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ABSTRACT

THE RANGE OF APPLICABILITY OF MODELS FOR THE FLOW OF HIGH
CONCENTRATION BACKFILL SLURRIES IN PIPELINES

PETER GOOSEN

Department of Civil Engineering, University of Cape Town,
Private bag, Rondebosch, 7700, South Africa
April 1991

Two models recently developed at the University of Cape Town are intended to model the flow of high
concentration backfill slurries. These models are the Cooke model for dense phase flow of cyclone
classified tailings and the Paterson model for stabilised flow of high concentration full plant tailings.

These two materials (cyclone classified tailings and full plant tailings) torm the extremes, in terms of
particle size distribution, of tailings materials used as backfill in South African gold mines. The purpose
of this dissertation is to investigate the possibility of applying these models in the region, in terms of
particle size distribution, between full plant tailings and cyclone classified tailings.

Measured pressure gradient data has been collected for materials with particle size distributions ranging
from full plant tailings to cyclone classitfied tailings. The calculated mode! predictions are then
compared with the measured data in order to determine the range of applicability of the models.

Three intermediate materials were made up by mixing full plant tailings and cyclone classified tailings
in ratios of 1to 2, 1to 1 and 2 to 1. These, together with the cyclone classified tailings and two full
plant tailings materials, provided the range of materials in terms of particle size distribution.

The six materials are characterised in terms of relevant solid and particle properties. Measured pressure
gradient data is then presented covering two pipe diameters (40 mm and 80 mm nominal bore), arange
of solids concentrations (35% to 52% by volume) and a range of flow velocities (0.5 to 4.5 m/s).

The models of Cooke and Paterson are reviewed. Model predictions are then calculated for comparison
with the measured data. The range, in terms of solids concentration and particle size distribution, over
which each model is in acceptable agreement with the measured data is then presented and reported
as the range of applicability of the model.
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NOMENCLATURE

C Solids concentration

dso particle diameter such that 50% of solids by mass are smaller than dso
D Pipe internal diameter

g Acceleration due to gravity

h Thickness of boundary fluid shear layer
i Hydraulic gradient '
K Fluid consistency index

Kr Coefficient of lateral interparticle stress
L Lehgth along pipe axis

n Flow behaviour index

p Fluid pressure

T Radial displacement from pipe axis
S Relative density

St Particle shape factor

3] Internal angle of friction

u Dynamic coefficient of viscosity
Ms Coefficient of sliding friction

\Y Kinematic coefficient of viscosity
P Density

0] Normal stress

T Shear stress

¢ Angle defining pipeline slope
Subscripts

b Settled bed

t Fine fraction

1 Liquid phase

m Mixture

S Solid phase

v Viscous

w Water

0 Pipe wall

units

Pa

radians
N.s/m?

Pa

radians
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CHAPTER 1

Introduction



1.1

BACKGROUND

Backfilling of mined out areas with waste material (tailings) has become common practice in
South African gold mines.

Backfill provides an alternative to timber supports for controling stope convergence and rock
bursts. Additional advantages of backfilling are, reduced fire hazard, reduced ventilation costs
and increased ore extraction.

Backfill is prepared at the surface from where it is transported underground and placed in
paddocks as a slurry.

It is advantageous to place backfill at a high solids concentration as shrinkage and water run
off atter placement are reduced. A significant limitation to the transport of high concentration
backfill slurries however, is a lack of knowledge of the flow behaviour of such slurries.

The design of reticulation systems for the distribution of backfill slurry underground requires
a knowledge of the relationship between the pressure gradient and mean flow velocity in the
pipeline. The measurement and prediction of pressure gradients for backfill slurries has thus
been the subject of research at the University of Cape Town for a number of years.

As aresult of this research, two mathematical models have been developed to model the flow
of high concentration backfill slurries. These two models have, however, been developed for
two distinctly different backfill materials as described below.

The Paterson model for stabilised flow of high concentration full plant tailings.

Paterson (1991) has developed a method for determining the rheology (and thus modeling
the flow) of high concentration full plant tailings slurries.

Full plant tailings is the milled waste product remaining after the gold extraction process.
The milling of the ore during this process results in finely divided, angular particles generally
falling into the size range one micron to four hundred microns, as shown in Figure 1.1.

The Cooke model for dense phase flow of high concentration cyclone classified tailings.

Cooke (1991) has developed a model] for the flow of high concentration cyclone classified
tailings.

Cyclone classified tailings is produced by removing most of the fine fraction from full plant
tailings by means of hydro—cyclones. The resulting material generally falls into the size range
one hundred microns to four hundred microns, as shown in Figure 1.1.

The models of Cooke and Paterson have thus each been developed for extremes of the
spectrum, in terms of particle size distributions, of possible gold tailings sturries.



1.2

THE OBJECT AND SCOPE OF THE INVESTIGATION

As each model has been developed specifically for materials at opposite extremes of the
spectrum of possible tailings slurries, it is felt that a valuable contribution can be made to the
industry by investigateing the range within the spectrum of possible tailings slurries over
which each model can be used.

The object of this investigation is thus to determine the range, in terms of particle size
distribution and solids concentration, over which the models of Cooke and Paterson are
applicable.
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3. METHODOLOGY

A data base of pressure gradient measurements covering a range of flow velocities, solids
concentrations and materials (in terms of particle size distribution) has been built up.

These measured data are compared to calculated model predictions. The degree to which each
data set and corresponding model prediction agree is determined. Conclusions are then
drawn as to therange of applicability of each model based on the range over which agreement
between the measured data and the model predictions is achieved.



Percentage Passing

1.4

100 — I.lllll[ T T 77T 1 T T T TTTTT
g0 + —
80 —
Typical
70 - full plant o
tailings
60 —
50 . —
t Typical
classified
ac = tailings -
30 + —
20 +— —
10 + —
0 EEREEE] Ll B
1 10 100 1000 10000
Particle Size (micrometres)
Figure 1.1 : Particle size distribution of typical full plant

and cyclone classified tailings



CHAPTER 2

Experimental investigation



2.1

INTRODUCTION

The purpose of the experimental investigation is to build up a data base of pressure gradient
data for high concentration tailings slurries which is used to evaluate the models. In
compiling the data base, an attempt was made to cover as wide a range as possible in terms
of solids concentration and material particle size distribution.

Pressure gradient data has been collected for six distinctly different materials (in terms of
particle size distribution). Full plant tailings and cyclone classified tailings were available as
“parent” materials and thus set the two extremes in terms of particle size distribution.

Three “intermediate” materials were produced by mixing the two parent materials (material
1 and material 5) in various ratios, as indicated in Table 2.1. Note that material 5 and 5A are
two separate batches of full plant tailings and have significantly differant particle size
distributions. |

Material Mix ratio Material dso % -10

rdescription (CCT to FPT) number [microns] microns
cCcT - 1 211 3
Mix 2:1 2 162 9
Mix 1:1 3 128 13
Mix 1:2 4 81 19
FPT - I | 56 22
FPT - 5A 36 28

CCT - Cyclone classified tailings
FPT - Full plant tailings

Table 2.1: Material descriptions, mix ratios, numbering, dso and % 10 microns.

The six materials tested have been numbered 1 to 5 and 5A, as shown in Table 2.1. The
materials are referred to by these numbers in the remainder of this document.

The five materials have been characterised in terms of relevant solids and material properties.
This is presented in section 2 of this chapter.

The pipeline test facility used to collect the pressure gradient data is described in section 3,
the experimental procedure is described in section 4 an'd‘ the experimental results are
presented in section 5. An analysis of the expected errors associated with the experimental
data is presented in section 6. ,
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2.2.3 Freely settled concentration (Cb FREE)

224

The freely settled concentration is defined as the concentration of the particle matrix
formed when the particles settle through water to form a bed. This is determined using the
procedure as described below:

(i) A onelitre measuring cylinder is filled to 75% of its volume with de-aired water.

(ii) Ovendried solids are slowly poured into the measuring cylinder until the water level
reaches the one litre mark. The volume of solids added is determined by weighing
the measuring cylinder before and after the solids have been added, knowing the
solids density.

(iii)  After 24 hours the volume of the settled particle matrix is recorded.

(iv) The treely settled concentration is calculated as follows:

Volume of solids
Volume of settled matrix

Cb FREE = (2.1

Where :

Mass of solids

Volume of solids =
Ss

It has been noted that, particularly tor materials with a high fines content, the settled matrix
formed in the cylinder comprises two distinct layers. A lower layer is formed consisting of
course particles which settle almost immediately. An upper layer is formed consisting of
fine particles which settle over a period of hours. The measured freely settled concentration
is thus not a true measure of the freely settled concentration as may occur in a pipeline. In
the case of siurry flow in a pipeline the fine particles would be in suspension in the carrier
fluid and thus occupy the interstices between the coarse particles. However, the test as
described above, is considered a valuable method of characterising these materials as it is
easy to perform and gives repeatable results.

Submerged internal angle of friction (6)

The submerged internal angle of friction is the submerged angle of repose (maximum slope
at which the particle matrix remains stable) of the settled particle matrix. This is measured
using the apparatus and method as developed by Cooke (1991).

The apparatus is a rectangular perspex box with a central opening in its base, as shown in
Figure 2.2.

The test procedure is described below:

(i) Theholein the base of the box is plugged and the box half filled with de-aired water.
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2.2.6
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(ii) An oven dried sarpple of known mass (and thus volume) is poured into the box,
taking care to ensure that the sample is evenly distributed.

(iii) The concentration of the settled particle matrix is varied by vibrating the box to
compact the sample. The concentration is determined by measuring the height of
the settled matrix, knowing the geometry of the box and the volume of solids.

(iv) Thebox is submerged in water and the plugin the opening removed. The solids pour
out, forming a V-shape in the box, as shown in Figure 2.2 The angle that the V forms
with the base of the box is measured and reported as the submerged internal angle
of friction.

Coefficient of sliding friction (LLs)

The coefficient of sliding friction is determined usinga “tilting tube” apparatus as developed
by Wilson et al (1972). This consists of a length of clear PVC tube which can be tilted about
a central pivot point, as shown in Figure 2.3.

The test procedure involves placing a test sample at one end of the tube which is filled with
water, ensuring that the sample forms a shallow bed (about 1 tenth of the tube diameter).
The tube is then progressively tilted until the sample slides down the slope. The slope at
which sliding occursis noted and the coefticient of sliding friction is taken to be the tangent
of the angle to the horizontal.

It is noted that what is measured is in fact the coefficient of static friction as the particles
are initially at rest. However, as no simple procedure is available for measuring the
coefficient of sliding friction directly, it is assumed to be equal to the measured coefficient
of static friction.

