSSION 
 

With the exception of Bootle’s high-yield stress results in Table 2, it was found that 
head could not be fully maintained at lower flow rates as shown here for results from 
various non-settling fine particle slurries in Figs. 4 and 5 and a yield-free power law 
liquid in Fig. 8. These media show various degrees of non-Newtonian behaviour 
expressed by an apparent viscosity that increases for decreasing flow rates. 
 

The observed set-in of destabilisation effects was related to how far away from the 
BEP-region the pump operates. The further to the left of BEP the more recirculation and 
shock losses which basically increase with the square of the flow rate at BEP minus the 
actual flow rate. An increase in rotary speed in this domain for a constant flow rate may 
contribute to the destabilisation because the distance away from BEP increases, see 
schematic example in Fig.9. 
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Fig. 9. An increase in rotary speed from A to B through an increase in rotary speed, N, for a 
constant flow rate means operation further away from the BEP-region. 

 
The head curve was stable for the data in Table 1 at C=38%. However, with C = 41 % 

and a τy of about 350 Pa the situation in Fig.9 occurred when a tendency of a drop in 
head was met with an increase in rotary speed. Detailed evaluation of experimental data 
showed that HR dropped from 0.84 to 0.70 in the BEP-region when N increased from 



1775 to 1925 rpm for practically constant values of flow rate, C, and pipeline friction 
losses during about 7 minutes, Fig. 10. 
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Fig.10. Decrease in head and efficiency ratio for C= 41% ( τy about  350 Pa) when N increases with 

practically constant flow rate and pipeline friction losses during about 7 minutes. 
 

This situation may be caused by progressive build-up of material within the pump 
with geometrical modifications of flow passages within the pump that promote losses and 
affects the suction performance. With a constant flow rate the effect of the apparent 
viscosity is not caused by a decreased flow rate, only of the change in local flow pattern 
associated with the increase in rotary speed. Following Eq.1, an increase in N should 
increase Re and thus contribute to a stabilisation. However, the situation is complex, the 
cause of the increase in N may also be an increase in η. In addition, Sery et al. (2006) 
reported from kaolin tests a slightly smaller drop in head when the rotary speed 
increased. 
 

The 4-vane semi open 0.244-m impeller pump used by Bootle (2006) for kaolin was 
modified with an enlarged suction inlet from 0.1 to 0.186 m and integrated flow inducer 
scoops, which project into the enlarged inlet. The suction performance is strongly 
influenced by the detailed configuration of the entry of the impeller inlet with the vanes. 
The rapid changes in direction along the flow path cause shock losses which together 
with recirculation dominates the losses for low flow rates compared to the BEP-region. 
 

Roudnev (2004) found that NPSHR can be several times larger than the water value 
based on experimental results from several Russian references from 1972 to 1986 with 
Bingham-type of slurries, for example heavy media magnetite products. The greater 
requirement was related to blockage tendencies in the entrance region by the yield 
behaviour resulting in higher velocities and thus lower pressure. It is not known if the 
findings reported by Roudnev was associated with any unstable head curve for low flow 
rates. However, the discussed mechanisms have some similarities to possible blockage 
from vapour in the entrance region sometimes observed for liquid pumping at low flow 



rates with strong local recirculation causing cavitational conditions, Girdhar and Moniz 
(2004). 
 

An  unstable head curve at low slurry flow rates may be the combined effects of 
recirculation with strong local eddy currents and vortexing together with a complex 
solid-liquid mixture or fluid that magnifies the entrance shock losses to an extend that the 
pump head cannot be maintained. 
 

5. CONCLUSION 
 

Various experimental results are discussed and found to give maximum deratings in 
head and efficiency of about 10 and 15 %, respectively, provided stable head curves can 
be maintained. Magnified shock losses, circulatory flows and blockage of slurry and 
possibly vapour tendencies in the pump entrance region may be considered as 
mechanisms behind unstable head curves together with the flow behaviour of the slurry. 
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Abstract 
 
Elevated location of a paste-thickener on a ridge close to the disposal area is considered at a Swedish iron 
ore mine. About 0.7 Mtonnes of thickened tailings are planned to be layered as paste in the vicinity of the 
thickener during several years with distribution up to 900m after about 20 years. In order to clarify the 
pipeline pumping characteristics of the tailings product for volumetric solids concentration from 40 to 
50%, experiments in loop systems with pipeline inner diameters from 0.063 to 0.152m have been carried 
out with various types of pumps. The results and comparisons carried out here showed that the rheology 
cannot simply be related to the performance of centrifugal pumps, factors related to pump design and 
built up tendencies of material within the pump and other particle properties may be of equal importance. 
During the first years of operation in the considered application only one thickener underflow pump is 
required. Therefore the reliability and performance for various pump configurations are planned to be 
systematically investigated in order to meet the most effective long-term solution for paste thickener 
operation, pipeline distribution and placement in the disposal area. 
 

 Introduction 
 
Luossavaara-Kiirunavaara AB (LKAB), an iron ore company with mines in the northern part of Sweden 
is continuously considering new technologies for the handling, transportation and disposal of waste rock 
and tailings. In the LKAB concentrator in Svappavaara about 0.7 Mtonnes of dry tailings per year is 
transported nearly 1 km as a slurry in parallel pipelines connected to a flume discharging into a tailings 
pond. In order to limit the cost of tailings management in the existing area surface disposal of a highly 
thickened slurry at slopes of 5% has been considered. The thickening may take place adjacent to the plant 
or close to the disposal area about 1.5 km away, Fig.1, Wennberg and Sellgren (2005). 
 
The location of the thickener is mainly a balance of the cost for high pressure pumping and the 
disadvantage of having the thickening facility remote from the rest of the processing taking place in the 
concentrator. Today, it seems that a location of the thickening at 2 in Fig.1 is the most attractive 
alternative.  
 
Various design features related to the underflow pump, the downstream distribution system and the 
geotechnical behaviour when the paste is in place are in the literature coupled to characteristic paste yield 
stresses. Values related to “unsheared” and “fully sheared” conditions goes back to the effect of applied 
shear and exposure time, i.e. the shear history. As will be discussed later there are some uncertainty about 
shear history effects. 

Objective and Scope 
 
The objective here is to present experimental results from various loops with inner diameters of 63, 75, 
101, and 152mm with centrifugal and positive displacement pumps, the latter of screw or piston type. 
These diameters are expected to be representative for various parts of the distribution system.  Due to the  
thickener location close to the disposal area, the discussion will be focused on the performance of 
centrifugal pumps when handling high concentration slurries. 
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Figure 1. Schematic sketch of the two alternative locations of the high-density thickener. 
 
It was not possible to do on-site large-scale pipeline pumping testing and direct shear history observations 
at the time of pilot-scale paste generation because of low production rates. Therefore, the pipeline loop 
tests were carried out with the actual thickened product at suitable locations with stored, transported and 
re-mixed pastes. During the first years of operation in the considered application only one thickener 
underflow pump together with a short distribution pipeline is required. Therefore questions raised in this 
study and shear history effects are planned to be systematically investigated on-site in order to meet the 
most effective long-term solution for paste thickener operation, pipeline distribution and placement in the 
disposal area. 
 

 Experimental Study 
 
The average particle size distribution was 25 % less than 10 microns with average particle size, d50 ,about 
27 microns and with about 80% of particles finer than 90 microns. Figure 2 shows schematically the test 
loop procedure, most often with segments with two pipeline diameters where simple gauges were 
installed for pressure drop readings. The gauges were at times mounted close to the pump and sometimes 
a soft pipeline bend was included in the pressure readings. The flow rate was simply measured with a 
barrel and a stop watch and the slurry density was obtained from a volumetrically calibrated tank and 
dried samples. 

4 m 4 m50 m

Barrel for
flow control

 
Figure 2. Schematic description of one of the used loop systems. Truck feeding of a displacement 
pump in a 120 m long loop with 0.15- and 0.10m- diameter pipelines. 
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The measured pressure gradient dp/dx along a pipe is related to the wall shear stress w and the friction 
loss gradient j (m slurry/m) through the following relationship. 
 

  
44

)/( gjDDdxdp
w

gj
w

(                                                 (1) 

where  and D is the slurry density and pipeline diameter, respectively. 
 
The performance of a centrifugal pump is affected when handling slurries. The relative reduction of the 
clear water head and efficiency for a constant flow rate and rotary speed may be defined by the ratios and 
factors shown in Figure 3. 
 

Head ratio: HR = H/H0
Head reduction factor: RH = 1- HR
Efficiency ratio: ER = 0
Efficiency reduction factor: R = 1-ER

 
Figure 3. Sketch defining the reduction in head and efficiency of a centrifugal pump pumping a 
solid water mixture. H and H0 are heads in slurry and water service, respectively. The 
corresponding efficiencies are η and η0. 

In order to compare pump performance results with various rotary speeds, n, and literature data, 
dimensionless head and flow rate parameters were used, see for example Wilson et al. (2006). 
 

                                   Head:  22
iDn

gH   Flow rate: 3
inD

Q
                   (2)   

 
where H is the head and Q is the flow rate and Di is the impeller diameter. 
 

 Results 
 
Pipe wall stress results (Eq.1) versus the viscous scaling parameter 8V/D (V is velocity) for various 
diameters and volumetric solids concentration ,C= 40.4%, are shown in Fig. 4 and compared to larger 
diameter data from Saurmann (1982) for a tailings product with similar particle size distribution as used 
here. 
 
Results for various diameters up to 0.152 m for C-values of about 48 and 50% are shown in Fig. 5 where 
direct yield measurements also were available for 48 %. This is the value considered for pipeline pumping 
design which here has been estimated to be on the conservative side with respect to paste quality 
requirements. 
 
