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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 
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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. 
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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, �w, is related to 
the pipeline friction loss gradient, i , expressed in metres of slurry per metre of pipe, and the 
required pressure gradient, �p/�x, through the following relationship where � 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 
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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. 
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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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