Particle shape factor (Sf)

The particle shape factor is defined as the ratio of the particle settling velocity to the settling
velocity of an equivalent sphere (a sphere of the same mass and volume as the particle).

The terminal settling velocity of the particles is measured by timing the particles settling
over a known distance. The terminal settling velocity of an equivalent sphere is calculated.

The particle shape factor has been determined for particles in one size band only, this being
212 to 300 microns, with the representative particle diameter calculated as the geometric
mean, d. )

d=+di1d> (2.2)
Where : dji = lower limit of size band

dz = upper limit of size band
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This particular size band (212 to 300 microns) has been chosen as it is used by Cooke (1991)
as an input for his model.

2.3 Material characterisation test results

The measured solid and particle properties for the six materials are summarised in Table 2.2
below.

Material : 1 2 3 4 5 5A
dso [microns] | 217 155 126 90 58 36
% -10 microns 3 9 13 19 22 28
Ss 2.73 2.74 2.74 2.74 2.74 2.73

Cb FREE [96] 48.9 46.2 47.3 46.6 43.7 43.2

Ms 0.54 0.53 0.57 0.55 0.56 0.55

tan O (50%) | 0.52 - - - - _

Sf 0.82 0.84 0.87 0.81 0.80 0.83

Ss - Solids relative density
Cb rreE - Freely settled concentration

MUs - Coefficient of sliding friction

o (50%) - Internal angle of friction at Cv = 50%
Sf — Shape factor

Table 2.2: Measured solid and particle properties.

The measured particle size distributions tor the six materials have been plotted together for
comparison in Figure 2.4. It is felt that the range of interest, in terms of particle size
distribution, is suitably covered by these six materials.

The variation of internal angle of friction with solids concentration for material 1 is presented
in Figure 2.5. The relationship between solids concentration and internal angle of friction,
determined by linear regression for the first three points only (see Figure 2.5), is given by the
equation below:

tan O = 0.948 Cy + 0.049 ‘ (2.3)

The internal angle of friction could not be measured for materials 2 to § and 5A. In the case
of these materials the solids did not flow out of the hole in the base of the apparatus on
removal of the plug. This behaviour was also observed by Cooke (1991) for classified tailings
with a relatively high fines content. This is attributed to these materials exhibiting a yield
stress as a resutt of the higher fines content.
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3.1

3.2

2.11

EXPERIMENTAL APPARATUS

Introduction

The experimentally measured pressure gradient data has been collected using a pipeline test
rig constructed by the author specifically for work with high concentration backfill slurries.
The test rig is described in section 3.2 and the instrumentation thereof in section 3.3. The
instrument control and data capture equipment is described in section 3.4.

This test facility was used by Cooke (1991) to collect data for the development of his model,
however at that time pressure gradient measurements could not be made tor vertical upward
flow. The test tacility differs significantly from that used by Paterson (1991) in that the slurry
is pumped through a closed pipe loop, as opposed to being driven by a gravity head. This
allows for higher flow rates and higher solids concentrations than were achieved by Paterson.

The pipeline test rig

The pipeline test rig consists of two pipe loops, these being an 80 mm nominal bore and a
40 mm nominal bore loop. The layout ot the test rig is shown in Figure 2.6. The test rig as a
whole is described below, followed by more detailed descriptions of the various elements in
the respective subsections.

3.2.1 General description

The slurry is pumped from the sump through the pipe loop (80 mm nominal bore or 40
mm nominal bore as selected by the operator) and back into the sump thus forming a
re-circulating system. Each pipe loop consists of a vertical riser, a vertical down-comer and
a horizontal leg. Theriser, thedown-comer and the horizontal leg each include a test section
which has been fitted with pressure tappings to facilitate the measurement of pressure
gradients. Each loop includes a heat exchanger to reduce heat build up in the re-circulating
slurry. A section of clear PVC piping has been included in the horizontal leg of each loop
to facilitate visual observation of the slurry during testing.

3.2.2 The sump

The sump is circular in plan with a conical base leading to a central outiet. The sump is
fitted with a mechanical stirrer to ensure that the slurry remains consistently mixed during
testing.

3.2.3 The pump and pump drive

A Warman 3/2 rubber lined, solids handling pump is used. The pump is installed at the
level of the sump outlet to provide a positive inlet pressure.

The pump is driven by means of a variable speed hydraulic drive. This allows for precise
control of the pump speed (and hence slurry flow rate) and sufficient power to achieve high
pump speeds at high solids concentrations.
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3.2.4 The test sections

3.2.5

Each test section consists of a length of seamless steel pipe. Pressure measurements are made
via static pressure tappings located in the pipe wall. The tappings have been drilled to a
diameter of 3 mm. Great care was taken to ensure that the tappings are cleanly drilled and
free of burrs.

Each tapping is fitted with a solids trap to collect any solid material which may flow out
through the tapping. A pressure tapping and solids trap is shown in Figure 2.7. Each solids
trap and tapping can be flushed with mains water. This is done periodically during the
course of the tests to remove any solids which may have collected in the solids trap or in
the tapping.

The heat exchangers

The heat exchangers have been formed by enclosing a section of the pipe loop in a jacket
formed by a length of larger diameter pipe. Tap water flowing through the space between
the two pipes serves as the cooling medium.

3.3 'Instrumentation

3.3.1

General description

The instrumentation of the test rig allows for the following measurements to be made:

Horizontal pressure differential
Vertical up pressure differential
Vertical down pressure differential
Slurry flow rate

Slurry temperature

Slurry relative density

The individual instruments used are described below in the respective subsections.

3.3.2 Pressure differentials

The pressure differential between tappings is measured by means of differential pressure
transducers. The transducers are connected in parallel with air over water manometers. This
allows for confirmation of the transducer readings and calibration of the transducers.
Connection between the transducers and the pressure tappings is via flexible 8§ mm hose.

Pressure gradients are calculated from the measured pressure differentials as described below
(and see Figure 2.8).

The measured head differential is dH. (mm of water)

The actual head differential is H1 - H2. (mm of water)
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From Figure 2.8:

H1 =dH + H2 + L sin (¢ (mm of water)

Thus :

H1 ~H2 = dH + L sin () (mm of water) ' (2.4)

The head differential is converted to a pressure differential by multiplying by the specific
weight of water. This pressure differential (P1 -~ P2) includes a component due to the self

- weight of the slurry (except in the case of horizontal flow). For purposes of analysis, the

3.3.3

weight component is later removed (knowing the density of the slurry) revealing the
pressure gradient due to friction only.

The pressure gradient is defined as:

P1-P2
L (2.5)

The differential pressure transducers are calibrated prior to use as described below.
(i) A head difference is set up manually on the manometer.
(if) The head difference and the transducer output are noted.

(iii) The processisrepeated from step (i) with a new head difference until a suitable range
has been covered. These data are then used to derive a calibration equation.

The calibration equation relating transducer output to head differential is of the form
shown below,

dH=Av+B (2.6)
Where :

dH = The head difference on the transducer (mm waterj).
v = The transducer output (volts).

A =The slope of the calibration curve.

B = The vertical intercept of the calibration curve.

Slurry flow rate

The slurry flow rate in the pipe loops is measured by means of a magnetic flow meter. The
magnetic flow meter consists of a detection head in the pipe loop and a remote signal
converter. The signal converter provides a current output proportional to the mean fluid
velocity through the detection head.



2.14

Slurry flow rate is converted to velocity, knowing the internal diameter of the test section
as shown in equation 2.4 below.

. ‘
Vi = anl (2.7)
D

The flow meter is calibrated prior to testing as described below.

(i) Water is continuously supplied to the sump from an external supply.
(ii) The pump speed is set.

(iiiy The flow from the pipe loop outlet is diverted into a 100 litre calibration tank. The
diversion period is timed and the flow meter output noted. '

(iv) The flow rate is determined by weighing the collected water, knowing the diversion
period from step (iii).

(v) The process is repeated from step (ii) with a new pump speed until a suitable range
has been covered. These data are then used to derive a calibration equation.

The calibration equation relating flow meter output to slurry flow rate is of the form shown
below.

Qn=Ai+B @9
Where :

Qum = Slurry flow rate

i = Flow meter output (miliamps)

A = Slope of calibration curve

B = Vertical intercept of calibration curve

3.3.4 Slurry temperature

The slurry temperature is monitored by means of a temperature probe in the sump. The '
temperature probe provides a voltage output proportional to the slurry temperature. The
calibration of the temperature probe was checked against a mercury thermometer.

3.3.5 Slurry relative density

The slurry relative density is measured by massing a sample of known volume (about 30
litres). The procedure is as follows.

The volume of the sample tank (in which the slurry is collected) is determined by measuring
its empty mass, (Me), and mass when full of water, (Mf).

The sample tank volume is then Mf - Me.



A sample is collected by diverting the slurry flow into the sample tank (the tank is not
completely filled at this stage but a volume of about one litre is left to allow for accurate
determination of the slurry volume, as described below).

The tank containing the sample is massed (M1).
The sample tank is then carefully topped up with water and massed again (M2).

The relative density is then determined by means of the following calculation:

Mass of slurry

(2.9)

Sm =
Volume of slurry Pw

Pw assumed to be 1000 Kg/m3

Thus:

M1 - Me
Mf - Me) - (M2 - M1)

Sm =

" The delivered solids volumetric concentration (Cvd) is determined using the equation

shown below.

Sﬂl - SW

S5~ Sw (210

Cvd =

Sw assumed to be 1

3.4 Data captuve

3.4.1

3.4.2

3.43

General description

The output from the instruments are monitored by means of a data acquisition unit which
converts the analogue output to digital signals. The digital signals are then read by a
computer and converted to appropriate units of pressure, velocity and temperature. A hard
copy of the data is printed out using a line printer.

Hardware

The data acquisition unit used is a Hewlet Packard 3497A. The digital outputs from the data
acquisition unit are read by means of a Hewlet Packard HP86 personal computer. Com-
munication between these instruments is made particularly easy by virtue of their com-
patibility. The layout of the instrumentation and hardware is shown in Figure 2.9.

Software

A program written in HP BASIC is used to read the data from the data acquisition unit. A

data point is the average of 10 readings, recorded over a three second period. The four
instruments (three differential pressure transducers and the magnetic flow meter) are read
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sequentially —i.e. 10 sets of four readings are recorded over the three second period. The
temperature probe is read once at the start of each data set to determine the associated

slurry temperature.

The program allows for viewing all the data collected at any time in the form of a graph.
This feature proved to be particularly useful for identifying problems during a test such as
a transducer over range or a blocked pressure tapping.
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Schematic of test rig instrumentation.
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EXPERIMENTAL PROCEDURE

Introduction

Described in this section is the experimental procedure followed when operating the pipeline
test rig.