The  line in Fig. 5 for 48% is considered to represent an average representative design shear stress. For 
example, with D=0.15 m and 92 tonnes/h (0.7 Mtonner/y) then the flow rate is 68 m3/h with V about 1.1 
m/s and 8V/D = 57 s-1 giving w about 200 Pa in Fig.5. The corresponding pressure requirement from 
Eq.1 will be 530 kPa/100m or head losses of about 30m slurry per 100m horizontal pipeline. 
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Figur 4. Shear stresses versus the rheological scaling parameter 8V/D from pipeline test whith a 
concentration of 40.4 per cent by volume. 
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Figur 5. Shear stresses versus the rheological scaling parameter 8V/D from pipeline test with   
solids concentrations by volume of about 48 and 50 %. 
 
The pipeline results in Figs. 4 and 5 were based on rough measurements and represent re-mixed and 
mildly to strongly circulated slurry or a product that had been stored for one to several weeks and then 
brought into a loop system. It was not possible to evaluate any obvious rheological trends related pipeline 
diameter, age or exposure time in the loop system. 
 
Operation in a 40 m long 0.065 m diameter hose was also used for indicative performance measurements 
and observations for a centrifugal pump with a 0.065 m-suction and a 0.05 m-discharge diameter with a 
4-vane semi-open impeller with diameter 0.23 m. A few pump efficiency values ( ) were estimated from 
the variable speed unit. The flow rate at the start corresponded to a velocity of 1.55 m/s at 1480 rpm for 
C=45.5% with the intention to successively increase the concentration at approximately the same flow 
rate. 
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With C about 48%, it was not possible to maintain the flow through increased rotary speeds, however the 
system operated for a long time in a semi-stable way at extremely low velocities of 0.1 to 0.3 m/s for 
rotary speeds of 1840 to 1940 rpm. 
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Figur 6. Dimensionless representation of high concentration slurries derating result.  
 

Discussion 
 

Indicative measurements at an early stage with gravity flow in a 11 m long 25mm-diameter hose from a 
pilot scale thickener at C=44% showed a yield stress slightly above 100 Pa, which make sense in 
comparison to the results in Figures 4 an 5 for about 40 and 48%,respectively, and the scatter related to 
the various testing conditions.  
 
Parts of the underflow in paste thickeners are today often circulated back into the base through pumping 
in order to agitate the paste. Pilot scale thickening and trench deposition tests for a similar tailings product 
as investigated here with and without circulation with a centrifugal pump showed that the agitated paste 
flowed more easily down the slope resulting in a lower deposition angle, Engman et al. (2004) 
 
The thickened and flocculated slurry flows by gravity in the base of the thickener to the pump. 
Centrifugal pumps are known to impart high shear intensities resulting in a reduced slurry yield stress. 
Furthermore, the slurry is exposed to aging and various degrees of shear in the downstream pipeline 
distribution system. Published results are difficult to evaluate and sometimes contradictory. For example, 
Schaan et al. (2005) reported for a flocculent-dosed coarse sand-silt/clay tailings paste that the dominating 
relative yield stress reduction took place in the 300 m long 0.075 m-diameter pipeline after two 
centrifugal pumps where the yield stress decreased about 50%. An 80% decrease in yield stress through 
pump passages for a red mud tailings slurry with no pipeline effect was reported by Sofra (2006). 
Arbuthnot and Triglavcanin (2005) found that a centrifugal pump in the underflow approximately halved 
the yield stress with a gold tailings paste. They found a similar effect for an underflow circulating 
arrangement in the thickener. High pressure systems with positive displacement pumps are normally also 
fed with centrifugal pumps. Therefore, independent of the system configuration, slope forming 
mechanisms can be considered to be related to shear stresses that are much lower than those observed in 
the thickener underflow. 
 
The reported shear history experiences and the observation of a slope dimishing effect related to paste 
circulation in the thickener, raise questions related to system effectiveness and flexibility. With a long-
term fixed overall slope requirement in the disposal area, flexibility can be promoted with a split of the 
pipeline flow into several streams just before the discharge end, giving higher slopes following an 
indicative criterion, Engman et al. (2004). In order to plan for investigational procedures related to system 
effectiveness during the first years of operation with simple underflow pumping arrangements, the initial 
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choice of equipment will be important. Therefore the rest of the discussion will be focused on centrifugal 
pump performance derating when handling high concentration slurries. 
 
The pump performance results in Fig.6 addresses the problem of maintaining steady state operation when 
pumping a paste with various solids concentrations. Walker and Goulas (1984) presented results with an 
unstable head curve for coal and kaolin clay slurries with yield stresses of about 8 Pa. Results for a four-
vane closed impeller with diameter 0.352 m and a constant rotary speed of 1200 rpm are shown in Figure 
7. 
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Figure 7. Dimensionless representation of coal and kaolin derating results from Walker and Goulas 
(1984). Filled and unfilled markings correspond to head and efficiency, respectively. 
 
The derating effect in efficiency was larger for the coal which had a similar size distribution as the 
tailings product here, while the kaolin clay had an average diameter of about 1μm. In addition to head and 
efficiency reductions in the best efficiency-region (bep), the head could not be maintained for lower flow 
rates, thus giving an unstable head curve. The tendency with a drop in head for lower flow rates for 
constant rotary speeds and solids concentrations for non-Newtonian slurries has also been observed with 
larger pumps, see Fig 8. 
 
Further kaolin results at C about 30% by Walker and Goulas (1984) with another smaller pump with 5-
vane closed or 3-vane semi-open impellers with diameters of 0.24 m showed small or negligible effects  
on the head and ER about 0.8. Basically the same pump with a 4-vane semi-open 0.244-m impeller, 
modified with an enlarged suction inlet from 0.1 to 0.186 m with integrated flow inducer scoops which 
project axially into the enlarged inlet, has recently been tested for high and low yield stress kaolin 
slurries, Bootle (2006). The results discussed above have been brought together in Table 1 and Figure 9 
where also derating data from Fig.8, and for a simulated paste-like slurry in a 0.3 m-impeller pump with 
an auger-like inducer operating with a stable head curve, Whitlock and Sellgren (2002). 



Thord Wennberg, Anders Sellgren
The South African Institute of Mining and Metallurgy  
The 17th International Conference on the Hydraulic Transport of Solids ‘Hydrotransport 17’ 
 

Pumping evaluations with paste tailings thickened close to the surface disposal area   7 

 
Figure 8. The effect of slurry on the pump head and efficiency at solids concentrations by volume of 
31 and 35 % of a scrubber sludge product. Impeller diameter 0.63m. From Sellgren et al.(1999). 
 
Table 1.Some derating results available in the literature. Solids density about 2650 kg/m3 and 1450 
kg/m3 for the coal. Number 4 comprised an auger-like like inducer and 2 an inducer in an enlarged 
inlet. C in % and rotary speed in rpm with impeller diameter in m. 

Notation Product C Rotary 
speed 

Impeller 
diameter HR ER Pump type, comments and 

reference 

1.1 
1.2 

Coal 
Kaolin 

31 
29 1200 0.352 0.91 

0.92 
0.63 
0.87 

0.1 by 0.075 m closed 4-
vane impeller, Walker and 

Goulas (1984) 

2.1 
2.2 Kaolin 28 

37 1500 0.244 0.99 
0.99 

0.83 
0.82 

0.186 by 0.1 m semi-open 4-
vane impeller,  Bootle 

(2006) 

3.1 
3.2 Sludge 35 

31 1200 0.63 0.91 
0.97 

0.85 
0.93 

0.2 by 0.15 closed 4-vane 
impeller, Sellgren et al. 

(1999) 

4 Clay-
sand 38 1300-2000 0.3 0.9 0.85 

0.1 by 0.075 m open 
shrouded 3-vane impeller, 

Whitlock & Sellgren (2002) 
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Figure 9.Approximative rheological results for the slurries listed in Table 1 and for C=48% (Fig.5). 
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The result 2.1 and 2.2 in Table 1 and Figure 9 were characterized by yield stresses of 200 and 1.8 Pa, 
respectively, corresponding to ER-values of 0.82 and 0.83. Any derating effect was not observed on the 
head. The efficiency drop was from 60% for water to about 50% for slurry. Thus the deratings were 
practically identical and independent on the large difference in rheological behaviour. The trend in kaolin 
results at C=29%, with a yield stress of about 8 Pa(1.2, Fig.9), from Walker and Goulas 16 years earlier in 
the corresponding standard pump was the same as observed  for  2.2 in Figure 9, with  a nearly negligible 
yield stress. Tendencies of turbulent flow can be seen for 3.2 in Fig. 9. 
 
For # 4 in Table 1 and Fig.9 at C = 38% the head curve was stable. However, with C = 41%, evaluation of 
detailed experimental data provided by Whitlock (2006), showed that HR dropped from 0.84 to 0.70 in 
the bep-region when N increased from 1775 to 1925 rpm for practically constant values of Q, C, and 
pipeline friction losses during about 7 minutes, Fig.10. 
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Figure 10. Decrease in head and efficiency ratio for C= 41% when N increases with practically 
constant flow rate and pipeline friction losses during about 7 minutes. 
 
This situation may be caused by progressive built up of material within the pump with geometrical 
modifications of flow passages within the pump that promote losses. Cavitation was found to be a less 
likely explanation even if the detailed suction performance of the modified pump was not known.  Built 
up tendencies of material within the pump have been documented in pictures with an acrylic pump, 
Pullum (2006). These “attached” lumps can occlude fractions of the passages within the pump which may 
seriously influence the head produced, for example at low Q as seen in Fig.8. The experimentally-
observed dramatic drop in pumping head at flow rates less than about 50% of bep for # 3 in Table 1 was 
linked to the yield behaviour in a modelling approach by Wilson and Sellgren (2006). 
 
The results and comparisons carried out here showed that the rheology cannot simply be related to the 
performance of centrifugal pumps, factors related to pump design and built up tendencies of the paste 
material within the pump and other particle properties may also be of importance. 
 
