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Synopsis

This paper presents a method to characterise the slurry flow behaviour of time independent high
density kimberlite tailings. Laminar flow of kimberlite slurry in the fully sheared state can be
characterised by the Bingham plastic approximation to the Herschel-Bulkley equation, provided
that an allowance is made for the fine vehicle fraction. Field data was obtained in 100 mm,
150 mm and 200 mm operating pipelines and from 13 mm and 28 mm laboratory pipe loop tests
for a range of kimberlite tailings.

The rheological properties of the slurry were characterised by the percentage of fine particles in
the mixture. This vehicle fraction varied from 25% to 85% for the range of kimberlite slurries
tested from three different locations, and the modelling techniques employed provided a
consistent basis for the analysis of the kimberlite taithngs.

1. INTRODUCTION

Traditionally kimberlite tailings systems have transported tailings at low solids concentrations
of approximately 15% to 20% by volume, which requires 2.1 m’ of water per ton of so[ids:
Increasing solids concentrations to 40% by volume reduces water consumption by up to 1.6 nv’
per ton solids, and represents a significant reduction in water usage on a large mine. For this
reason high concentration tailings systems are being considered by many mines in South Africa.

A research programme to investigate the production of high concentration kimberlite tailings
using high rate thickeners was initiated several years ago. Subsequent work has focussed on the
pumping requirements for these slurries, and extensive test work has been completed using a pilot
plant and laboratory pipe loop tests. This paper summarises the analysis of the flow behaviour
of high concentration kimberlite tailings based on the test data to date.
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2 TEST FACILITIES

Full scale pipeline tests were conducted in 100 mm, 150 mm and 200 mm test pipelines, and
small scale laboratory tests were completed in 13 mm and 28 mm pipe loop tests. The large scale
tests were conducted as part of pilot plant trials on an operating mine.

A concern was the possible effects of time dependent behaviour. To determine whether time
dependent behaviour would be problematic, the pipeline pressure gradient was measured at
several stations along the pipeline length using the 150 mm and 200 mm test pipelines shown in
Figure 1. At each measuring station the pressure loss was recorded by a pair of differential
pressure gauges with 45° pressure tappings 6 m apart on both sides of the pipe. A piston plunger
positive displacement pump was used for these tests. Another aspect of the initial test program
was o investigate the behaviour of the deposited tailings, and a special deposition test site was
constructed. Subsequent tests were done at an adjacent thickener installation using the thickener
underflow centrifugal pump. In these tests the data was recorded in 100 mm and 150 mm
pipelines which discharged to an agitated storage tank that was part of the conventional tailings
system.

Figure 2 shows the layout of the PCCE Test Facility in Cape Town, South Africa, used for the
13 mm and 28 mm loop tests. The slurry is pumped from the sump through the test pipeline and
back into the sump to form a recirculating system.
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Figure 1: Pilot plant test pipeline

s TEST DATA

The test data matrix is summarised in Table I, and the different particle size distribution
envelopes of each material is shown n Figure 3. The particle size distribution was measured
according to the methods specified in ASTM D 422-63 “Standard Test Method for Particle-Size
Analysis of Soils” using dry sieving for the +75 um fraction and hydrometer analysis for the
-75um fraction.
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Figure 2: PCCE’s 13 mm and 28 mm test fac_ility

Material 1 was tested on site in the 100 mm, 150 mm and 200 mm pipelines, and materials 2 and
3 were tested in the laboratory. It was unfortunately not possible to obtain data in all pipe
diameters for each material. Comparison of the results is nonetheless interesting and distinct
similarities are observed.

TABLE |
MATRIX OF TEST DATA
Material 1 2 3

Pipe diameters used for tests  (mm) 103.00 13.55 13155

154.80 28.40 28.40

208.40
Dry solids density, S, 2.54 2.65 2.65
Slurry relative density, S_ 1.30to 1.58 1.29 to 1.70 1.30 to 1.53
Solids volumetric concentration, C, 19.5% t0 37.7% | 17.5% 10 42.3% | 18.1% to 32.1%
dg, particle size (um)| 640 to1 787 527 to 793 407 to 505
dy, particle size (um)| 11210566 5510 150 5810 83
Percent particles less than 300 um 35.3% to 73.4% | 64.0% to 78.0% | 76.0% to 83.0%
Percent particles less than 75 um 18.3% to 41.4% | 42.0% 10 55.0% | 48.0% to 54.0%

3.1 Pilot Plant Test Data

Data recorded on the pilot plant facility showed a consistent difference in pressure gradient along
the pipeline during all the tests. The pipeline pressure gradient recorded at the first measuring
stat!on was greater than the pressure gradient recorded at the three downstream measuring
stations. Instrumentation was carefully checked to ensure that there were no repeatable errors.
Flgure 4 is a typical data set recorded on site and clearly shows the difference in pipeline pressure
gradient between the measuring stations. The pressure gradient becomes constant by the time the
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Figure 3: Particle size distribution curves of materials tested

slurry reaches the second pair of differential pressure transducers. The difference in pressure
gradient is attributed to the time dependent, thixotropic properties of the slurry. A certain degree
of energy is required to break down the floc structure of the kimberlite clay particles' as the
slurry moves along the pipeline. The reduction in pressure gradient along the pipeline length is
associated with the decay of the floc structures under a constant shear rate. However, it appears
that by the time the slurry passed the second measuring station it was fully sheared and thixotropic
behaviour ceased. Very little input energy is therefore required to break the floc structure. Pipeline

restart tests were not problematic, even after several days shut down and
the flocculated slurry was noted.
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Figure 4: Material 1 measured pressure gradient data, S_ = 1.54, D = 154.8 mm
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Careful observation of the data in Figure 4 shows a cyclical variation in pressure gradient with
increasing flow rate. This phenomenon may be due to the variation in pulsation frequency
generated by the pump at different speeds. Pulsatile flow has been reported to affect pipeline
pressure gradient'” in this manner, and it is noted as merely an observation of the test data. The
installation was fitted with a nitrogen filled pulsation dampener on the pump discharge to
minimise the pressure pulsations.