Preliminary investigation

Theteststobe run in the pipeline testrig were expected to take two to three hours to complete.
The possibility that some degree of particle degradation may occur during that time was thus
considered.

This was investigated by visual inspection of solid particles collected from the test rig after
being circulated for four hours at a mean mixture velocity of 2 m/s. Examination of these
samples under an electron microscope, however, revealed no noticeable signs of degradation.
Itisthusconcluded that nosignificant particle degradation is likely to occur during the course
of a test.

Micrographs of a “fresh” sample and a sample after four hours are presented in Figures 2.10
and 2.11.

Test rig operating procedure

The rig is loaded with dry solid material and water via the hopper. During the initial loading
of the rig, sufficient water is run in to fill the pipeline, yet leaving space in the hopper for
solid material to be added. With the water circulating and the stirrer running, the solid
material is loaded into the hopper until the slurry relative density (as estimated by eye) is
about 1.70 (40% by volume).

The slurry is circulated through the rig at a constant mixture velocity of 3 m/s for an initial
two hour period. During this period the horizontal pressure gradient is monitored to ensure
that stability of the system has been achieved before begining the test. The test being the
measurement of pressure gradient data for horizontal, vertical up and vertical down flow over
a range of flow velocities for a particular slurry.

A typical example of the horizontal pressure gradient during the initial two hour period is
presented in Figure 2.12. There is no noticable trend in pressure gradient with time. It is thus
concluded that stability of the system has been achieved by the end of the two hour period.

The test is begun at a mixture velocity of about 3.5 m/sec. After the velocity has been set, the
pressure tappings and pods are tlushed. The valves isolating the differential pressure
transducers from the pods are opened, and data capture is begun.
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Four to eight data points are read at the selected velocity (depending on the stability of the
readings). An observation is made of the mixture flow behaviour in the clear horizontal
section. ’

The velocity is then reduced by about 0.5 m/s and another set of data points read and the
flow observation made. This process is continued until a full velocity range has been covered
(about 3.5 m/s to 1 m/s).

The sturry relative density is measured by sampling the slurry from the pipeline outlet. A
small sample (about 1 litre) is collected from the pipeline outlet for particle size distribution
analysis. '

The solids concentration is then increased. This is done by dumping some slurry from the
system and adding fresh, dry solid material.

A number of tests are performed until a range of solids concentration has been covered. This
completes the testing of a material in the chosen pipe diameter. The slurry is then dumped
and the rig flushed with clear water.
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EXPERIMENTAL RESULTS

Introduction

The test results are presented in full in Appendix A. The results for each test being presented
in the following format:

(i) Aplotof meagured pressure gradient versus mean mixture velocity data.
(ii) A plot of the particle size distribution of the sample taken at the end of the test.
(iii) The test results in tabular form, including:
Test parameters.
Velocity, pressure gradient, témperature data.
Part.icle size distribution.
Flow observations (horizontal only).

Note that the pressure gradient data presented in appendix A are as defined in Figure 2.8 and
section 3.3.2 of this chapter. '

The results of the tests are presented and discussed in section 5.2 below.

Discussion of results

The test results as presented in Appendix A are first discussed in section 5.2.1, refering to plots
of measured pressure gradient versus velocity data presented in Figures 2.13 and 2.14.

The effect of solids concentration on pressure gradient is discussed in section 5.2.2, refering
to plots of pressure gradient as a function of solids concentration presented in Figures 2.15
to 2.21. '

The effect of particle size distribution on pressure gradient is discussed in section 5.2.3,
refering to plots of pressure gradient as a function of % -10 microns presented in Figures 2.22
and 2.23.

5.2.1 General discussion

The results discussed here are presented in full in Appendix A.

At low solids concentrations (typically less than 45% by volume) the plots of pressure
gradient versus mean mixture velocity generally show a transition from laminar to tur-
bulent flow, as seen in Figure 2.13. This transition is indicated by a change of slope in the
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relationship between pressure gradient and mean mixture velocity. An increase in slope
indicating the onset of turbulent flow.

The transition becomes more distinct and occurs at a higher velocity with increasing fines
content and increasing solids concentration. The transition is also more distinct in the case
of vertical flow than for horizontal flow. In the case of horizontal flow, the tendency for a
bed to form on the pipe invert at low velocities masks the effect.

At higher concentrations (typically greater than 45% by volume) the flow over the full
velocity range is laminar, as seen in Figure 2.14.

The trends described here have also been reported by Sauermann (1982) in work with seven
gold slimes slurries with dso particle sizes ranging from 28 to 200 microns.

The effect of solids concentration

The test results for each material have been summarised in Figures 2.15 to 2.21 which show
pressure gradient as a function of solids concentration, with mean mixture velocity as
parameter.

The data for horizontal flow only is presented. The trends seen in these plots are, however,
also followed by the data for vertical up and vertical down flow.

The general shape of the trend curves drawn through the data points is similar for all
materials, as discussed below.

At a mean mixture velocity of 1.5 m/s:

At a mean mixture velocity of 1.5 m/s, solids concentration appears to have little effect on
pressure gradient at concentrations below 40% by volume. This is seen in Figures 2.16 to
2.19 (Materials 2 to 5 in the 40 mm N.B. pipeline) for which data is shown in this
concentration range. For solids concentrations greater than 40% by volume, the pressure
gradient increases with solids concentration. Therate of increase also increasing with solids
concentration.

At a mean mixture velocity of 3.5 m/s:

At a mean mixture velocity of 3.5 m/s, the pressure gradient initially increases with
increasing solids concentration, reaching a local maximum. This is seen in Figures 2.16 to
2.21 for materials 2 to S in the 40 mm N.B. loop and material 1 and 5A in the 80 mm loop.

The local maximum is not seen in Figure 2.15 for material 1 in the 40 mm N.B. loop as the
data points do not extend to the range where the local maximum is expected to occur:
However, based on the trend shown in Figure 2.15, a local maximum is expected to occur
as the pressure gradient will tend to that for water as the solids concentration tends to zero.
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With a further increase in solids concentration beyond the local maximum, a local
minimum pressure gradient is reached. This is seen in Figures 2.15 to 2.21, for all materials
and in both pipe diameters.

Beyond the local minimum, the pressure gradient continues to increases with increasing
solids concentration. '

The solids concentration at which the local maximum and minimum occur varies for each
material, generally decreasing with increasing fines content.

The occurance of the local maximum, as described above, is attributed to the change from
turbulent to laminar flow, due to increased dampening of turbulence, as the solids
concentration increases. This reduction in turbulence results in a decrease in pressure
gradient with increasing solids concentration in the region between the local maximum
and local minimum,

The increase in pressure gradient with increasing solids concentration beyond the local
minimum, is attributed to the greatly increased solids phase shear stress at the pipe wall as
the solids concentration is increased beyond the point where interparticle contact forces
solids against the pipe wall. This sharp increase in pressure gradient with increased solids
concentration has been referred to by Cooke (1991) and Paterson (1991) as indicating the
onset of high concentration flow. '

At a mean mixture velocity of 2.5 m/s:

At a mean mixture velocity of 2.5 m/s, the trend curves drawn through the data points lie
between those for 1.5 m/s and 3.5 m/s. The shape of these curves is generally similar to that
for 3.5 m/s, however, the difference between the local maximum and the local minimum
is not as pronounced. '

The effect of particle size distribution

The effect of particle size distribution on pressure gradient is shown in Figures 2.22 and
2.23. Here pressure gradient has been plotted as a function of % -10 microns, with solids
concentration as parameter.

In the 40 mm N.B. loop at 1.5 m/s:

In the case of the 40 mm loop at a mean mixture velocity of 1.5 m/s, as shown in Figure
2.22, pressure gradient increases with increasing fines content (% -10 microns). This
increase is gradual up to a value of about 20% -10 microns, at which point it becomes
sharply steeper. Increasing solids concentration results in an overall more rapid increase in
pressure gradient with increasing fines content. It has been noted that flow is laminar for
all points on this plot (Figure 2.22).
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In the 40 mm N.B. loop at 3.5 m/s:

In the case of the 40 mm N.B. loop at a mean mixture velocity of 3.5 m/s, as shown in
Figure 2.23, the trend curve for a solids concentrations of 42% by volume appears to have
an unusual shape. This is as a result of the flow regime being turbulent at 3.5 m/s for this
concentration, whereas at solids concentrations of 46% and 50% by volume the flow regime
is laminar at the same velocity.

For solids concentrations of 46% and 50% by volume, there is again a sharp increase in
pressure gradient at about 20% -10 microns, as seen at 1.5 m/s.

In the 80 mm N.B. loop:

Data from the 80 mm N.B. loop is available for two materials only (Materials 1 and 5A).

It is assumed that the trends identified for the 40 mm loop will also be followed ih the 80
mm loop.
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Mixture Velocity (m/s)

Plot of measured pressure gradient data for
Material 3, Cv = 49.4%

.9



Pressure gradient (kPa/m)

Pressure gradient (kPa/m)

14

13

2

11

10

14

13

12

11

10

230

Material 1 : Horizontal, 40 mm N.B.
— Parameter : Mixture velocity
— 0o 1.5 m/s
— + 25 m/s
~ ¢ 3.5 m/s
-
~
~
T T R T T 1 T | T L I
30 34 38 42 45 50 54 58
Solids volumetric concentration [%]
Figure 2.15 : Pressure g?adient as a function of solids
concentration.
Material 2 : Horizontal, 40 mm N.B.
1 Parameter : Mixture velocity
- 8 1.5 m/s
~ + 25 m/s
~ ¢ 35 m/s
- \/
T T T T T T T L T T T
30 34 38 42 46 50 54 58

Figure 2.16 :

Solids velumetric concentration [%]

concentration.

Pressure gradient as a function of solids




Pressure gradient (kPa/m)

Pressure gradient (kPa/m)

2.31

Material 3 : Horizontal, 40 mm N.B.

13 — Parameter : Mixture velocity

12 - g 1.5m/s
11 + 2.5 m/s
10 ¢ 3.5 m/s - ‘

g -
8
7 -
& —
5

. e

0 T T T T T T T T T T T
30 34 38 42 46 50

Solids volumetric concentration [%]

Figure 2.17 : Pressure gradient as a function of solids
concentration.

Material 4 : Horizontal, 40 mm N.B.