The results with the modified pumps for 2.1 and 4 in Table 1 and Fig. 9 with a yield stress exceeding 
about 200 Pa showed stable steady-state operation. Based on this a modified pump may be required for 
the tailings considered here. Furthermore, ER-values of 0.80 to 0.85 can be expected. However, the 
materials discussed in Table 1 and Fig.9 were not pastes or tailings products. The coal with ER=0.65 had 
a similar size distribution as the tailings considered here. 
 
Laboratory pump performance results with a 0.15 by 0.1 m 4-vane rubber lined pump (impeller diameter 
0.45 m) operating with a stable head curve at C=36% are available by Sellgren and Väppling (1986). The 
size distribution was similar to the product studied here and the rheology at C=36% was close to 3.1 in 
Fig.9. Provided the head curve remains stable, then HR and ER were here extrapolated for the actual C= 
48% to 0.8 and 0.65, respectively.  
 
The results in Fig. 9 have one rheological parameter in common, the tangent viscosity, i.e. the slopes of 
the lines, with values from 0.04 to 0.14 Pas. As indicated by Walker and Goulas (1984) and others, this 



Thord Wennberg, Anders Sellgren 
The South African Institute of Mining and Metallurgy  
The 17th International Conference on the Hydraulic Transport of Solids ‘Hydrotransport 17’ 
 

Pumping evaluations with paste tailings thickened close to the surface disposal area   9 

viscosity may be used together with the Hydraulic Institute’s performance derating method for viscous 
Newtonian liquids, see ANSI/HI(2004),ANSI/HI(2005).These viscosity values would here  give ER-
values from 0.7 to 0.9 for a suitable pump. 
 

Conclusions 
 
The overall pipeline loop results for the tailings slurry showed that the slurry friction losses can be 
approximately characterized by a pipe wall shear stress of about 200 Pa, for example resulting in a 
pressure requirement of about 530 kPa/100m or head losses of about 30 m slurry per 100 m pipeline in a 
0.15 m-diameter pipeline for a solids concentration by volume of about 48%. 
 
 
The results and comparisons discussed out here indicated that a modified type of centrifugal pump may 
be required to avoid the risk of an unstable head curve. Furthermore, with an ER-value of 0.80, the total 
pump efficiency including motor and drive may be about 40%. 
 
It was found that the rheology cannot simply be related to the performance of centrifugal pumps, factors 
related to pump design and built up tendencies of paste material within the pump and other particle 
properties may be of equal importance. During the first years of operation when only one thickener 
underflow pump is required, the reliability and performance for various types of pumps can be 
systematically investigated in order to meet the most effective long-term solution for distributing the 
paste. 
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Abstract 
The rheological and depositional character of tailings from two base metal concentrators are 
presented based on results obtained in connection with pilot-scale thickening tests and 
feasibility considerations. Thickening to a volumetric solids concentration of over 45% ( 70% 
by mass) close to the disposal area results in a non-segregating slurry that can be deposited at 
average slopes of 3-4%.Operating  data from reported installations are briefly described and  
some  macroscopic depositional mechanisms  and design features are discussed. 
 
1. Introduction 
The feasibility of a high degree of tailings slurry thickening and deposition at angles of 3-4% 
is determined by the possibility  to fill more volume per unit surface area, thus limiting  water 
holding dam facilities and areas that need to be rehabilitated. The solids concentrations by 
volume must often exceed 45% which means slurry properties that gives a conceptually even 
slope with no segregation of particles and virtually no drainage of water. The term paste is 
used in a slightly loose way here, it was originally associated with bauxite residue storage and 
tailings backfilling in underground mines. The local conditions strongly determine the  
technical-economical feasibility and environmental effectiveness of different degrees of 
thickening and surface disposal. 
 
With a paste system circulation of large quantities of water through the disposal area can be 
avoided. Water availability may be a critical issue in arid or semi-arid areas where water 
exposed in the disposal area is largely lost through evaporation. In sub-arctic and arctic 
regions heat recovery with rapid water circulation  through thickening can  improve the 
energy effectiveness in the mineral processing, see for example Hollow et al. (2007), 
Oxenford and Lord (2006). 
 
Disposal of tailings at high solids concentrations often means unsaturated conditions with 
susceptibility to oxygen exposure in the comparatively small tailings storage areas. Aspects 
related to deposition management schemas and the adoption of  multi-layer capping for 
tailings containing various degrees of AMD-generating  minerals will not be covered here. 
General aspects and experiences of using paste deposition for AMD-generating tailings can be 
found in Jewell and Fourie (2006). 
 
2.Objective and scope. 
The objective is here to briefly characterize the rheological and depositional behaviour of two 
tailings products based on  test work and feasibility  considerations at  LKAB’s Svappavaara 
concentrator and at MultiServ AB’s slag recovery  plant. The aim is also to present  some 



 
 

 

depositional data from installations described in the literature and to discuss some 
macroscopic depositional mechanisms. 
                                                                                                                                                 
The depositional characterization is mainly a summary of results presented in Engman et al. 
(2004), where  laboratory and  field work are described in details together with results from 
the thickening pilot-scale trials. The average particle sizes were from about 25 to 50 μm with 
maximum sizes of about 350 μm. The rheological characterization is based on results from  
pipeline flow in small-diameter hoses and flume flows ( Engman et al. 2004) and  pipeline 
loop pumping experiments in diameters from 0.060 to 0.2 m, Wennberg  and Sellgren 
(2007).Details on various considered equipments for thickening and pumping are not covered 
in this study. 
 
3.1Svappavaara 
In the Luossavaara-Kiirunavaara AB ( LKAB) concentrator in Svappavaara close to the arctic 
circle about 0.7 Mtonnes of dry tailings per year  (90 tonnes/h)is transported nearly 1 km as a 
slurry in parallel pipelines connected to a flume discharging into a tailings pond. In order to 
limit the cost of tailings management in the existing area surface disposal of a highly 
thickened slurry is considered. The need for costly dam rises in the  disposal area are mainly 
avoided  with thickened disposal. The most attractive location of the thickener is on a hill 
close to the disposal area (Wennberg and Sellgren, 2007),see Figure 1.  
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Figure 1. Schematic sketch of the two alternative locations of the high-density thickener at the  
LKAB Svappavaara concentrator. 
 
3.2 MultiServ AB 
In the companys plant in central Sweden for recovery of metal slag about  0.23 Mtonnes per 
year (50 tonnes/h) are planned to be thickened in the disposal area about 500 m away from the 



 
 

 

concentrator. The thickened tailings will, depending on location of the thickener, then be 
pumped 50 to 500 m to the disposal area, see Figure 2.  
 

 
 
Figure 2. Schematic sketch of the disposal area at MultiServ AB in central Sweden. 
 
During the first years of operation the existing disposal area will be covered with paste. This 
means a covering of the disposal with simplified rehabilitation and also  reduced leaching 
from the deposit. In addition the ground water table will be lowered in the existing deposit 
before the final tight seal capping. 
 
The use of paste disposal has been chosen due to economical, environmental and safety 
issues. The location in a valley downstream an existing deposit has been seen very favourable 
for a paste system. The final location of the thickener has not yet been decided, but due to 
high costs for paste pumping a location and the edge of the existing deposit is seen as the best 
option. According to a newly received permit for the metal recovery operation including the 
deposition and storage system, the paste system must be in operation  before the end of 2009 
and the new deposit latest 2014. 
 
4 Characterization 
Various design features related to the paste thickening, pumping and placement are in the 
literature normally related to the rheology of the highly concentrated mineral particle-water 
mixture, especially the yield stress. The yield stress is defined as the minimum stress required 
causing the solid-liquid mixture to flow. The standard “slump” method for consistency 
measurements in the concrete industry has been adopted and modified for paste-like tailings 
slurries, see for example Jewell and Fourie (2006). 
 
 Early experiences of surface deposition and handling  at very high solids concentrations  
often comprised bauxite processing, i.e. clay minerals. Tailings from the diamond and oil sand 
industries often also deal with active clay minerals. High clay content normally has a strong 
effect on the rheological properties of the tailings slurry.  For ground rock base metal mine 



 
 

 

tailings, the finer (clay-sized) particles are not really clay minerals but rock flour, Fourie 
(2002), a dissimilarity also marked by Robinsky (1999).Recent work with slurries of the type 
considered here has shown that they may not behave in a completely non-settling way flowing 
homogeneously during transportation, see for example Pullum (2007). 
                                                                                                                                                                                                               
For simplicity, the characterization of the flow behaviour during transportation is here 
adopting the generally accepted rheological parameters to describe the flow resistance of 
homogeneously flows of paste-like tailings slurries. 
 
4.1 Depositional characterization  
The discharge from the pilot-scale thickening tests at both plants were with 0,025 m-plastic 
hoses, at MultiServ AB with discharge in a trench  with bottom width of  1,5 m and height 
about 1 m. The deposition observations at the Svappavaara concentrator took place on a 
horizontal floor with created cones with diameters of 7 to 8 m and heights of 0.5 to 1 m. In 
addition, batch tests were carried out in a flume with width, height and length of 0.2 , 0.1  and 
1.5, respectively. The various laboratory and field set-ups and detailed results are given by 
Engman et al. (2004), a summary of deposition slopes are shown in Figure 3. 
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Figure 3. Observed deposition angles from 0.025m diameter discharge pipelines and batch 
flume tests. Unfilled and filled marks correspond to the tests at LKAB and MultiServ AB, 
respectively. Solids density 3000 kg/m3. 
 
Circulated in Figure 3 is coupled to tests with agitated slurry through a circulating pump 
arrangement in the lower portion of the thickener. It was observed that this slurry flowed 
more easily down the slope. It follows from Figure 3 that average slopes of 10 to 15% were 
obtained from a volumetric concentration of about 45% and that pump circulation in the 
thickener at MultiServ AB tended to lower the slope, thus affecting the behaviour of the 
slurry. 
 
 
4.2 Rheological characterisation 

Observations of continuous  flow over a length of about 1m in a  flume with  width and height 
0.2 and 0.1 m, respectively, were carried out at slopes from about 12 up to 27% where 
approximately uniform conditions with a nearly constant depth were observed. No deposition 



 
 

 

of particles were observed. The corresponding analysis for estimation of average shear 
stresses is given in details by Engman et al. (2004).  

