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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
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An 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 over
several years with pipeline lengths of up to 900 m 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 0.152 m have
been carried out with various types of pumps. The results
and comparisons carried out here showed that the
performance of centrifugal pumps cannot simply be related
to the rheology, but factors related to pump design and
build-up tendencies of material within the pump and other
particle properties may be of equal importance. During the
first years of operation only one thickener underflow pump
is required. The reliability and performance for various
pump configurations 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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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, shown in
Figure1 (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. Currently the location of the thickener at
Point 2 in Figure. 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 available in the
literature and characterized by paste yield stresses. Values coupled to ‘unsheared’ and
“fully sheared” conditions are related to the influence of applied shear and exposure
time, i.e. the shear history. As will be discussed later, there is some uncertainty about
shear history effects in this case.

Figure 1. Schematic sketch of the two alternative locations of the high-density thickener
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Objective and scope
The objective of this paper is to present pipeline friction loss results from various
loops with inner diameters of 0.063, 0.075, 0.101, and 0.152 m mainly with available
positive displacement pumps in order to reach very high solids concentrations. 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 centr ifugal pumps when handl ing high
concentration slurries. However, only an indicative loop test with a centrifugal pump
was carried out at this stage. 

It was not possible to do on-site large-scale pipeline pumping testing and direct
shear history observations at the time of the pilot-scale paste thickening test because
of low paste production rates. Consequently, the pipeline loop tests were carried out
with the actual thickened product at suitable locations with stored, transported and
remixed pastes. During the first years of operation only one thickener underflow
pump together with a short distribution pipeline is required. Questions raised in this
study and shear history effects are planned to be investigated systematically onsite 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, d5 0, about 27 microns and with about 80% of particles finer than 90
microns. Figure 2 shows schematically the test loop procedure, generally 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.

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

[1]

where ρ and D are 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.

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, (rev./s)
and literature data, dimensionless head and flow rate parameters were used; see for
example Wilson et al. (2006).

[2]

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

Head : gH
n2Di

2 Flow rate : Q
nDi

3

τw =
dp / dx( )D

4
=
ρgjD

4
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Results
Pipe wall stress results Equation [1] versus the bulk shear rate 8V/D (V is velocity) for
various diameters and volumetric solids concentration, C= 40.4%, are shown in Figure 4
and compared to larger diameter data from Sauermann (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 Figure 5 where direct yield measurements were also available at 48 %. This is
the value considered for pipeline pumping design, which here has been estimated to be
on the conservative side for paste quality requirements.

The line in Figure 5 at 48% is considered to represent the average representative
design shear stress. For example, with D = 0.15 m and 92 tonnes/h (0.7 Mpta) then the
flow rate is 68 m3/h with a velocity, V, of about 1.1 m/s and 8V/D = 57 s-1 giving τw
about 200 Pa in Figure 5. The corresponding pressure requirement from Equation [1]
will be 530 kPa/100 m or head losses of about 30 m slurry per 100 m horizontal
pipeline.

Figure 4. Shear stress versus the bulk shear rate 8V/D from pipeline test with a concentration of
40.4 per cent by volume

The pipeline results in Figures 4 and 5 were based on rough measurements and
represent remixed 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 detailed rheological trends related to 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
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diameter 0.23 m. A few pump efficiency values (η) were estimated from the variable
speed unit. The flow rate at the start corresponded to a velocity of 1.55 m/s at 1 480 rpm
for C = 45.5% with the intention successively to increase the concentration at
approximately the same flow rate. With C about 48%, it was not possible to maintain
the flow at increased rotary speeds; however the system operated for a long time in a
semi-stable manner at extremely low velocities of 0.1 to 0.3 m/s for rotary speeds of
1 840 to 1 940 rpm.

Based on the indicative loop results in Figure 6 and the various comparisons and
uncertainties discussed below, it was decided to await further centrifugal pump
performance tests until they can be carried out during an extended period in the actual
thickener underflow installation with a short and flexible distribution pipeline.

Discussion
Indicative measurements at an early stage with gravity flow in a 11 m long 0.025 m-
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 sheared paste flowed more easily
down the slope resulting, in a lower deposition angle, Engman et al. (2004).

Figur 5. Shear stress versus the bulk shear rate 8V/D from pipeline test with solids
concentrations by volume of about 48 and 50 %.
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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 in most cases. 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, beach 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

Figure 6. Indicative observations of decreasing flow rates and heads for increased rotary speeds.
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criterion, Engman et al. (2004). In order to plan for investigation procedures related to
system effectiveness during the first years of operation with simple underflow pumping
arrangements, the initial 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 Figure 6 address 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 1 200 rpm are shown in Figure 7.

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 that 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 Figure 8.
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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 efficiency derating of
about 0.8. Essentially 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 I and Figure 9 together with derating data
from Figure 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).

The result 2.1 and 2.2 in Table I and Figure 9 were characterized by yield stresses
of 200 and 1.8 Pa, respectively. A chemical additive was used to eliminate the yield
behaviour. The corresponding ER values were 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 of the
large difference in rheological behaviour. The trend in kaolin results at C = 29%,
with a yield stress of about 8 Pa (1.2, Figure 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 Figure 9.

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 0.63 m. From Sellgren et al.

(1999)
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Table I
Some derating results available in the literature. Solids density about 2 650 kg/m3 and

1 450 kg/m3 for the coal. Number 4 comprised an auger-like like inducer and Number 2 an
inducer in an enlarged inlet. C in % and rotary speed, N, (rpm) with impeller diameter in m

Notation Product C Rotary speed Impeller HR ER Pump type, comments 
diameter and reference

1.1 Coal 31 0.91 0.63 0.1 by 0.075 m
1.2 Kaolin 29 1200 0.352 0.92 0.87 closed 4-vane impeller,

Walker and Goulas 
(1984)

2.1 28 0.99 0.83 0.186 by 0.1 m semi- 
2.2 Kaolin 37 1500 0.244 0.99 0.82 open 4-vane impeller,

Bootle (2006)
3.1 35 0.91 0.85 0.2 by 0.15 closed 4-
3.2 Sludge 31 1200 0.63 0.97 0.93 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 and 

Sellgren (2002)

Figure 9. Rheological results for the slurries listed in Table I and for C = 48% (Figure 5)
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For #4 in Table I and Figure 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, Figure 10.

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.
Cavitation was found to be a less likely explanation even if the detailed suction
performance of the modified pump was not known. 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, for example at low flow rate as seen
in Figure 8. The experimentally observed dramatic drop in pumping head at flow rates
less than about 50% of BEP for #3 in Table I 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  performance of
centrifugal pumps cannot simply be related to the rheology; factors related to pump
design and build-up tendencies of the paste material within the pump and other particle
properties may also be of importance.

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
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The results with the modified pumps for 2.1 and 4 in Table I and Figure 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 I and Figure 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 Figure 9. Provided the head curve
remains stable, then HR and ER were extrapolated for the actual C = 48% to 0.8 and
0.65, respectively. 

The results in Figure 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 Pa s. As indicated by
Walker and Goulas (1984) and others, this viscosity may be used together with the
Hydraulic Institute’s performance derating method for viscous Newtonian liquids, see
ANSI/HI(2004),ANSI/HI(2005). For this case the viscosity values would  give ER values
from 0.7 to 0.9 for a suitable pump.

C o n c l u s i o n s
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/100 m 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 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
4 0 % .

It was found that the performance of centrifugal pumps cannot simply be related to the
rheology; factors related to pump design and build 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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