14 .
13 4 Parameter : Mixture velocity

12 O 1.5m/s

11~ + 25 m/s

10 o ¢ 3.5 m/s

| y

o
1

NwW a0
1

0] T T T T T T T T T T T
30 34 38 42 46 50

Solids volumetric concentration [%]

Figure 2.18 : Pressure gradient as a function of solids
concentration.: '

54

58




Pressure gradient (kPa/m)

Pressure gradient (kPa/m)

14

13

12

11

10

Figure 2.19 : Pressure gradient as a function of solids

10

2.32

Material 5 : Horizontal, 40 mm N.B.

—~ Parameter : Mixture velocity
— a 1.5m/s
- + 25 m/s

g ¢ 3.5 m/s

7 T T ) T T T T T ] T
30 34 38 42 46 50

Solids volumetric concentration [%]

concentration.

Material 1 : Horizontal, 80 mm N.B.

54

58

Parameter : Mixture velocity
o 1.5m/s
- + 2.5 m/s

¢ 3.5 m/s

T T T T — 1 7 T T T T
30 34 38 42 46 50

Solids volumetric concentration [%]

Figure 2.2C : Pressure gradient as a function of solids

concentration.

54

58




Fressure gradient (kPa/m)

2.33

Material 5A : Horizontal, 80 mm N.B

10
Parameter

g 1.5m/s
8 - + 2.5 m/s

¢ 3.5m/s

~l
\

: Mixture velocity

30 34

Figure 2.21 : Pressure gradient as a function of solids

T T T T T T T
38 42 46

Solids voiumetric concentration [%]

concentration.

T
50

54

58




Frictlon pressure gradlent [kPa/m]

Frictlon pressure gradlent [kPa/m]

2.34

Horizontal, 40 mm N.B., 1.5 m/s
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ANALYSIS OF ERRORS IN EXPERIMENTAL RESULTS

Introduction

An analysis of the expected maximum error associated with each measured quantity is
presented here.

The error in a quantity, X, being a function of several measured quantities, will be the sum
of the errors contributed by each.

If X is given by:
X=1fn(a,b,c, ... n)

Then the error, AX, in X due to an error, An, in n is given by (Brinkworth (1968)):
(A X)n 86X An

X on - X
5X A
= 51.2?“ (2.11)

The maximum error expected in X is given by:
2 2
AX X' 'n An
[XJ_Z[H.X.H} (2.12)

For purposes of error anatysis, the measured quantities have been divided into two categories.
These being primary measured quantities (quantities that are measured directly) and derived
quantities (quantities derived from a combination of primary measured quantities).

Primary measured quantities

The primary measured quantities are:

Solids relative density, Ss.
Mixture relative density, Sm. ,
Mixture flow rate, Qm.
Pressure differential, dP.

Pipe diameter, D.

Pipe length, L.

Slurry temperature, t.

An evaluation of the maximum expected error associated with each of these measurements
is presented below.
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Solids relative density, Ss.

The maximum error associated with the measured solids relative density is estimated from
the degree of variation in the solids relative density test results, as presented in Table 2.3. The
value of solids relative density tor each material being taken as the average of three
measurements. The maximum error expected is estimated as £ 0.01.

Material Measured values Average
1 2.723 | 2.730 | 2.732 2.73
2 2.728 | 2.738 | 2.749 2.74
3 2.750 | 2,749 | 2,725 2.74
4 2.743 | 2,745 | 2738 2.74
5 2.750 | 2,745 | 2.722 2.74
5A 2.730 | 2.725 | 2736 2.73

Table 2.3 : The results of the solids relative density tests.

Mixture relative density, Sm

The mixture relative density is calculated from equation 2.6:

M m

Sm= (pw assumed to be 1 000 Kg/m3)
. Vimpw

The errors associated with a typical mixture relative density test and the resultant maximum
expected error, calculated using the procedure as set out in equation 2.9, are presented in
Table 2.4 below.

Variable Measured value | Expected value | 9% Error
Mm (Kg) 53.84 +0.1 0.19
Ven (M%) 30E-3 - +0.1 E-3 0.33
Pw (Kg/m®) | 1000 (assumed) | -2 0.20
Sm 1.8 (assqmed) + 0.008 (max) | 0.44

Table 2.4 : Analysis of errors in determination of mixture relative density for a typical slurry.
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Mixture flow rate, Qm

The maximum error expected in the measurement of mixture flow rate is the sum of
transducer errors and calibration errors.

The maximum expected transducer error is taken to be the rated accuracy of 1% of the output.

The maximum expected calibration error is estimated from the calibration curves and
associated residuals as determined by linear regression. The calibration curves are shown in
Figures 2.24 and 2.25. The estimated errors and total error for typical values of mixture flow
rate are shown in Table 2.5 and Table 2.6 below.

Variable Measured value Expected error % Error
Transducer 5.766 +0.132 ' 1.00
ouput (mA) (1% of ouput)

Calibration 12.798 +0.05 0.51
Qm (Kg/s) (estimated from calibration)
Qm Total maximum error: £ 0.059 1.5

Table 2.5 : Analysis of errors in mixture flow rate for a typical flow rate in the 40 mm N.8B. loop.

Variable Measured value Expected error % Error
Transducer 5.766 +0.132 1.00
ouput (mA) (1% of ouput)

Calibration 12.798 +0.05 0.39
Qm (Kg/s) ' (estimated from calibration)
Qm Total maximum error: = 0.233 1.82

Table 2.6 : Analysis of errors in mixture flow rate for a typical flow rate in the 80 mm N.B. loop.

Pipe length, L

The pipe length-between tappings is used in the calculation of the pressure gradients from
the measured pressure differentials. The pipe length is measured using a steel tape. The
maximum error in L is estimated as 0.002 m.
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Pipe diameter, D

The pipe diameters used in this work are those given in the manufacturers specifications. The
expected error in pipe diameter is taken to be the tolerance specified by the manufacturers.
These values are given in Table 2.7 below.

Nominal bore | Iinternal diameter | Tolerance | % Error

40 mm 40.9 mm +0.4mm | 0.98

80 mm 73.7 mm +0.8mm | 1.09

Table 2.7 : Specified pipe internal diameter and tolerance.

Pressure differentials, dP

The maximum error expected ir the differential pressure measurement is the sum of the
transducer error and the calibration error.

The maximum transducer error is 0.1% ot the transducer range (2m water head) i.e. 2 mm
water head.

The maximum calibration error is estimated from the calibration curves and associated
residuals, as shown in Figure 2.26. The maximum calibration error is estimated as 3 mm water

head.
The maximum total error expected is thus S mm water head.

Slurry temperature, t

The maximum transducer error is 1% of the transducer range (100°C) i.e. 1°C.

The maximum calibration error is estimated from the calibration curve, as shown in
Figure 2.27. This value is estimated as 1°C.

The maximum total error expected is thus 2°C.
Derived quantities
The derived quantities are:

Solids volumetric concentration, Cv.
Mean mixture velocity, Vm.
Pressure gradient, dP/dL.

These quantities are derived from combinations of the primary measured quantities. The
maximum error expected for each is thus calculated using the procedure as set out in equation
2.12.
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Solids volumetric concentration, Cy

The solids volumetric concentration is calculated from equation 2.7:

Cv

The errors associated with the calculation of Cy for typical values of Sm and Ss are presented

_ Sm=Sw

"~ Ss—-Sw

(Sw assumed to be 1)

in Table 2.8.
Variable Measured value | Expected value | % Error
Ss 2.74 +0.01 0.37
Sm 1.8 +0.008 0.44
Sw 1.000 +0.002 0.20
Cv 0.460 + 0.0053 (max) | 1.15

Table 2.8 : Analysis of errors in a typical calculation of solids concentration.

Mean mixture velocity, Vin

" The mean mixture velocity is calculated from equation 2.4:

Vim=—7%
' TtD2

The errors associated with the calculation of Vi for typical values of Qmin the two pipe loops

are presented in Tables 2.9 anid 2.10 below.

Variable Measured value | Expected value 1 9% Error
Qm (m3/s) | 3.941E-3 +0.059 E -3 1.50
D (m) 0.0409 +0.0004 0.98
Vm (m/s) 3.000 +0.074 2,47

Table 2.9 : Analysis of errors in a typicai calculation of mean mixture velocity in the 40 mm N.B.

pipe loop.
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Variable Measured value | Expected value | % Error
Qm (m*/s) | 12.798 E-3 +0.233 E-3 1.82
D (m) 0.0737 +0.0008 1.09 .
Vm (M/s) 3.000 +0.065 217

Table 2.10 : Analysis of errors in a typical calculation of mean mixture velocity in the 80 mm N.B.
pipe loop.

Pressure gradient, dP/dL

The hydraulic gradient is calculated from:

. _dn
m = L

The errors associated with the calculation of hydraulic gradient for typical values of dh and
L are presented in Table 2.10 below:

Variable Measured value | Expectedvalue | % Error
dh (m) 0.500 +0.005 1.00
L 1.000 +0.002 0.20
im 0.500 +0.010 (max) 2.00

Table 2.10 : Analysis of errors in a typical calculation of hydraulic gradient.
The pressure gradient is calculated from:
dP/dL = Pw g im

The errors associated with the calculation of dP/dL for a typical value of im are presented in
table 2.11.

Variable Measured value | Expected value | % Error
im 0.500 +0.010 2.00
pw (Kg/m?) | 1000 (assumed) | -2 0.20
dP/dL (Pa/m) | 4 905 * 99 (max) 2.02

Table 2.11 :Analysis of errors in a typical calculation of pressure gradient.
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CHAPTER 3

Literature review



3.1

1. INTRODUCTION
The purpose of this review is:

(i) Todiscuss, in general, modeis existing prior to those developed by Cooke and Paterson,
showing the need for the development of models for high concentration tailings slurries.

(i) To present the models developed by Cooke and Paterson specifically for high concentra-
tion cyclone classified tailings slurries and high concentration full plant tailings slurries

respectively.

The discussion of existing models is presented in section 2 of this chapter. The models of
Paterson and Cooke are presented in sections 3 and 4 respectively.



2.1
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EXISTING MODELS

Models describing the flow of solid-liquid mixtures in pipelines can be broadly classed as
eitherrheological, empirical or mechanistic. These three classes of models are discussed under
separate headings below. In each case Paterson and/or Cooke have shown that these models
are not applicable to high concentration gold tailings slurries.

The models referred to in the following sections are listed below in Table 3.1. The models
investigated by Cooke and Paterson are as indicated.

Model/Author Model type
+  Durand Empirical
+  Newitt et al Empirical
+ Waspetal ' Semi-empirical
+  Wilson Mechanistic
+* lLazarus Mechanistic
+*  Streat dense phase Mechanistic
(sliding bed)
* Streat dense phase Mechanistic
(vertical flow)
*  Wilson et al dense phase Mechanistic
(vertical flow)

Table 3.1: Existing models investigated by Cooke and Paterson.