The wall shear stress, τw, for the free surface flow in a flume or in a pipeline is related  to the 
pressure gradient, Δp/Δx, and the friction loss gradient, j , in m slurry per m  through the 
following relationship: 
 

                                           
44

)/( gjDDxp
w                     (1) 

                                                                                                               
where ρ  is the slurry density. D is here the hydraulic diameter which corresponds to the 
pipeline diameter for flow in a filled pipeline section. For the free surface flume flow, D = 
4A/P where A is the average section area and P is the average wetted perimeter.   
 
Summarized pipe and flume wall shear stress results (Eq. 1 ) versus a viscous scaling 
parameter, the bulk shear rate, 8V/D (V is velocity), are shown in Figure 4 covering pipeline 
diameters of 0.025 and 0.05 m. Similar results are shown in Figure 5 for separate larger 
pipeline diameter tests with Svappavaara-tailings. With large diameters, it was not possible to 
do on-site large-scale pipeline pumping tests at the time of pilot-scale thickening tests because 
of low paste production rates. Consequently, the tests were carried out with stored and re-
mixed pastes. 
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Figure 4. Shear stresses versus the rheological scaling parameter 8V/D.From Engman et al 
(2002). 
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Figure 5. Shear stress versus  8V/D for  pipeline tests with various diameters at an average 
solids concentration by volume of about 47% 
 
The results in Figure 4 were based on indicative measurements (Engman et al. 2004) and the 
accuracy of the data in Figure 5 were discussed in some details by  (Wennberg and Sellgren 
(2007).The uncertainties expressed in Figures 4 and 5 may to some extent  express the 
variability in practice, related local slurry properties and thickener operation. A perspective on 
the results in Figures 4 and 5 may be represented by evaluated wall shear stresses of 500 and 
20 Pa corresponding to concentrations of 50 and 40%,respectively. 
 
5.Some case studies 
Operating data focused on depositional conditions are briefly described based on information 
given by Jewell and Fourie ( 2006) and Oxenford and Lord (2006).Solids concentrations by 
mass are given within parenthesis together with the volumetric values. 
 
The Kidd Creek mine and processing operations in central Ontario in Canada have a well 
functioning thickening facility since 1995 where underflow at a concentration by volume, C, 
of about 35% (62.5%) is pumped 1100 m in centrifugal pumps to a centrally located discharge 
point. The average slope is 2.5 to 3 % and the average particle size, d50, about 20 μm and the 
solids density 3100 kg/m3. 
 
Surface disposal of paste was chosen to extend the life of the Myra Falls mine at the Pacific 
coast of  British Columbia in Canada. A combination of tank thickening with a portion 
dewatered further in filters  gave  an average C-value of  36% (67%) The max. particle size 
was about 100 μm and d50 about 12 μm with 20% smaller than 10 μm. Solids density=3600 
kg/m3. Transportation with PD-pump with down-valley  discharge   resulted in  a average 
slope of about 3%. 

In the Cabriza gold-copper mine in Peru about 200 t/h tailings are thickened to about 45% 
(75%) in a deep cone thickener. The slurry becomes non-segregating at about 41% (70%). 
Solids density 3700 kg/m3 and d50 from 15 to 25 μm. Deposition from a pipeline laid out 
along a hillside with 10 spigots each about 0.1 m in diameter. Centrifugal pumps used so far, 
positive displacement pump installed for extended pumping lengths. 



 
 

 

The copper-gold Osborne mine operations in Australia  produces about 200 tonnes/h of a  
tailings product with 10% less than 20 μm,d50 about 70 μm and max. particles of 1 to 2 mm. 
Average solids density= 3500 kg/m3. Deposition from an elevated central discharge point  
means an advancing cone of deposited tailings. Full scale trials showed that average slopes of  
1.1 and 2.5% were obtained for C-values of  26 (55%) and 35% (65%) respectively, when 
deposited conventionally. A C-value of 42% (72%) was required for segregation-free 
deposition and a slope of  4%  was obtained for 44%(73%) 
 
 The Century zinc mine in Australia uses down-valley deposition for about 500 tonnes/h.  The 
intention here was not to go for the steepest slope for the tailings with d50= 12μm and solids 
density 2820 kg/m3.A high rate thickener increased the C-value to about 30%(55%)  giving 
slopes of  1% and 0.6% in the upper and lower portions of the disposal area, respectively, 
which was considered sufficient here. 
 
6.Deposition mechanisms 
6.1 Conventional deposition 
In conventional  low concentration tailings slurry  discharge from a pipeline or flume in the 
disposal area, the slurry flow  takes place in self-forming meandering channels as the  
particles deposit along the surface (“beach”).Segregation of the coarser and finer particles 
occurs with coarser particles settling out close to the discharge point with finer particles being 
transported  further along the beach. The location of the channels  change over time and the 
detailed  local directions is driven by gravity along the path of least resistance. The cross-
sectional shape of a channel that forms in underlying deposited  tailings is a mechanism  that 
cannot be considered to be fully understood , ASCE (1998).The free surface flow often ends 
at an open water surface (pond),where remaining fine particles settle out under water. 
 
 The continuously decreasing inclination of the deposited tailings beach profile normally 
results in a slope that is less than 0.5%,due to the fine particle content. Many attempts have 
been  to generalize this upward concave profile  into a “master profile, see for example Blight 
(1994).He found that beach concavity is mainly caused by the particle sorting. 
 
As an alternative to one tailings slurry discharge point, multiple discharges from a main 
pipeline through short  pipelines mounted perpendicular to the main pipeline (spigots)  are 
used. Spigoting in low to medium concentration tailings handling results normally in an 
increased sorting effect with coarser particles building up close to the discharges along the 
perimeter of the confined embankment, thus contributing to its function. Thus, spigoting 
means an increased  initial slope, however, the downstream value normally attains the low  
slopes typical for one-point discharge. 
 
The experience with spigoting giving a higher average slope for a given flow rate and solids 
concentration when split up in several  discharge points with lower flow rates  expresses the 
ability of a large flow rate to cause the flow channels to adapt a flatter slope thus bringing the 
deposition farther out along the beach. 
 
Generally with conventional handling at a constant discharge flow rate, the effect of hindered 
particle settling through increased volumetric solids concentration also brings the deposition 
farther out. For example,  a slurry of narrowly graded particles of about 100  μm in average 
size will be transported  about 50%  longer distance before  settling out for an increase in 
solids concentration from 10 to 30% ( CUR 1992 ).The effect on the average slope is here not  
obvious because the resistance to flow may be higher for the 30%-mixture. 



 
 

 

 
A discharged tailings slurry characterized by very small particles, for example clay, can be 
considered to flow homogeneously, i.e. like a viscous fluid. No settling out of particles will 
take place and an increase in the clay content increases the viscous behaviour and the flow 
resistance, corresponding to a larger slope for a constant flow rate. Large flow rates for a 
constant concentration enable the slurry to gradually spread further, thus influencing the 
average slope. 
 
 6.2 Thickened tailings deposition 
Williams (2001) suggest that two flow regimes exist on a tailings beach related to the flow of 
highly-concentrated tailings slurries. A slurry stream in a narrow confined channel with 
turbulent flow transports  the tailings slurry to a localised  broader area  where the flow attains  
sheet-like laminar flow where particles settle together, so-called zone-settling. This is 
recognised at the main mechanisms for profile formation. Laminar conditions cannot persist 
and  with the local slope steep enough, turbulent flow will be maintained in the self-formed 
channel. Cyclic repetition along the beach will in this way determine a limiting equilibrium 
slope in a macroscopic sense, Pirouz et al. 2005 and Pirouz et al. (2007). 
 
 7.Discussion and conclusions 
Recent  approaches for slope evaluations , for example by Pirouz et al. (2007) and others, may 
provide a means of predicting the beach slope angle with tailings slurries of arbitrary 
rheological characterisation. The reported findings explain to some extent the difficulty with  
laboratory scale flume tests, because of the problem to obtain  turbulent  flow conditions. 
 
An alternative to a rheologically-based slope modelling approach is now considered and 
limited to slope scaling  predictions related to the turbulent settling behaviour of  particles 
with sizes of about 100 μm, De Groot et al. (1998)  
 
The channellised tailings flow equilibrium slope concept discussed above with a net settling 
out of tailings is here related to the slope requirement  for a  balance  between sedimentation 
and erosion  along a beach formed by dredging material from parallel discharges from several 
large pipelines, De Groot et al. (1988).They investigated slope angles for various narrowly 
graded fine sand medium concentration slurries with particles down to about 60 μm., i.e.  
two-component “settling” type of mixtures. They showed how the slope is dependent not only 
on the particle size but also on the discharge flow rate, with steeper slopes for lower discharge 
rates. They quantified  the results from small- and large-scale flume experiments and field 
observations in an empirical relationship (CUR 1992), which here expresses the slope, Sm, 
obtained for modelled (small) flow rates, Qm, and larger prototype flow rates, Qp, as follows: 
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where Sp is the prototype slope and qp and qm are defined as Qm/Bm and Qp/Bp, where Bm and 
Bp are characteristic widths between  discharges.  The formulation in Eq.(2) is now adopted 
assuming discharge in two parallel  and closely located pipelines both in the model and 
prototype scale, each with diameter Dm and Dp, respectively. The solids concentrations in 
Figure 3 for which the slopes start to increase are related to the discharge from 0.025 m 
pipelines from the pilot-scale thickening tests. This diameter is taken as the pipe diameter, Dm 
in Eq.(2), with Dp of the order of 0.1-0.15m and values of Qm determined by the capacities. 
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The estimation expressed in Eq.(3),briefly used by Engman et al. (2004), indicates that 
disposal slopes for the applications considered here should be about 2.5 to 4%  because 
observed slopes during the tests were 10 to 16%, dependent on the circulating pump was 
operating or not ( Figure 3). 
 