Subsequent tests using centrifugal pumps on the adjacent test installation in the 100 mm and
150 mm pipelines produced repeatable pressure losses compared to the average data measured at
Stations 2, 3 and 4 using positive displacement pumps in the fully sheared state. In this case the
energy imparted to the slurry when passing through the centrifugal pump was sufficient to shear
the slurry. Based on these results, all subsequent analysis assumes the slurry is time independent.

32 Laboratory Test Data

A typical set of measured test data for Material 2 is shown in Figure 5. Test data recorded in the
test loop 1s shown in Figure 2. No time dependent behaviour was recorded. The change in slurry
flow behaviour from slurry relative densities of 1.390 to 1.494 is quite marked. At low slurry
densities it was possible to observe a stationary bed, and as density increases the flow behaviour
becomes increasingly non-Newtonian. At a slurry relative density of 1.494 the flow is clearly non-
Newtonian and there is a clear differentiation between the laminar and turbulent flow curves. and
the transition from laminar to turbulent flow is clearly seen. At higher slurry densities all the
recorded data is in laminar flow. The range of the differential pressure transducers limited the
amount of data that could be recorded.
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Figure 5: Material 2 test data in 28.4 mm test pipeline
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4. ANALYSIS OF TEST DATA
4.1 Laminar Flow

The on site data in the large diameter pipelines was obtained at slurry relative densities below 1.58
and the Bingham Plastic model was used to analyse the laminar flow of these slurries.
Subsequently data was obtained at higher relative densities in the smaller diameter pipelines under
laboratory conditions, and even though this data exhibited yield-pseudoplastic behaviour, the
Bingham Plastic model was used to approximate the pipeline pressure gradients. Observation of
the data in Figure 5, obtained in the 28 mm test pipeline, shows that the slurry flow changes from
Bingham Plastic to yield-pseudoplastic at a slurry relative density of approximately 1.54.

The laminar flow of the slurnes 1s modelled using the Bingham Plastic model, i.e.
Yo " Ty +nP?’ 0

where t, = wall shear stress (Pa),
T,p = yield stress (Pa),
n, = plastic viscosity (Pa.s),
= shear rate (1/s).

From Figure 3 itis clear that there is a wide variation in the particle size distribution of the slurries
tested and it was necessary to estimate which portion of the particle size distribution could be
classified as the vehicle. The vehicle is the conveying medium and comprises water and all
particles below a certain size, d, ... For this analysis it is assumed that the total friction loss of the
slurry is determined by the friction loss of the vehicle portion only, and that all other particles
would be “carried” by the vehicle in the stabilised suspension. At rest, coarse particles can be
supported by the slurry yield stress if the yield stress is sufficiently large”™* and no settling will
occur, Normally, as slurry shears, or flows, the applied shear increases from the centre of the pipe
and particles may begin to settle on the pipe invert, i.e. the mixture is no longer truly
homogeneous. This is one of the main reasons why pipelines are generally not designed to operate
under laminar flow conditions. However, during the on site tests it was seen that very little settling
occurred and the slurry remained reasonably homogeneous in the pipeline.

Initially is was assumed that the vehicle comprised all material less than 300 pm. This was more
due to convenience to accommodate the mine definition of slimes and grits. Slimes was deemed
to be everything below 300 um and grits were all particles between 300 pm and 1 600 pm. Further
analysis showed that perhaps a value of 75 pm would be more appropriate. Other researchers have
used values'™ ® ranging from 74 um to 106 pum. The solids concentration of the vehicle portion
is determined from the particle size distribution and the total solids concentration of the mixture,
and 1s calculated from:

C, P,
Cy = T-CB-1" (2)
G B - 1)
where C, = solids volumetric concentration of mixture,
C,,=solids volumetric concentration of slimes,
P, = percentage fines in mixture less thand,,,.
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Figure 6 show the relationship between the Bingham yield stress and the volumetric solids
concentration of the vehicle for Material 1 for varying vehicle fractions determined using different
values of d, .. Figure 7 shows the relationship between the plastic viscosity and the volumetric
solids concentration of the vehicle for varying values of d ..

~ o
=T =

IFENEEBEE NN

1]
t=]

Bingham yield stress (Pa)
w
(=]

r3
o

(=]
sl d
LR R REAN|

R T e A P S Pl G gy g
+— +—4 + b ————+ +—+

15 20 25 30 35 40 45 50
‘ehicle salids concentration, Cvl (%)

o
X
L

(=1
wn
(=]

m dimax =2 mm ©  dlmax = 300 ym -+ dlmax =75 pum ---- Trend line

Figure 6: Bingham yield stress versus vehicle solids concentration for varying
values of d, .,
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Figure 7: Plastic viscosity versus vehicle solids concentration for varying values of d .,
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