* — Investigated by Cooke
+ - Investigated by Paterson

Rheological models

A rheological model is a mathematical description of the relationship between applied shear
stress and the resultant rate of shear strain for a particular fluid.

Homogeneous suspensions, which behave as a single phase tluid, can generally be rtheologi-
cally characterised in terms of one of a number of rheological models.

The rheology of tull plant tailings, which torms a practically homogeneous suspension, was
investigated by Neill (1988). Neill found that at “low” concentrations (Cv <30%) full plant
tailings can be characterised using the yield pseudoplastic model. At “high” concentrations
(Cv >30%), however, Neill found that full plant tailings exhibit anomalous behaviour and
was not able to rheologically characterise these slurries.
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Cooke (1991) has shown that cyclone classified tailings form a hetrogeneous suspension at
“low” concentrations and dense phase mixtures at “high” concentrations. Rheological
modelling is thus not applicable to cyclone classified tailings slurries because:

(i) The flow of hetrogéneous suspensions (eg low concentration cycione classified tailings)
is predominantly a turbulent phenomenon (Wasp (1978)).

(if) Theresistance to flow of dense phase mixtures (eg high concentration cyclone classified
tailings) is predominantly in the form of particle-particle and particle-pipe wall mechani-
cal friction (Wilson et al (1979), Streat (1986)).

2.2 Empirical models

The general form of most empirical models is that of the Durand type correlation, as shown
in equation 3.1:

D = me (3.1)
 Where:

& = head loss parameter.
_im—iw
~ Cviw
v = tlow regime parameter.
_ V& Co
="gD
Cp = drag coefficient of representative particle.

K and m are experimentally derived constants specific to a particular slurry.

The mixture head loss, im, is thus related to the head loss for water, iw, by means of K and m,
determined from measured data.

Values of K and m determined for a particular slurry are truly applicable to that slurry only.
When considering using an empirical model, it is thus essential to ensure that the slurry in
question is compatable to the slurry on which the model is based.

Existing well known empirical models have all been developed for low concentration slurries.
These models are thus not expected to be applicable to high concentration slurries. This has
been shown to be the case by Paterson (1991) who evaluated the models as indicated in
Table 3.1, on the previous page.
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2.3 Mechanistic models

Mechanistic models are based on the physical behaviour of the slurry in a pipeline. If this is
correctly modelled then the model should be applicable to any slurry which behaves in the
same manner.

A number of mechanistic models exist. These can be sub-divided into “low” concentration
and “high” concentration models, as defined below, based on the solids concentration range
for which they have been developed.

“High” concentration is generally considered to be a solids concentration such that the
predominant mechanism of particle support is interparticle contact. In contrast, in the case
of “low” concentrations the predominant mechanism of particle support is turbulence.

Low solids concentrations

Mechanistic models developed for low concentration slurries typically treat the slurry as a
hetrogeneous suspension of coarse solids in a vehicle. The vehicle consisting of the fluid
(generally water) and those fine particles which are homogeneously suspended in the fiuid
and contribute to its rheology.

Cooke (1991) and Paterson (1991) have shown that the Lazarus mechanistic model is
applicable to low concentration cyclone classified tailings and full piant tailings sturries.

In the case of cyclone classified tailings, Cooke has shown that the Lazarus model accurately
predicts pressure gradients for solids concentrations less than 40% by volume (Sm about 1.68).
Beyond this point, however, error in the model prediction (under prediction) increases
significantly.

In the case of full plant tailings, Paterson has shown that the Lazarus model closely predicts
pressure gradients for full plant tailings up to solids concentrations of about 38% by volume
(Ss about 1.65). Again, beyond this point the error in the model prediction (under prediction)
increases significantly.

The poor correlation of the Lazarus model at high solids concentrations is typical of all
mechanistic models developed for low concentration slurries. This is attributed to the fact
that interparticle stresses, which have been identified as contributing significantly to the wall
shear stress at high solids concentrations are not considered. These models are thus not
applicable to high concentration slurries.

High solids concentrations

Mechanistic models developed for high concentration slurries, as listed in Table 3.1, are all
“dense phase flow” models. :
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Cooke evaluated the three dense phase models (the Streat dense phase sliding bed model,
the Streat model for dense phase vertical flow and the Wilson, Brown and Streat model for
dense phase vertical flow). All these models are shown to give a poor correlation with
measured data when applied to cyclone classified tailings slurries.

Paterson applied the Streat dense phase sliding bed model to full plant tailings slurries and
found it give a very poor correlation with measured data.

It is thus concluded that these existing models for high concentration slurries are not
applicable to high concentration full plant or cyclone classified tailings slurries. This serves
to highlight the fact that models developed for a particular slurry type (in terms of physical
properties) can not be applied blindly to other slurries.

Conclusions

Both Cooke and Paterson arrived at the conclusion that existing models are not applicable
to high concentration mineral tailings slurries (cyclone classified tailings and tull plant
tailings respectively). A need was thus identified for the development of models applicable
to these slurries.

The models developed by Ccoke and Paterson (for cyclone classified tailings and full plant
tailings respectively) are now reviewed in detail in the following two sections of this chapter.
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3. THE PATERSON MODEL
3.1 Introduction

Paterson has developed a technique which allows for modeling the tflow of “high concentra-
tion, stabilized flow, full plant mineral tailings slurries”. Definitions of these terms are given
below. '

“High concentration”, as applicable to full plant tailings, has been defined by Paterson
(1991) as a solids concentration greater than the “freely settled bed packing concentration”,
Cob rree. This being the concentration of the particle matrix formed when the material is
allowed to settle freely through water. The procedure for determination of Cp rreg has been
described in Chapter 2.

“Stabilized flow” is a flow regime that is said to exist when larger particles in the slurry
are supported by the yield stress of the vehicle. The vehicle consisting of the carrier fluid
(usually water) and those tine particles which contribute to its rheology.

Stabilized flow typically occurs in slurries with a wide particle size range, a high percentage
of fines and at high solids concentrations.

Full plant tailings have been shown to exhibit “anomalous” behaviour at high concentrations
(Neill (1988)). The onset of anomalous behaviour occuring at a solids concentration ap-
proximately equal to Cp rree (Paterson (1991)).

The “anomalous” behaviour referred to above is a pipe diameter dependance on a shear
diagram. In other words, the laminar flow region for varying pipe diameters are not
coincident for such slurries, as would be expected for “normal” fluid behaviour. An example
of anomalous behaviour is shown in Figure 3.1, for full plant tailings at a solids concentration
of 43.3% by volume. Note that the trend curves drawn through the data points for the two
pipe diameters shown, are not coincident in the laminar flow region.

A pseudo shear diagram for low concentration full plant tailings which does not exhibit
anomalous behaviour, is shown for comparison in Figure 3.2. In this case, for a solids
concentration of 29.5% by volume, the behaviour is as expected. Note that the trend curves
drawn through the data points for the two pipe diameters shown are coincidentin the laminar
flow region.

As a result of the anomalous behaviour of full plant tailings at high concentrations, these
slurries can not be rheologically characterised using traditional rheological models (which
do not allow for diameter dependant rheology).

Various mechanisms were identified by Paterson which might explain anomalous behaviour
in these slurries:

(i) The presence of a slip velocity at the pipe wall.
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(ii) The particle size to pipe diameter ratio causing a reduction in in situ concentration.

(ifi) The presence of a particle lean zone at the pipe wall due to migration of solids towards
the pipe centre line.

These mechanisms were all investigated by Paterson. However, none were found to explain
the anomalous behaviour of high concentration full plant tailings slurries.

Paterson has approached the problem of modeling these slurries by first presenting a
mechanism to explainthe anomalous behaviour. Atechnique is then presented for modelling
the flow of high concentration full plant tailings slurries.

Description of the model

Paterson accounts for the anomalous behaviour of high concentration full plant tailings
slurries through evaluating the two wall shear stress components which exist for such slurries.
These components being:

(i) A viscous wall shear stress component (Tv)
(ii) A solids wall shear stress component (Ts)

Paterson presents a novel technique for extracting the viscous wall shear stress component
(Tv) from the pseudo shear diagram (as obtained from tube viscometer or pipeline tests).
Having isolated the viscous wall shear stress component, the rheological parameters for this
component (Ty, K and n) are determined using a yield pseudoplastic approximation.

The solids wall shear stress component (Ts) is attributed to mechanical sliding friction
between the solid phase and the pipe wall, associated with a dispersive stress at high solids
concentrations.

The technique for evaluating the viscous wall shear stress component, tvis described in detail
in section 3.3. The evaluation of the solids wall shear stress component, 1s is described in
section 3.4.

Evaluation of the viscous wall shear stress component (Ty)

The technique for evaluating the viscous wall shear stress component is presented by means
of two examples.

The technique is first applied to low concentration tull plant tailings (Example 1) and then
to high concentration full plant tailings (Example 2).

Example 1 - low concentration full plant tailings

The procedure is set out in a step by step form below:
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1. Apseudo-shear diagram is plotted for pressure gradierit data collected from pipeline tests
or a tube viscometer, as shown in Figure 3.2 (for full plant tailings at a solids concentra-
tion of 29.5% by volume and for pipe diameters of 4.2 mm, 13.4 mm and 28.4 mm).

2. From the pseudo shear diagram (Figure 3.2), the pressure gradient, dP/L, is determined
for values of constant pseudo shear rate for the three pipe diameters in the laminar flow
region, and plotted against 1/D, as shown in Figure 3.3.

3. Lines are drawn through the points of equal pseudo shear rate and the intercept of these
lines on the pressure gradient axis (at 1/D = 0) is noted (Figure 3.3).

4. The zero intercept of these lines in this case indicates that as D tends to infinity, dP/L
tends to zero.

Noting that for viscous flow, the relationship between wall shear stress (To) and pressure
gradient (dP/L) is as shown in equation 3.2:

db_4To (3.2)

L D

For a constant wall shear rate (To), as D tends to infinity so the pressure gradient (dP/L) tends
to zero. Thus, looking at the results of step 4 above, it is concluded that the wall shear stress
is entirely viscous in this case (low concentration), as would be expected where anomalous
behaviour does mot occur. »

Example 2 — high concentration full plant tailings

The procedure as set out in Example 1 above is again followed.

1. The pseudo shear diagram is shown in Figure 3.4, in this case for full plant tailings at a
solids concentration of 43.3% by volume.

2. Pressure gradient has been plotted against 1/D for various values of pseudo shear rate in
Figure 3.5.

3. Lines are drawn through the points of equal pseudo shear rate (Figure 3.5) These lines
now have non-zero intercepts on the pressure gradient axis.’