 Robinsky (1999) presented a series of laboratory-scale flume deposition slope results 
together with the corresponding particle size distributions. Comparisons with the observed 
slopes of 10 to 20% here confirm roughly the results by Robinsky for similar size 
distributions also giving field slopes of about 4%. However, he did not explicitly express any 
scale-up criterion. Simms (2007) found that the 1:4 estimation in Eq.(3) was reasonable in a 
comparison with  a rheological approach for slope estimations and scaling. Evaluation of 
flume data with field observations in the study by   Pirouz et al. (2007)  indicated a ratio close 
to 1:2. 
 
The indicatively quantifications discussed here on how small discharge rates tend to give 
higher slopes demonstrate flexibility possibilities for the long term management of the tailings 
storage facility. Spigoting, or simply a split of the pipeline flow into two streams just before 
the discharge end would be feasible, principally giving two discharge points. However, there 
are reasons to use only one pipeline to transport thickened slurry over long distances, because 
the pressure (energy) requirement increases with a decreased pipeline diameter. 
 
Conceptually with pastes, the deposited tailings has a planar slope, i.e. no concavity. 
Experiences to date indicate that some degree of concavity occurs For example, the deposition 
scheme at Kid Creek described above has a slope concavity of about 2.5 m on a radius of 
1000m from a central discharge point. It is important to consider this effect  in a long term 
design perspective. Significant densification (consolidation) and deposit strength  results often 
from natural evaporation in warm areas and through freeze-thaw cycles in  cold regions. For 
example, the entire in situ deposit at the Kidd Creek disposal area described earlier is 
consolidated to near the shrinkage limit at  C about 56%,corresponding to a density of 2175 
kg/m3. Simms (2007) related compaction effects  to cyclic deposition schemes also giving 
steeped slopes. 
 
With the small amount of water reaching the disposal area with the highly thickened tailings 
an increased potential for dust generation can be expected compared to conventional 
deposition. However, it has been suggested that the lack of segregation  with better packing 
should make the surface more resistant to wind erosion, as indicatively demonstrated in a 
laboratory-scale comparison by Robinsky (1999).The total surface area exposed to the wind 
may also be limited, especially if a central discharge system is avoided. 
 
The elevated location of the paste-thickener on the ridge close to the disposal area in Figure 1 
are considered to be layered as paste in the vicinity of the thickener over several years and 
then  after about 20 years with pipeline lengths of up to 900m. During the first years of 
operation only one thickener underflow pump is required. The reliability and performance for 
various pump configurations and depositional schemes are planned to be investigated 
systematically in order to meet the most effective long-term solution for paste thickener 
operation, pipeline distribution and placement in the disposal area as the discharge point 
advances over the life of the project. 
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Abstract 
A pilot-scale deep-tank thickening test shows that the resulting minimum solids concentration 
by mass giving a non-segregating mixture is about 70% corresponding to a volumetric 
concentration of 44%. Flow related results from laboratory-scale flumes and pipelines 
together with viscometric measurements and slope observations indicate that 90 tonnes of dry 
tailings per hour can be disposed of in slopes of up to about 4%. With this, the time needed 
for costly dam rises increases from 3 years to over 20 years. Preliminary economical 
comparisons indicate that the deep tank thickener shall be located at the disposal area with 
high density pumping of up to about 1 km to the central part. The costs for the three 
considered alternatives may be rather similar, dependent on the actual pumping energy 
required to transport the thickened tailings. It can be economically attractive to use centrifugal 
pumps instead of positive displacement pumps. Various designs and arrangements of deep 
tank thickeners also influence the pumping energy requirement and the possible slope. Small 
discharge rates tend to give higher slopes. If the slope requirement becomes critical, or if 
economically justified in the total system, a split of the pipeline flow into two streams just 
before the discharge end would be feasible, principally giving two discharge points. The 
further work is now directed to clarify the field-scale pumping energy requirement and slopes 
for various thickener concepts together with environmental evaluations. 
 
Introduction 
 
Luossavaara-Kiirunavaara AB (LKAB), an iron ore company with mines in northern Sweden 
is continuously considering new technologies for the handling, transportation and disposal of 
waste rock and tailings. In the LKAB concentrator in Svappavaara about 0.7 Mtonnes of dry 
tailings per year is transported nearly 1 km as a slurry in parallel pipelines connected to a 
flume discharging into a tailings pond. In order to limit the cost of tailings management in the 
existing area surface disposal of a highly thickened slurry at slopes of 3 to 5% has been 
considered. The time needed for costly dam rises in the disposal area increases schematically 
from 3 years with conventional handling with maximum slopes of about 1% to over 20 years 
with thickened disposal. 
 
The thickening may take place adjacent to the plant or close to the disposal area (1 to 2 km 
away). The location of the thickener is mainly a balance of the cost for high pressure pumping 
and the disadvantage of having the thickening facility remote from the rest of the processing 
taking place in the concentrator. 
 
The objective here is to show indicative flow related results from laboratory-scale flumes and 
pipelines together with viscometric measurements and slope observations and to evaluate and 
discuss the overall economic feasibility of various locations of the thickening. This study does 



not include any direct environmental evaluations. The experimental work was carried out in 
connection with pilot-scale deep-tank thickening tests at the Svappavaara concentrator by 
LKAB and Outokumpu Mintec OY. 
 
Thickener location 
 
The pilot-scale thickening tests showed that the minimum solids concentration by mass giving 
a non-segregating mixture that could be disposed of at slopes of 3 to 5%, was about 70%. The 
corresponding volumetric solids concentration is 44%.The hourly capacity of dry tailings 
considered is 90 tonnes, which is to be pumped in a 0.3 m-diameter pipeline to the deep-tank 
thickener at a solids concentration by mass of about 10%. 
 
After some consideration, it was decided to study two alternatives with location of the 
thickener close to the disposal area, in addition to the alternative with the thickener located at 
the concentrator. The alternatives denoted 1, 2 and 3 are shown schematically in Figure1. 
 

 
Figure 1. Schematic sketch of the three alternative locations of the high-density thickener at 
the Svappavaara concentrator. 
 
In alternative1 in Figure 1 the location of the thickener is at the north-east corner of the 
present disposal area about 1000 m from the concentrator. The discharge from the tailings 
flume in the present handling system is close to the considered thickener location in 
alternative 1. In alternative 2, the thickener is located on a plateau on the hill at the north side 
of the disposal area. With a location of the thickener at the concentrator and with alternative 
1, a ramp is needed to pump the thickened slurry in an elevated pipeline to the centre of the 
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disposal area. Pumping of thickened slurry is only required a short distance with the elevated 
discharge from the hill in alternative 2, see Figure 2. 
 

 

 
 
Figure 2. Schematic description of the alternatives 1 and 2 in Figure 1 with location of the 
thickener in the disposal area. 
 
In Figure 2, the surplus water from the thickening is schematically circulated directly to the 
concentrator. Today the solids concentration by mass in the tailings slurry from the 
concentrator is about 5%, corresponding to 1710 m3/h of water. With high density thickening, 
only about 39 m3/h water is discharged together with the tailings at the disposal area. This is 
only a fraction (2.2%) of the water that is passing through the disposal area today.  The 10%-
slurry (810 m3/h water) to the deep tank thickener is obtained by trimming the operation of 
the existing conventional in-plant thickener. With high density thickening the remaining water 
associated with the conventional handling, 900 m3/h, is considered to be pumped in existing 
infrastructure to a rim (elevation +385m) close to the north-eastern part of the disposal area  
and then transferred in a separate pipeline to the clarification pond for all three alternatives, 
see Figure 1. In alternative 1, the surplus water from the deep tank thickening system, 810-
39= 771m3/h is added to the transfer line. In alternative 2, this water is transported by gravity 
to the settling pond in a pipeline from the elevated thickener. 
 
Experimental results 
 
The initial measurements aimed at establishing particle size distributions that represent the 
operating conditions of the concentrator. It was found that the thickening and handling system 
must be robust and able to handle a span of particle size distributions due to process 
variations. The tailings products had average particle sizes from 25 to 50 microns with 20 to 
30% of less size than 10 microns. Top sizes were from about 400 to 500 microns. The solids 
density was about 3000 kg/m3 
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Pilot-scale thickening test 
 
The Outokumpu pilot-scale thickener is about 10 m high with an inner diameter of 1 m.  
Tailings slurry is taken out for the test from the regular tailings pipeline system, see Figure 3. 
The thickened slurry flows by gravity in an 11 m long plastic hose with inner diameter about 
25 mm from the thickener to the deposition test on the floor. 
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Figure 3. Schematic sketch of the pilot-scale test arrangement. 
 
Deposition slopes 
 
The resulting deposition slopes in Figure 3 were mainly 14 to 25% with concentrations in 
excess of 70% by mass. The diameter of the cone-like deposition was about 6 m. A plexiglass 
flume was also used for estimation of the deposition slope (angle of repose) through batch 
experiments in an inclined test apparatus developed by Sofra and Boger (2001),see Figure 4. 
The tailings slurry was stirred with a mixer and then placed in the flume reservoir upstream of 
a movable gate. 



 

Figure 4. Schematic sketch of the plexiglass flume for estimation of the deposition slope 
 
 In general the slurry flowed out of the flume at concentrations less than 65%. With values of 
about 75% the slurry did not flow at all when the gate was removed. The results are shown in 
Figure 5 together with slopes observed from the 25 mm-diameter pipeline discharge shown in 
Figure 3. 

 
Figure 5. Observed deposition angles from 25 mm diameter discharge pipelines and batch 
flume tests. 
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It follows from Figure 5 that average slopes of 10 to 15% were obtained from concentrations 
by weight of 70 to 72%. 
 

Slump test 

The standard method for consistency measurements in the concrete industry has been 
modified and adopted for yield stress estimations in connection with disposal of mine tailings, 
simply by using a cylindrical tube, Pashias et al. (1996). Here a plastic tube was used with the 
height, S, and diameter 75 mm. The tube is filled with tailings slurry and lifted where after the 
settling (”slump”), z, is measured, see Figure 6. 

Figure 6. Schematic sketch of a “slump” test where z is the slurry settling and S denotes the 
height of the tube. After Pashias et al.(1996). 
 
The results from the slump tests are mainly intended for comparisons of thickener 
performance data, and results are available in Engman et al. (2004) 

Viscometric tests 

An energy balance relationship for the thickened slurry was used to roughly evaluate the 
friction loss gradient in the 25 mm-diameter plastic hose schematically shown in Figure 3. In 
this way, the hose served as a tube or extrusion viscometer. Indicative tests were also carried 
out with a few samples with a vane-type viscometer, where resulting yield stresses varied 
from about 90 to 135 Pa. High-density tailing slurries behave in a highly non-Newtonian way, 
often exhibit a yield stress, meaning that they behave as a solid until sufficient force is 
applied. The yield stress is defined as the minimum stress required causing the solid-liquid 
mixture to flow. 
 
The 25 mm-hose and results here and 50 mm-pipeline and continuous flume flow results for a 
similar tailings product  by Engman et al. (2004) are presented versus the rheological scaling 
parameter 8V/D in Figure 7, where V is velocity and D the pipeline diameter. 
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Figure 7. Shear stresses versus the rheological scaling parameter 8V/D from pipeline and 

flume evaluations. From Engman et al.(2004). 

The results presented in Figure 7 at low values of the scaling parameter indicate yield stresses 
in the same range as found with the vane-type viscometer. In the pipeline transport application 
8V/D-values of 100 to 200 may be considered. Indicatively, resulting shear stresses from 
Figure 7 should be in the range of 100 to 200 Pa. The pipe wall shear stress, τw, is related to 
the pipeline friction loss gradient, i , expressed in metres of slurry per metre of pipe, and the 
required pressure gradient, Δp/Δx, through the following relationship where ρ is the slurry 
density: 
 

                                          
44

)/( giDDxp
w                                                            (1) 

 
 
With the capacity 90 tonnes/h, the flow rate of slurry is 68 m3/h corresponding to an operating 
velocity of about 2.2 m/s in a 0.1 m-diameter pipeline, which is preliminary considered here. 
The 8V/D-value is then 175 indicating a shear stress between 100 to 200 Pa in Figure 7. 
Recent work with slurries of the type considered here has shown that they may not behave in 
a completely non-settling way,i.e. flowing homogeneously during pipeline transportation, see 
for example Pullum (2003). This may influence the accuracy of the rheology-oriented pipeline 
friction loss evaluations used here. In addition, the indicative nature of the small-scale results 
in Figure 7 make it reasonable to consider both 100 and 200 Pa. With these values in eq.1, 
then the pressure requirement may vary from 4 to 8 MPa/ km. 
 
Cost comparisons-Discussion 
 
 The maximum power requirement to overcome pipeline friction for pumping the thickened 
slurry in alternative 1 is then 8 MPa and 16 MPa for alternative 3. The transportation of 
highly thickened slurry with working pressures in this range is normally carried out with 
positive displacement type  pumps. The pilot-scale thickening test results indicate a thickener 



with a height of about 10 m and a diameter that is more than twice the height. The preliminary 
evaluated total investments and slurry pumping costs are summarized in Table 1. 
 
Table 1.Overall preliminary investments including design, overhead and start up and direct 
slurry pumping energy costs for the three alternatives shown in Figures 1 and 2. Electrical 
energy =0.25 SEK/kWh (1 SEK= 0.11 EUR= 0.15 US$, January 2005) 
 
Alternative (Figure 1) 1 2 3 

Investments (MSEK) 44 49 69 

Pumping energy costs (MSEK)    

    Thickener feed lurry 0.3 0.7 0.1 
    Thickened slurry 0.4 0.1 0.8 
Total slurry pumping energy costs 0.7 0.8 0.9 
 
The total operating costs including thickening, regular maintenance, additional energy, 
pipeline and pump wear etc., are roughly two times the total slurry pumping energy costs in 
Table1. It is assumed in alternative 1 that the deep tank thickener can be located in a way that 
overflow water flows by gravity with the excess water from the plant to the water pond or 
directly back to the plant, see Figures 1 and 2. 
 
The investments for pumps and pipelines to transport the low and high density slurries 
account for about 50% of the total capital costs. The thickened slurry pumping costs in Table 
1 are directly related to the high density pressure requirement. Assume that a representative 
shear stress here is 100 instead of 200 Pa, which means that the pressures would be 4 
MPa/km, corresponding to 4 MPa in alternative 1 and 8 MPa in alternative 3.The total slurry 
pumping costs in alternative 1, 2 and 3 in Table1 then correspond to 0.5, 0.75 and 0.5 MSEK, 
respectively. The decreased pressure requirement lowers the investment costs only to some 
extent, because the costs of positive displacement pumps are relatively insensitive to 
variations in this pressure range. 
 
Centrifugal pumps in series may be an economically interesting alternative, particularly with 
pressures of about 4 MPa/km. Centrifugal pumps are used for thickener underflow circulation 
and feeding to positive displacement pumps in high-pressure applications or to pump 
thickener underflow slurry short distances. Provided both systems are technically feasible, 
using a positive displacement pump instead of centrifugal pumps in series generally implies 
capital costs that are ten times greater, Cowper (1999). Loop tests with centrifugal pumps and 
yield-like slurries with pipeline shear stresses of 100 to 200 Pa have shown that these pumps 
may be feasible, see for example Sellgren et al. (2005). 
 
About seven centrifugal pumps in series are required based on a pressure of 4 MPa per km to 
overcome pipeline friction. The energy cost will be about 1.7 times higher than for positive 
displacement pumps because the efficiency of a positive displacement pump may be slightly 
over 80% compared to nearly 50% for a centrifugal pump in this application. However, the 
much lower capital cost makes the centrifugal pump alternative attractive. With this 
alternative, the total pumping energy costs in Table 1 are 0.65, 0.7 and 0.8 MSEK for 
alternative 1, 2 and 3, respectively, corresponding to investments of 40, 49 and 50 MSEK. 



Deposition slopes 
Deep-tank thickeners are sometimes equipped with a circulating centrifugal pump 
arrangement in order to ensure consistent discharge. It is generally experienced that this 
agitated slurry flows more easily in pipelines and gives a lower slope than for non-agitated 
slurries. This was observed in connection with pilot-scale thickening tests including a 
circulating pump, Engman et al.(2004). 
 
The time needed for costly dam rises in the Svappavaara disposal area increases from 3 years 
with conventional handling to over 20 years with thickened disposal at a slope of 4%. The 
small-scale tests carried out here indicate field slopes of 3 to 5%, Engman et al.(2004). From 
their analysis and literature references it follows that small discharge rates tend to give higher 
slopes. Therefore, if the slope requirement is critical, a split of the pipeline flow into two 
streams just before the discharge end would be feasible, principally giving two discharge 
points. However, there are reasons to use only one pipeline to transport thickened slurry over 
long distances, because the pressure (energy) requirement increases with a decreased pipeline 
diameter. 
 
Conclusions 
 
With a solids concentration by mass of about 5% from the processing plant and with about 
10% going to the deep-tank thickening, about 900 m3/h of water will be circulated via the 
clarification pond to a reservoir at the plant. The annual energy cost for this is of the same 
order of magnitude as the high pressure (16 MPa) thickened tailings pumping about 2 km in 
alternative 3. The goal is to reach a water balance situation at the plant where circulation of 
large quantities of water through the water pond can be avoided. 
 
Preliminary economical comparisons indicate that the deep tank thickener shall be located at 
the disposal area with high density pumping up to about 1 km to the central part. The costs for 
the three considered alternatives may be rather similar, dependent on the actual pumping 
energy required to transport the thickened tailings. It can be economically attractive to use 
centrifugal pumps instead of positive displacement pumps. 
 
Various designs and arrangements of deep tank thickeners also influence the pumping energy 
requirement and the possible slope. Small discharge rates tend to give higher slopes. If the 
slope requirement becomes critical, or if economically justified in the total system, a split of 
the pipeline flow into two streams just before the discharge end would be feasible, principally 
giving two discharge points. The further work is now directed to clarify the field-scale 
pumping energy requirement and slopes for various thickener concepts together with 
environmental and water balance evaluations. 
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ABSTRACT: Various aspects of transportation and disposal of tailings at high solids concentrations are 
presented and discussed based on measurement and evaluations of flow-related parameters in laboratory-scale 
flumes and pipelines together with viscometric data and deposition slope observations. The work was carried 
out in connection with pilot-scale deep tank thickening tests at two base metal concentrators in central and 
northern Sweden. The resulting minimum solids concentration by mass giving a non-segregating mixture was 
about 70% corresponding to a volumetric concentration of about 44%. The tailings products had average 
particle sizes from 25 to 50 microns with 20 to 30% of less size than 10 microns. Both users need some 
flexibility with respect to the size distribution due to processing variations. The thickening is preliminary 
considered to be in the disposal area or between the concentrator and the deposition. The results indicate that 
disposal slopes in the applications should be about 4% based on maximum 16% for the smaller flow rates in 
the test. The flow rate dependence means that a split of the pipeline flow into two streams would give higher 
slopes. However, the split should be close to the discharge in order to avoid the disadvantage of having two 
smaller pipelines in parallel which increases the pumping energy requirement. Scaling criteria for field slope 
evaluations and effects of pump passages and circulatory arrangements need to be clarified. 
 

1. INTRODUCTION 

There is an increased interest throughout the world 
in the treatment and processing of tailings from 
mineral beneficiation plants in order to reduce the 
volumes and sizes of tailing dams. The reasons are 
generally a combination of environmental and 
economical considerations. The economical 
feasibility of a high degree of tailings thickening is 
determined by the long-term impact in the disposal 
area.  