4. Thus, in this case, as D tends to infinity, the pressure gradient does not tend to zero (as
in example 1 for entirely viscous wall shear stress). The pressure gradient at 1/D =0 for .
a particular pseudo shear rate is taken to be the non-viscous or solid component of the
total wall shear stress.

5. Theintercept pressure gradient (at 1/D = 0) is plotted against pseudo shear rate in Figure
3.6. The line drawn through these points is taken to represent the relationship between
pseudo shear rate and the solid component of the total measured pressure gradient.
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6. The solid component of the measured pressure gradients is now removed from the
original pressure gradient data (using the relationship identified in step 5 above) and
the “corrected” or viscous component pseudo shear diagram is plotted, as shown in
Figure 3.7. Note that the laminar flow region of these curves are now co-incident.

Paterson has shown that the yield pseudoplastic approximation can be used to determine the
rheological parameters (Ty, K and n) for the viscous portion of the wall shear stress, as isolated
in the procedure set out above.

Using an optimization program based on the minimum error solution of equation 3.3 for a
yield pseudoplasticslurry, Paterson has determined Ty, Kand n from a set of pressure gradient
data for a particular full plant tailings.

2
8V __4n_ (T —1y)B+ DA (-t 2uy(-1y Ty’
D g% Y 3n+1 2n+1 n+l1

(3.3)

Best fit equations for Ty, K and n as a function of solids concentration (for the full plant
tailings used by Paterson) are presented in Table 3.2. The particle size distribution and solids
relative density ot the full plant tailings used by Paterson are presented in Table 3.3.

Evaluation of the solids wall shear stress component (Ts)

Paterson postulates that at high concentrations (above the freely settled concentration) a
dispersive stress (Od) exists as a result of the pressure gradient applied to the particle matrix.
This dispersive stress results in a normal force between the pipe wall and those solid particles
in contact with it. The solids wall sheas stress component is related to the dispersive stress by
the coefficient of sliding friction between the solid particles and the pipe wall (ls) as shown
in equation 3.4:

Ts = UsOd (3.4)

The dispersive stress, Oy, is related to the applied pressure gradient as shown in equation 3.5:

dp ,
Od=Kr L (3.5)
where:
dP :
a- total pressure gradient due to the wall shear stress only

Kr = dispersive stress coefficient

In his analysis Paterson uses the coefficient of sliding friction, as measured using a “tilting
tube” apparatus developed by Wilson et al (1972).

Using measured values of LLs and measured pressure gradient data, the dispersive stress
coefficient, Kr, is calculated. Kr is found to be a function of both solids concentration and
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pipe diameter.

3.10

Paterson presents the following relation for Kr, based on data for the particular full plant
tailings material on which this work is based:

Kr=a+bSm

where:

a=0,0091534042 - 1,83476486 D
b=0,007785319S + 1,26903739 D

Paterson then develops a relation for the calculation of Ts in terms of Tv:

Combining equations 3.4 and 3.5:

dP|-
Ts = “s Kr dL
noting that:
dp_4T0
dL™ D
and:
TO = Tv + Ts

Combining equations 3.7, 3.8 and 3.9:

4‘|J,5 Kr (Tv + Ts)

Ts = D
Rearranging gives:
T 4Es Kr Tv
S =
D -4 s Kr

(3.6)

3.7)

(3.8)

(3.9

(3.10)

(3.11)

Thus, having evaluated the viscous wall shear stress component as set out in section 3.3, the

solids wall shear stress component can be determined from equation 3.11.

Turbulent flow of full plant tailings slurries

The technique set out above is applicable to the laminar flow region only.

In the case of turbulent flow, Paterson found that the Torrance (1963) relation for smooth
wall pipes is applicable. The method of Hanks (1974) being used to determine the laminar
to turbulent transition velocity. This was, however, established for turbulent flow at low

concentrations only.
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At high concentrations the flow was observed to be laminar for the full range of flow velocities
covered, the technique developed by Paterson thus being applicable.

Summary of the procedure

Set out below is a summary of the procedure developed by Paterson to model high concentra-
tion full plant tailings slurries. .

Data required

A set of pressure gradient data is required covering a range of solids concentrations, a range
of mixture velocities and at least two pipe diameters.

The viscous wall shear stress component (Tv)

The rheological parameters of the viscous wall shear stress component (Ty, K and n) are
determined for each solids concentration for which data is available, using the procedure as
set out in section 3.3.

Equations are then determined relating Ty, K and n to solids concentration based on these
results.

The viscous wall shear stress component can now be calculated using the yield pseudoplastic
approximation.

The solids wall shear stress component (Ts)

The coefficient of sliding friction, Us is determined using a tilting tube apparatus.

Using the measured value of s and measured pressure gradient data, the dispersive stress
coefficient, Kr is determined as a function of solids concentration and pipe diameter.

The solids wall shear stress component is then calculated using equation 3.11, giving Ts as a
function of Tv.

Conclusions

Paterson has presented a mechanism which accounts for the anomalous behaviour of high
concentration full plant tailings slurries. This mechanism being the existance of both a
viscous and solids friction wall shear stress component.

A novel technique is presented for isolating the two wall shear stress components from
measured pressure gradient versus velocity data.

Rheological parameters can then be determined for the viscous wall shear stress component.
The solids wall shear stress component is then related to the viscous wall shear stress
component.
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It is noted that the rheological parameters (Ty, K and n) as presented in Table 3.2 have been
determined for one particular full plant tailings material. These parameters are thus applicable
only to the particular full plant tailings material on which this work is based. The same being
true for the values presented for the dispersive stress coefficient, Kr. :

It is thus reasonable to expect that a change in the material characteristics of the tailings
(particle size distribution for example) will effect the rheological parameters and the disper-
sive stress coefficient.

However, the mechanism presented for explaining the anomalous behaviour of these slurries
and the technique for analysing the slurries is expected to be applicable to any high
concentration tailings slurry exhibiting anomalous behaviour due to the existance of both a
viscous and mechanical friction wall shear stress component,
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Parameter Best fit equation Range
T, 7298.63 C,/-334234 Cv>21%
K 99.3284 C, 7262278 Cv>21%
n 4.4793-16.9757 Cy + 19.4468 C,° 32.9% < Cv < 54.4%

Table 3.2: Ty, K and n as a function of solids concentration as determined for the full plant
tailings material used by Paterson

Material : Chamber of Mines Full Plant
Ss 12.72t02.74
dso : 21.7 microns

% -10 microns :30.9

Sieve size
[microns] % Passing % Retained
564.0 100.0 0.0
262.0 100.0 0.0
168.0 95.5 4.5
113.0 86.2 9.3
84.0 ' 77.4 8.8
65.0 70.5 6.9
50.0 64.8 5.7
39.0 59.0 5.8
30.0 54.5 4.5
21.0 49.6 4.9
11.0 339 15.7
6.0 ‘ 18.8 15.1
Pan 0.0 18.8

Table 3.3 : Solids density and particle size distribution of full plant talings material used by
' Paterson
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THE COOKE MODEL

Introduction

The Cooke model has been developed specitically to describe the dense phase flow of cyclone
classified tailings slurries. The term dense phase flow is defined below: .

“Dense phase” flow, by definition (Cooke 1991), exists when the dominant mechanism
supporting the particles in the mixture is interparticle contact. This results in a uniform solids
concentration across the pipe cross section.

Description of the model

For two phase (solid-liquid) mixtures, the total shear stress at any point is the sum of two
components, These being;

A solids shear stress component (Ts).
A liquid shear stress component (Tj).

Cooke evaluates these two shear stress components across the pipe cross section, assuming
an applied pressure gradient. These shear stresses are then substituted into the differential
equation describing the velocity distribution in the pipe, yielding a mean mixture velocity.
In this way a curve can be built up of pressure gradient versus mixture velocity.

Evaluation of the shear stress distribution

The shear stress distribution in a pipe conveying a dense phase mixture is found to be linear.
This is the result of the constant solids concentration across the pipe cross section which, by
definition, exists for dense phase flow.

The shear stress at any radius, r, is given by equation 3.12:
dP .
’Cm=%[a—pmgsm (p:l (3.12)
Where:

Pm=P1+C(Ps-P1)
Evaluation of the solid phase shear stress component (Ts)

The solid phase axial shear stress at any point is associated with a normal stress (normal to
the pipe wall), the relationship being given by equation 3.13 below, and see Figure 3.8.

Tskx < Tsk tan O ‘ (3.13)
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Where:
Tskx = Solid phase shear stress.
Tsk = Solid phase normal stress.
k =y or z direction in Figure 3.8
d = internal angle of friction of the solid matrix.,

When the applied shear stress is greater than Tsk tan O then the solid matrix will shear and
Tskx will be equal to Tsk tan d (i.e. the solid phase shear stress equals the “failure” shear stress).

When the applied shear stress is less than Tsk tan O then the solid matrix will not shear and
Tskx will equal the applied shear stress (i.e. the solid phase shear stress equals the applied
shear stress).

In order to evaluate the solid phase shear stress, Tskx, the solid phase normal stress, Tsk, must
first be determined, as described below.

The solid phase normal stress, Tsk, at any point is the sum of two components, these being:
(i) A normal stress due to an applied axial stress.
(ii) A normal stress due to the self weight of the solids.

These two components are evaluated separately below:

Solid phase normal stress due to applied axial stress

Cooke postulates that the entire pressure gradient force is transferred to the particle matrix
as an interparticle stress. There is thus an applied solid phase axial stress due to the pressure
gradient along the pipeline.

In inclined pipelines there is an additionali solid phase axial stress due to the component of
the submerged weight of the solids acting in the direction of the pipe axis.

The net solid phase (interparticle) axial stress is thus the sum of these two components and
is given by equation 3.14:

dTsx _

dp . ,
x " g~ Cm-Sngsin@| - (Sm-S1) g sin Q| (3.14)

The applied solid phase axial stress results in a solid phase normal stress acting in the plane
at right angles to it. The relationship between these stresses is given in equation 3.15 below,
and see Figure 3.9.

Tsk = Kr Tsx (3.15)
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Where:
Kr = coefficient of lateral interparticle stress
k =y or z direction

Kr is a function of particle properties and solids concentration, however, as dense phase
mixturesare assumed tobe homogeneous, Kr is taken as constant across the pipe cross section.
The value of Kr is determined for a specific material by matching the model output to
measured data.