A tailings mixture that is produced and handled 
with an extremely high solids concentration is often 
called paste, a term that is associated with bauxite 
processing and backfilling in underground mines 
with use of binder to obtain high strength. The 
amount of particles smaller than 20 m normally 
exceeds 15 % and with an average particle size that 
may vary from 20 to 100 m. The solids 
concentration by volume must often exceed 45 % in 

order to obtain the properties that give virtually no 
drainage of water and segregation of particles. 

The concept of a high degree of thickening means 
that the deeply thickened tailings slurry is 
discharged from an elevated or man made position. 
With the higher angle more volumes can be filled 
per unit surface area for a constant dam height. With 
AMD- generating tailings multi-layer capping may 
be needed. The reduced cost for dams, capping and 
return water pumping can be considerable over the 
life of the mine. A smaller area also concerns dam 
safety. Some reported tailings dam failures and 
incidents may be related to large amounts of water in 
the disposal area. The local conditions strongly 
determine the feasibility and economical 
effectiveness of different degrees of thickening. An 
important factor is the location of the thickener; 
pipeline pumping over long distances requires very 
high working pressures. 



 
 

 

2. OBJECTIVES AND SCOPES 

The cases considered here concern surface disposal 
slopes of 3 to 5% in order to limit the cost of tailings 
management in existing disposal areas. In the 
Loussavaara-Kirunavaara AB’s (LKAB’s) 
Svappavaara iron ore concentrator in northern 
Sweden about 90 tonnes/h of dry tailings are 
considered to be thickened at the plant or in the 
disposal area about 3 km away. In MultiServ AB’s 
plant in central Sweden for recovery of metal from 
slag about 45 tonnes/h are planned to be thickened in 
the disposal area about 500 m away from the 
concentrator. Both operations need some flexibility 

with respect to the particle size distribution, the span 
is given in Figure 1. 

In order to get the high solids concentration for 
paste, tank thickeners are often combined with 
mechanical (filter) dewatering. Only deep tank 
thickeners are considered here because no distinct 
slope requirement is set for the disposal. The study 
was carried out in connection with pilot-scale 
thickening tests by Outokumpu Mintec OY at LKAB 
and Dorr-Oliver Eimco at MultiServ AB. 
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Figure 1.The particle size distribution span for the tailings products considered in this study. Solids density 3000 kg/m3. 

The objective is here to present experimental 
results and to discuss various aspects of thickening, 
transportation and disposal of tailings products 
within the span in Figure 1. Some of the results have 
also been presented in a recent paper, Engman et al. 
(2004). Detailed results will here be focused on 
flume flow and deposition slope scaling. 

For practical reason, the solids content in the 
tailings slurry is related to the concentration by mass 
(weight), Cw. A Cw-value of 70% corresponds to a 
concentration by volume and slurry density of 44% 
and 1880 kg/m3, respectively. The pilot-scale 
thickening results showed that Cw about 70% is a 
minimum for a mixture where solids do not 
essentially settle or segregate. 

3.  PILOT SCALE THICKENING SET-UP 

The Outokumpu pilot-scale thickener is about 10 m 
high with an inner diameter of 1 m. Tailings slurry at 
Cw 3-4% is taken out for the test from the regular 
tailings pipeline system, see Figure 2. 

The thickened slurry flows by gravity in an 11 m 
long plastic hose with inner diameter about 25 mm 
from the thickener to the deposition test on the floor. 

In a similar arrangement at MultiServ AB the 
Dorr-Oliver Eimco pilot unit was fed via an agitated 
tank from a sampler in the main tailings line where 
Cw was 30 to 35%. Dilution water was added to the 
tank to achieve a suitable lower solids concentration. 



 
 

 

The unit was about 5 m height with a diameter of 
about 1.5 m, see Figure 3. 

The Eimco pilot-scale deep cone thickener is 
equipped with a circulating pump arrangement 
which in full scale applications ensures consistent 
discharge. Circulated slurry pass through under 
mixing in the lower portion where thickened slurry 
is taken out with a peristaltic pump connected to a 

25 mm diameter plastic hose. A 0.05 by 0.038 m 
centrifugal pump with impeller diameter 0.225 m 
can be used to circulate slurry in an about 6 m long 
loop with inner pipeline diameter 0.05 m. The pump 
is instrumented for rpm, voltage and ampere 
readings and a magnetic flow meter is installed in 
the loop. 
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Figure 2. Schematic sketch of the pilot-scale test arrangement at the LKAB plant

In order to roughly evaluate pipeline friction 
losses and pump characteristics the loop was 

modified and a pressure gauge was installed when 
the system was erected at MultiServ AB. 



 
Figure 3. Schematic sketch of the Dorr-Oliver Eimco pilot thickener set-up with a circulating pump.

4.  LABORATORY-SCALE EXPERIMENTS 

4.1. Flumes 
A plexiglass flume was constructed at LKAB for 
estimation of the deposition slope (angle of repose) 
through batch experiments in an inclined test 
apparatus developed by Sofra & Boger (2001), 
Figure 4.  

The tailings slurry was stirred with a mixer and 
then placed in the flume reservoir upstream of a 
movable gate. The height, H, of the slurry was 
established. When the gate is lifted the slurry flows 
out into the flume which here was horizontal (θ =0). 
The heights and the length of flow were measured 
when the slurry came to rest, see Figure 5. 

Figure 4. Schematic sketch of the plexiglass flume 

 



 
Figure 5. Recorded heights and extension of flow (L) after an experiment in the flume in Figure 4. After Sofra & Boger (2001)

The angle of repose, r, was thereby calculated 
from: 

)(tan 211

L
HH

r
Ht 1

r  (1) 

A similar-sized flume was manufactured in steel 
for robust batch experiments and continuous flume 
flow observations at MultiServ AB. 

4.2. Slump tests 
The standard method for consistency measurements 
in the concrete industry has been modified and 
adopted for yield stress estimations in connection 
with disposal of mine tailings, simply by using a 
cylindrical tube, Pashias and Boger (1996). Here a 
plastic tube was used with the height, S, and 
diameter 75 mm. The tube is filled with tailings 
slurry and lifted where after the settling (”slump”), 
z, is measured, see Figure 6. 

Figure 6. Schematic sketch of a “slump” test where z is the 
slurry settling and S denotes the height of the tube. After 

Pashias and Boger (1996). 

Based on experiments and dimensional analysis, 
Pashias and Boger expressed a dimensionless yield 
stress, τy’, in the following way: 
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Equations 2, 3 and 4 then gives: 
)/1(5.0 SzgSy gSy  (5) 

4.3. Pipeline and viscometric tests 
With flow rate measurements, pump operating data, 
pressure and tank elevation readings in the 
MultiServ AB’s set-up (see Figure 3), it is possible 
to roughly evaluate pipeline friction losses and pump 
characteristics through application of energy balance 
relationships for the pumped slurry. A similar 
balance was used to evaluate the friction loss 
gradient in the 25 mm diameter plastic pipe 
schematically shown in Figure 2 in Svappavaara. 

Viscometric tests were carried out with a few 
samples with a vane-type rheometer available at the 
LKAB R and D centre in Malmberget. 

5. RESULTS 

5.1. Deposition slopes 
The deposition tests on the floor at the Svappavaara 
concentrator created cones with diameters of 7 to 8 
m and heights of 0.5 to 1 m. For Cw-values of 70 to 
72%, the average slopes were 14 to18%, 
respectively. The deposited slurry had not been 
agitated through any pump passage before disposal 
on the floor, Figure 2. The effect of agitation on the 
rheology was investigated with a mixer. Any 



 
 

 

obvious influence on the viscous behaviour in slump 
and viscometric measurements was not found. 

During the process of start-up at MultiServ AB 
and reaching optimum performance of the thickener, 
underflow was discharged from the 25 mm-pipeline 
or from the steel flume into a dug out hole with an 
initial slope of about 1:1 for the first 4 m.  

For deposition observations during optimum 
steady state operation of the thickener a trench with 
a trapezoid section was dug out in the existing 
tailings dam, Figure 7.  

The ground slope in the trench was 0.4% for the 
initial 10 m length used in the test. With slurry 
deposited during about 25 h from the underflow 
pump a slope of nearly 16% was attained for a 
length of 6 m. Continuing trials were carried out 
during about 15 h with agitated slurry placed on the 
earlier deposited material. The slurry was agitated 
through circulation with the centrifugal pump. It was 
observed that this slurry flowed more easily down 
the slope. The slope for this agitated slurry was 
about 10%, which was less than for unagitated 
slurry. Limited slump measurements indicated only 
a slight decrease in yield stress. 

 
Figure 7. Section of the trench used for deposition observations 

at MultiServ AB 

Batch flume tests were carried out with both the 
plexiglass and the steel flumes and evaluated with 
equation 1. Generally with Cw-values less than 65% 
the slurry flowed out of the flume. With values at 
about 75% the slurry did not flow at all when the 
gate was removed. The results are shown in Figure 8 
together with slopes from 25 mm-diameter pipelines. 

It follows from Figure 8 that average slopes of 10 
to 15% were obtained from concentrations by weight 
of 70 to 72% and that pump circulation in the 
thickener at MultiServ AB tended to lower the slope, 
thus affecting the behaviour of the slurry. 
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Figure 8. Observed deposition angles from 25 mm diameter 
discharge pipelines and batch flume tests. Unfilled and filled 
marks correspond to the tests at LKAB and MultiServ AB, 

respectively. 

5.2. Indicative pipe loop results 
The circulation system in the thickener at MultiServ 
AB was used only in the end of the test period in 
connection with over 50 h of continuous operation. 
In order to start the circulation system flushed water 
had to be introduced in the loop and the initial 
operation took place in a “sluggish” manner with 
several stops with repeated flushing periods. 

About 15 measurements were made of flow rate, 
pressure and pumps operating data. There was a 
trend of a circulatory effect with reduced pressure 
readings with time. Evaluated flow rates and 
corresponding pumping heads were comparatively 
low and outside the normal operating domain for the 
pump. 