Thus, combining equations 3.14 and 3.15, the normal stress due to the applied axial stress
(pressure gradient and weight component acting along the pipe axis) is given by equation
3.16:

dTsk
dx

=Kr %—(Sm—snpgsin(p (3.16)

Solid phase normal stress due to self weight of solids

The particle matrix is assumed to experience a hydrostatic type solid phase normal stress
distribution due to the submerged weight of the solids, after Wilson (1970). '

Assuming a homogeneous mixture, the solid phase normal stress due to self weight of the
solids is given by equation 3.17:

Tsk=pg(Ss—S1)C[%—y)cos(p ' - (3.17)

Where:

D = pipe diameter.
y= displacement from x axis (pipe centre line).

Total solid phase normal stress

The total solid phase normal stress is the sum of the components due to axial stress and self
weight. Thus, combining equations 3.16 and 3.17:

dp ) D
Ts=Kr d—x—(Sm—Sl) PgsinP|+PgSs-SnC [—z——yjcos P . (3.18)

The solid phase shear stress

The solid phase shear stress at any point in the solids matrix can now be evaluated by
substituting Ts from equation 3.18 into equation 3.13.
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4.5 Evaluation of the liquid phase shear stress component (Ti)

In dense phase flow it is assumed that turbulence will be completely dampened by the solids
matrix. The liquid phase shear stress will thus be entirely viscous.

The mixture viscosity (llm) is determined using the correlation of Landel et al as shown in
equation 3.19:

En_l{l_ C ] | (3.19)

u Cimax
Where:

W = dynamic coefficient of viscosity for water

C = concentration of solids in mixture

Cmax = maximum possible concentration of solids
m = experimental coefficient (-2,5 used)

Cooke defines a transition particle diameter, dt, below which particles combine with the fluid
(usually water) to form the vehicle. The transition particle diameter is defined as that for
which the settling velocity is 1 mm/s.

The settling velocity is calculated assuming the particle to be settling through a mixture of
the fluid and all particles smaller than d:. The value of dt is found by iterative solution of
equation 3.20:

0018 AY mf

de= g S (Ss— Sinf)

(3.20)

The viscosity of the vehicle portion (LLmnv) is determined using the Landel relation for the fine
fraction only (i.e. those particles smaller than d¢), as shown in equation 3.21 below:

l»lmv____ _ Cs m (3.21)
u Cf max ' '

Where:

Ct = concentration of fine fraction
Ct max = maximum possible concentration of fine fraction

The concentration of the fine fraction is calculated using equation 3.22 below, and see figure
3.10.

Pt Cm

Cp = —tom
f=1-PcCm

(3.22)

Having determined [m and my, the velocity gradient of the liquid phase can be directly
related to the liquid phase shear stress.
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Solid ~ liquid shear stress relationship

The shear stress distribution, as given by equation 3.12, is shown in Figure 3.11a.

Note that where the applied shear stress is greater than the solids failure shear stress, the solids
matrix will be sheared (failed) and the solid phase shear stress component will equal the
failure shear stress at that point (in the sheared annulus in Figure 3.11a).

Where the applied shear stress is less than the solids failure shear stress, the solids matrix will
not shear and the solid phase shear stress will equal the applied shear stress (in the un-sheared
core in Figure 3.11a).

Thus, in the un-sheared zone, the shear stress consists of the solid phase shear stress
component only. The liquid phase shear stress component is zero in this region as there is
no shearing of the fluid.

In the sheared zone, the shear stress consists of the solid phase shear stress component, equal
to the local solids failure shear stress, and the liquid phase shear stress component, making
up the differance between the total shear stress and the solids failure shear stress.

Cooke has identified three possible flow regimes based on the relationship between the
applied shear stress distribution and the solids failure stress distribution. The three flow
regimes are:

(i) An un-sheared core and sheared annulus - Figure 3.11a.
(ii) A sliding bed - Figure 3.11b.

(iii) An un-sheared plug - Figure 3.11c.

Boundary conditions at the pipe wall

The conditions at the pipe wall are now evaluated:

Solid phase shear stress at the pipe wall

The solid phase shear stress at the pipe wall, Tos, is attributed to mechanical sliding friction
between solid particles and the pipe wall. Tos is thus related to the local solid phase normal
stress, Ts, by the coefficient of sliding friction between the solid particle matrix and the pipe
wall, as shown in equation 3.23.

Tos = Us Ts
Where:

WUs = coefficient of sliding friction
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Fluid shear stress at the pipe wall

The fluid shear stress at the pipe wall, Toj, is assumed to make up the differance between the
total shear stress at the pipe wall and the calculated solid phase shear stress at the pipe wall,
as shown in equation 3.24, and see Figure 3.12.

Tol = To - Tos (3.249)
Where:

To =

N w]
oo
1S

As shown in Figure 3.12, there is a zone of thickness h at the pipe wall in which the fluid
shear stress is assigned the value Tol

It is assumed that the fluid at the pipe wall is stationary and the fluid at a distance h from
the wall is moving at the velocity of the solids matrix. Thus, Tol is related to the velocity of
the granular matrix at distance h from the pipe wall by the dynamic coefficient of viscosity
of the vehicle, lmv, as shown in equation 3.25:

v mv
= 2
Tol 0 (3.25)

Cooke presents a relationship between h, solids concentration and the dso particle size. The
boundary fluid shear layer thickness, h, can thus be determined. Knowing Lmv and Toi (from
equation 3.24) the velocity of the solids matrix at a distance h from the pipe wall can be
determined (from equation 3.2§), providing boundary conditions for solution of the velocity
distribution in the pipe.

Summary of the solution procedure

The solution procedure is set out bellow in a number of steps.

1. Anapplied pressure gradient is assumed, from which an applied shear stress distribution
is determined.

2. The solid phase failure shear stress is evaluated and superimposed on the applied shear
stress distribution, from which the flow regime is determined (sheared annulus, sliding
bed or un-sheared plug).

3. Theboundary conditions at the pipe wall are determined for the flow regime as identified
in 2 above.

4. Thevelocity distribution is determined across the pipe cross section, using the boundary
conditions from step 3. In the sheared zone, the velocity distribution is determined by
solution of the differential equation describing the velocity distribution in a pipe.
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Cooke has produced a computer program which performs the solution procedure as set out
above. Theinput required by the program being the slurry properties, particle size distribution
and pipeline parameters. The output is in the form of curve of pressure gradient versus mean

mixture velocity.

Conclusions

The mechanistic model developed by Cooke for the dense phase flow of high concentration
cyclone classified tailings slurries has been presented.

The input required by the model are measured solids, slurry and pipeline properties. It is
noted however that the coefficient of lateral interparticle stress, Kr, is determined by fitting
the model output to measured pressure gradient data.
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CHAPTER 4

| Model Evaluation



4.1

INTRODUCTION

The Paterson and Cooke models, which were reviewed in Chapter 3, are now compared with
the experimentally measured data as presented in Chapter 2.

The comparison of the model predictions with the measured data is done on the basis of a
log standard error analysis. The log standard error analysis is discussed in section 2 of this

chapter.

Each model is then discussed in a separate section, the Paterson model in section 3 and the
Cooke model in section 4 of this chapter.

The range, in terms of particle size distribution and solids concentration, over which each
model is in acceptable agreement with the measured data is determined. This is then reported

as the range of applicability of the model.



2. LOG STANDARD ERROR ANALYSIS

The degree of agreement between the model pressure gradient predictions and the measured
pressure gradient data isevaluated on the basis of the log standard error, as defined in equation
4.1:

. 2
- Z [log (Qbservedlz : llog (predicted) ] “.1)

Where:

S =log standard error
n = number of data points

The log standard error is related to the average percentage error, e, as follows:
. % error, e, above = 100 (10° - 1) (4.2)
% error, e, below = 100 (1 - 10'5)

The model predictions, in the form of five points with velocity and pressure gradient
- ordinates, are calculated over the range covered by the measured data. These points are then
joined by straight lines. :

The model prediction at any intermediate point, as required in equation 4.1, is determined
by linear interpolation between the two neighbouring model prediction points.
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EVALUATION OF THE PATERSON MODEL

Calculation of model predictions

Paterson has coded the calculations required to produce pressure gradient predictions, based
on the rheological parameters that he measured for full plant tailings, into a computer
program.

These predictions are thus based on the rheological parameters as presented in Table 3.2, and
values of Kr as given by equation 3.6 in Chapter 3. The work presented here is thus not an
evaluation of the technique developed by Paterson, but is intended to determine the range
of applicability of the actual rheological parameters and Kr values which Paterson reported
for the particular full plant tailings material on which his work is based.

The input required by the computer program are:
(i) Pipe internal diameter, D

(ii) Solids volumetric concentration, Cv

(iif) Solids relative density, Ss

(iv) Coefticient of sliding triction, Ks

(v) Flow orientation (up / down / horizontal)

The program output is a set of pressure gradient predictions, calculated over the velocity range
0 to 4.5 m/s at 0.5 m/s intervals.

A model prediction is calculated for comparison with each set of measured data. In each case
the appropriate pipeline, slurry and solids properties are used as input.

Comparison with measured data

Three plots, each showing a set of measured data and corresponding model prediction, are
presented in Figures 4.1 to 4.3.

Figure 4.1 shows the data and model prediction for Material 5 in the 40 mm N.B. horizontal
pipeline for a low solids concentration of 37.9% by volume. In this case there is good
agreement between the model prediction and the measured data. The calculated log standard
error in this case is 0.1081, which corresponds to an average error of +28.3% and -22.0%. It
is noted that this is not in the solids concentration range of interest in this work but is
presented in order to give an idea of the degree of error associated with such values of log
standard error.

Figures 4.2 and 4.3 show the data and model prediction for Materials 5 and 1, respectively,
in the 40 mm N.B. horizontal pipeline for a solids concentration of 46% by volume which is
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in the high concentration region of interest. In this case, the log standard error for Material
S (Figure 4.2) is 0.2961, and that for Material 1 is 0.6540. These correspond to average errors
of +98% and +350% respectively. In both cases the error is an over prediction.

These plots have been presented in order to give an idea of the degree of error represented
by these values of log standard error.

The values of log standard error calculated for all the measured data sets are presented in
Figures 4.4 and 4.5. The trend, as described below, is seen in both plots (i.e. for both pipe
diameters). Note that each point on these plots is the average of the log standard error for
the three flow orientations (horizontal, vertical up and vertical down).

The log standard error decreases with increasing fines content, being highest for Materials 1, |
2 and 3 and lowest for Materials S (the 40 mm N.B. pipeline, Figure 4.4) and SA (the 80 mm
N.B. pipeline, Figure 4.5). This is to be expected as Material 5 and Material SA are closest in
terms of particle size distribution to the full plant tailings material used by Paterson.

In all cases the log standard error increases with increasing solids concentration. The error at
high concentrations being an over prediction.