The friction losses gradient in the 0.05 m 
diameter steel pipe and the pump head was 
estimated from energy-balance relationships as 
explained in 4.3. Elbow losses were simply related 
to water flow conditions. 

Of the 15 runs only two were considered to be 
reliable with a reasonable matching of pipeline 
system and pump operating data. It was not possible 
to evaluate the effect of slurry on the pump head and 
efficiency; the flow rates were less than 40 % of the 
flow rates in the best efficiency domain. The 
resulting pipeline data are shown in Table 1. 



 
 

 

Table 1. Evaluated friction losses and operating conditions in 
the circulating loop system in Figure 3. 

Friction loss 
gradient 

Shear stress 
w 

Velocity 
V 

8V 
D 

(m slurry/m) Pa m/s s-1 

0.79 184 1.27 203 

0.65 150 1.13 181 

 
The shear stress, τw, in Table 1 is related to the 

friction loss gradient, i, and the pressure gradient, 
Δp/Δx, through the following relationship: 
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where ρ and D is the slurry density and pipeline 
diameter, respectively.  

5.3. Flume flow 
Observations of continuous flume flow at Cw about 
70% and 11.5% flume slope showed that the flow 
had an oscillating pattern. Observed depths along the 
flume shown here are rough values indicating the 
span. The flume needed to be inclined more than 10 
% in order to avoid overflow of slurry along the 
sides. The slope was gradually increased up to about 
27 % where approximately uniform conditions with 
a nearly constant depth were observed. 

The successively change in depth along the flow 
in the flume corresponds to an average energy and 
momentum balance which can be expressed in the 
following way in an interval, ΔL: 
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where yd and yu are down flow and up flow slurry 
depths over the length ΔL. Vd and Vu are the 
corresponding velocities and α is a correction factor 
for the velocity distribution. Sb is the flume slope 
and Sf is the average friction loss gradient, here 
expressed in the following way: 

gA
PS w

f gA
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where τw is the mean wall shear stress, P is the 
average wetted perimeter and A is the average 
section area. Eq. 7 is known as the direct step 
formulation in textbooks in open channel water 
flow. 

With flow rates of 10-4 m3/s corresponding to 
velocities of less than about 0.01 m/s, the velocity 
heads in eq. (7) are negligible compared to other 
terms. The average shear stress from equations (7) 
and (8) is then: 
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Table 2. Calculated average shear stress and profile data for two different tests compared to observed average depths and an 
approximate flow rate of 10-4 m3/s with Cw=70%. Slope = 11.5 %. Upper and lower values may represent the oscillating span. 

Length along flume m 0  0.25  0.50  0,70  0,90 

Observed depth m 0.1 
0.1 

 - 
- 

 0.090 
0.055 

 0.080 
- 

 0.060 
0.040 

Calculated depth m   0.097 
0.078 

 0.090 
0.056 

 0.080 
0.045 

 0.060 
0.040 

Average τw Pa 
 

117 
171  128 

151  141 
106  164 

77  

Average velocity m/s 
 

0.0051 
0.0057  0.0054 

0.0077  0.0059 
0.0100  0.0073 

0.0118  
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Figure 9. Slurry depths versus flume length with data from Table 2

Observed depths have been matched to a slurry 
profile through eqs. 7 to 9.The corresponding shear 
stresses and profiles for ΔL-values of 0.25 and 0.20 
m are shown in Table 2 and Figure 9, respectively. 

The oscillation pattern is shown in Figure 9 and 
the corresponding span in shear stresses can be seen 
in Table 2. 

 Nearly uniform conditions with a depth of about 
0.045 m along the 0.9 m reach were obtained at 27 
% slope, for an approximate flow rate of 0.9·10-4 
m3/s and Cw about 70%. The corresponding τw and 
velocity were 170 Pa and 0.01 m/s, respectively. 

5.4. Slump and viscometric tests 
The results from the slump tests are presented in 
Figure 10, and show evaluated yield stresses from 
eq.5 at different solids concentrations. The rheogram 

in Figure 11 represent average conditions from a few 
samples from both test locations. The variation in 
estimated yield stresses varied from about 90 to 135 
Pa. 

The results presented in Figure 11 correspond to 
an approximate yield stress of 110 Pa, and a low 
increase of shear stress with increased shear rates. 
Comparison with Figure 10 indicates yield stresses 
in the same range.  

The pipeline shear stresses in Table 1, the 
Svappavaara 25 mm-hose evaluation (Figure 2) and 
the flume shear stresses in Table 2 and for uniform 
flume flow conditions are presented versus 8V/D in 
Figure 12 where D for the flume results is expressed 
as the hydraulic diameter or equivalent pipe 
diameter. 



 
Figure 10. Results from slump tests. The inaccuracy may be related to variations in the particle size distribution and inconsistent 

solids concentration measurements
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Figure 11. Average rheogram for Cw-values from 70-to72%, representing both plant locations measured with a vane-type Bohlin-

viscometer.
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Figure 12. Shear stresses versus the rheological scaling parameter 8V/D from pipeline and flume evaluations.

6. DISCUSSION AND CONCLUSIONS 

6.1. Pipeline pumping 
The resulting shear stress versus the rheological 
scaling parameter 8V/D in Figure 12 indicates that 
an overall design shear stress of about 200 Pa may 
be used here. With the considered capacities 45 and 
90 tonnes/h, the flow rates are 34 and 68 m3/h, 
respectively, in the MultiServ AB and LKAB 
applications. The corresponding operating velocities 
are 1.2 and 1.5 m/s in 0.1 and 0.125 m diameter 
pipelines, respectively. The pressure requirements 
(eq.5) are then 8 and 6.4 kPa/m, respectively.  

The location of the thickener is mainly a balance 
of the cost for high pressure pumping and the 
disadvantage of having the thickening facility 
remote from the rest of the processing at the 
concentrator. At MultiServ AB the location of the 
thickener will be in the disposal area with underflow 
transportation lengths of about 100 m, corresponding 
to a pressure of about 0.8 MPa. Assuming a location 
of the thickener at Svappavaara between the 
concentrator and the disposal area then the 
transportation distance would be about 1000 m 
which corresponds to about 6.4 MPa in pressure 
requirement. The transportation of highly thickened 
slurry is normally carried out with positive 
displacement type of pumps. However, centrifugal 
pumps are used for thickener underflow circulation 
and feeding to positive displacement pumps in high-
pressure applications or to pump underflow slurry 
short distances. 

Loop tests with centrifugal pumps and yield-like 
slurries with pipeline shear stresses of 100 to 200 Pa 
have shown that these pumps may be feasible, see 

for example Sellgren et al. (2002). Furthermore, 
experimental work with a modified pump showed 
that shear stresses in excess of 200 Pa had a 
moderate influence on the pump performance 
(Whitlock and Sellgren, 2002). It is therefore of 
interest to technically and economically evaluate the 
intermediate area where both centrifugal and 
positive displacement pumps are feasible. 

6.2. Deposition slopes 
The time needed for costly dam rises in the 
Svappavaara disposal area increases from 3 years 
with conventional handling to over 20 years with 
thickened disposal at a slope of 4%. Furthermore, 
circulation of large quantities of water through the 
disposal area can be avoided. Principally similar 
advantages can be seen at MultiServ AB. 

The solids concentrations in Figure 8 for which 
the slopes start to increase are related to batch 
experiments in a 0.2 m wide and 2 m long flume or 
the discharge from 0.025 m pipelines from pilot-
scale thickening tests. Robinsky (1999) presented a 
series of laboratory-scale deposition slope results 
together with the corresponding particle size 
distributions. Comparisons with the observed slopes 
of 10 to 20% here confirm roughly the results by 
Robinsky for similar size distributions also giving 
field slopes of about 4%. However, he did not 
explicitly express any scale-up criterion. Small- and 
large-scale flume experiments and field observations 
for fine sands by (CUR, 1992) indicate that the 
slope, Sm, obtained for modelled (small) flow rates, 
Qm, and larger prototype flow rates, Qp, are related 
as: 
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where Sp is the prototype slope and qp and qm are 
defined as Qm/Bm and Qp/Bp, where Bm and Bp are 
characteristic widths (CUR, 1992) here simply taken 
as the corresponding pipe diameters, Dm and Dp. For 
example, at MultiServ AB, Qp equals 0.0001 and Qm  
0.009 m3/s with Dm  0.025 and Dp 0.1 m, 
respectively, then qp = 0.004 and qm = 0.09 m2/s. 
These values inserted in eq. (10) means that:  

mmp SSS 25.0
09.0
004.0 45.0

0
.000S  (11) 

The indication is thus that disposal slopes should 
be about 2.5 to 4% in an application with a 0.1 m 
diameter pipeline operating at 1.2 m/s, because 
observed slopes during the tests were 10 to 16%, 
dependent on the circulating pump was operating or 
not. 

As indicated in eq. (10), small discharge rates 
tend to give higher slopes. Therefore, a split of the 
pipeline flow into two streams just before the 
discharge end would be feasible, principally giving 
two discharge points. However, there are reasons to 
use only one pipeline to transport thickened slurry 
over long distances, because the pressure (energy) 
requirement increases with a decreased pipeline 
diameter. 

 Scaling criteria for field slope evaluations need 
to be studied further, a need also expressed in a 
recent flume test study, Fourie and Gawu (2004). 
Furthermore, effects of pump passages and 
circulatory arrangements should be clarified. Most 
experiences so far of surface deposition and tailings 
handling at very high solids concentrations include 
clay minerals. For ground rock base metal mine 
tailings, the finer (clay-sized) particles are not really 
clay minerals but rock flour, Fourie (2002), a 
dissimilarity also marked by Robinsky (1999). 

Recent work with slurries of the type considered 
here has shown that they may not behave in a 
completely non-settling way flowing 
homogeneously during pipeline transportation, see 
for example Pullum (2002). This influence the 
accuracy of the rheology-oriented pipeline friction 
loss evaluations used here. These factors should also 
be clarified in more details. 
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