Range of applicability

Figures 4.4 and 4.5 show that there is generally very poor correlation between the model and
the measured data for solids concentrations greater than 40% by volume, this being the high
concentration region of interest in this work.

Typical log standard error values for Materials 1 to 4 at a solids volumetric concentration of
48% are 0.7, which corresponds to an over prediction of 400%. In the case of Materials 5 and
SAtypicallog standard error values at a solids volumetric concentration of 48% are 0.4, which
corresponds to an over prediction of 150%.

To investigate the poor correlation between the model prediction and measured data, the
particle size distribution of the full plant tailings material used by Paterson and Materials S
and SA have been plotted together in Figure 4.6 for comparison. From this plot it can be seen
that there is a differance between the particle size distribution of Patersons’ full plant tailings
material and Materials 5 and 5A. This small differance, relativeto the range of possible particle
size distribution for gold tailings slurries, however, results in a significant differance in
pipeline pressure gradient.

Based on this it is concluded that the rheological parameters used in the Paterson model
prediction are applicable only to the full plant tailings material from which they were derived.

The range of applicability of the Paterson model is thus estimated to be a narrow band, in
terms of material % —-10 microns, arround the value of 30.9 % -10 microns. This being the
value measured for the full plant tailings material used by Paterson.



4.5

The width of the band in terms of % -10 microns, has been estimated as 0.7% arround 30.9%.
This is based on the trends seen in Figures 2.22 and 2.23 in Chapter 2. These indicate that -
pipeline pressure gradients become increasingly sensitive to fines content (% -10 microns)
in the full plant tailings region of the particle size distribution spectrum, hence the relatively
narrow band width of 1.4% -10 microns.
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4. EVALUATION OF THE THE COOKE MODEL
4.1 Calculation of model predictions

Cooke has coded the calculations required for the Cooke model into a computer program
which was used for this work. The input parameters required by the computer program are:

(i) pipeline properties:
~* Pipe internal diameter, D
* Flow orientation (up, down, horizontal)
(iiy Slurry properties:
* Mean slurry temperature, t
* Solids concentration, C

(iii) Solids properties:

*

Solids relative density, Ss
# Coefficient of sliding friction, s

Internal angle of triction, )

S

S

Particle shape factor, Sf

*

Particle size distribution

3+

Maximum possible solids concentration, Cmax
Coefficient of lateral interparticle stress, Kr

Themodelis evaluated by comparing the model predictions (pressure gradient versus mixture
velocity curves) with measured pressure gradient data. A model prediction is calculated for
comparison with each data set included in Appendix A, as described below.

Each data set is stored in the form of an ASCII file. The input parameters marked with an
asterisk in the list above areread from the ASCII file by the program. The input data marked
with a hash in the list above are entered by the operator.

The values used for each of the input parameters are determined as described beiow.
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Pipe internal diameter

The internal diameter of the test sections in which the data were measured is taken to be as
specified by the pipe manufacturers.

Flow orientation

This is defined by the angle of the pipeline to the horizontal, upwards flow being positive.
The measured data sets are for either horizontal, vertical up or vertical down flow.

Slurry temperature

This is taken to be the average of the measured temperature data in each data file.

Solids concentration

The values asociated with each measured data set as measured at the end of each test are used.
Solids relative density

The values as determined for each material by means of the test described in Section 2.2.2 of
Chapter 2 are used.

Internal angle of friction

The relationship between internal angle of friction and solids concentration for Material 1,
-as reported in Section 2.2.4 of Chapter 2 was used in all cases. This was done as no data is
available for Materials 2 to S.

Coefficient of sliding friction

Cooke developed and built a “Rotating disk” apparatus for measuring the coefficient of sliding
friction. This apparatus measures the coefficient of sliding friction, as opposed to the
coefficient of static friction, which is obtained from the tiiting tube apparatus as described
in Section 2.2.5 of Chapter 2.

Cooke assumed there to be a relationship between the coefficient of sliding friction and solids
concentration. As the coefficient of sliding friction was measured at one concentration only,
the assumption was made that the relationship is linear and has the same slope as the
relationship between the internal angle of friction and solids concentration.

For the purposes of this evaluation, the coefficient of sliding friction for all materials has been
taken to be the same as that reported by Cooke for “Blyvooruitsig” cyclone classified tailings
at the one concentration at which it was measured. This was done as the Blyvooruitsig
material is closest in terms of particle size distribution to Material 1, this being the only
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material for which the relationship between the internal angle of friction and solids con-
centration is known.

Thus, for all materials in this evaluation, the slope of the relationship between the coefficient
of sliding friction and solids concentration has been taken to be the same as that for the
internal angle of friction measured for Material 1. The vertical intercept at the concentration
at which Cooke measured the coefficient of sliding friction is set by the value reported by
Cooke for Blyvooruitsig cyclone classified tailings.

Particle shape factor
The values determined as described in Section 2.2.6 of Chapter 2 were used.

Particle size distribution

The particle size distribution associated with each data set, measured as described in Section
2.2.1 of Chapter 2 was used. Each ASCII file of measured data includes the particle size
distribution of the sample taken after the test.

Maximum possible solids concentration

An attempt was made to measure the maximum possible solids concentration, however, no
reliable results were obtained. An estimated value of 70% was thus used.

Coefficient of lateral interparticle stress

The coefficient of lateral interparticle stress, Kr, is determined by matching the model output
to the measured data, as described below.

Cooke has shown Kr to be a function of material characteristics and solids concentration.
The relationship between Kr and solids concentration is thus required for each material.

The value of Kr giving the overall best fit for the three flow orientations for a particular solids
concentration and material was determined by trial over a range of values. The best fit Kr
value was taken as that giving the minimum sum of log standard error for the three flow
orientations. An example of a plot of Kr versus log standard error used to determine the “best
fit” Kr value is given in Figure 4.7.

The Kr values thus determined for all six materials are presented in Figures 4.8 to 4.13.

Comparison with measured data

In the case of Material 1, Kr values are available from data for both pipe diameters, giving
sufficient points to determine the relationship between Kr and solids concentration. A trend
curve has thus been drawn through the plot of Kr versus solids concentration, as shown in
Figure 4.8. This curve is then taken to give the relationship between Kr and solids concentra-



4.3

4.13

-

tion for Material 1. The model predictions for Material 1 were then recalculated using Kr
values read tfrom the curve in Figure 4.8.

To graphically show the degree of agreement between the model predictions and measured
data, the data and model prediction have been plotted on the same set of axes in Figures 4.10
(Material 1in the 40 mm pipeline) and 4.11 (Material 1 in the 80 mm pipeline). Each of these
figures shows the results for two solids concentrations (one high and one low concentration).

The log standard error for all the model predictions for Material 1 are plotted against solids
concentration in Figure 4.17. Note that each of these points is the average of the log standard
error for the three flow orrientations.

In the case of Materials 2 to S and SA, insufficient data is available to fit curves to the plots
of Kr versus solids concentration shown in Figure 4.9. Model predictions were thus calculated
using the “best fit” Kr value in each case. For each material, the data and model predictions
are plotted on the same set of axes in Figures 4.12 to 4.16. Each figure shows the results for
a high and a low solids concentration.

The log standard error for all predictions for Materials 2to 5 and SA are plotted against solids
concentration in Figure 4.18. Again, these values are the average of the log standard error
calculated for the three flow orrientations.

The plots showing the measured data and model predictions, Figures 4.10 to 4.16, all show
an improvement in the model fit with increasing solids concentration. This is confirmed by
the plots of log standard error versus solids concentration, Figures 4.17 and 4.18, which show
a decrease in log standard error with increasing solids concentration for all materials.

Range of applicability

The range of applicability of the model is determined from Figure 4.19 which shows the
distribution of measured data in terms of solids concentration and % -10 microns. Each point
on Figure 4.19 represents one set of measured data (horizontal, up and down shown as one
point) with the corresponding solids concentration and % -10 microns ordinates.

This Figure is thus a combination of the results shown in Figures 4.17 and 4.18 with the
material names replaced by the % -10 microns ordinates. The symbols used for the points in
Figure 4.19 indicate the log standard error range in which the model prediction lies for each
data set. Based on these, estimated log standard error contours have been drawn.

In determining the range of appli'cability of the Cooke model, a log standard error of 0.12 is
taken to be the limit of acceptable agreement. This corresponds to an average percentage
error of +32% and -24%.

Although these values may seem high, they are asignificantimprovement on the dense phase
models of Wilson and Streat which are typically out by 100% to 200%.
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Thus, taking the 0.12 log standard error contous to represent the limit of applicability of the
Cooke model, from Figure 4.19, the range of applicability is the region to the right of this

- contour. For practical purposes this is the region to the right of the line between the points
on Figure 4.19 with the following coordinates:

Cv=49%, -10 microns = 3%
and
Cv = 44% ,-10 microns = 28%

There is uncertainty as to the upper bound, in terms of solids concentration, of the range of
applicability of the model. As agreement between the model and measured data is shown to
improve with increasing solids concentration, it is assumed that the range of applicability of
the model extends beyond the range covered by the measured data.

It is, however, reasonable to expect that there is an upper bound beyond which the model
will cease to be applicable. An absolute limit tor this upper bound will be the maximum solids
concentration at which flow is possible. This has been estimated, based on experience and
observation during the experimental work carried out for purposes of this thesis, as being the
line between the points with the following coordinates:

Cv = 57% , -10 microns = 3% i
and

Cv = 50% , -10 microns = 28%
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Figure 4.10 : Measured data and Cooke model prediction
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Figure 4.11 : Measured data and Cocke model prediction
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Figure 4.16 : Measured data and Cooke model prediction
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Figure 4.17 : Log standard error for Cooke model as a
function of solids concentration.
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CHAPTER SUMMARY
The Paterson model

It was shown in Section 3.4 of this chapter, that, in the high solids concentration range, the
Patertson model is applicable only to the full plant tailings material on which it is based.

The range of applicability of the Paterson model is thus as indicated in Figure 4.20, this being
a band of width 1.4% around a value of 30.9% -10 microns.

The Cooke model

It was shown in Section 4.4 of this chapter that the range of applicability of the Cooke model
is bounded by the solid lines in Figure 4.20. The left hand line (lower limit in terms of solids
concentration) is approximately the 0.12 log standard error contour in Figure 4.19. The right
hand line (upper limit in terms of solids concentration) has been estimated based on
experience and observation.

The dashed line in Figure 4.20 indicates the upper limit, in terms of solids concentration, of
the measured data. .
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CHAPTER 5

Conclusions



1.

5.1

EXPERIMENTAL INVESTIGATION

1. Six distinctly different materials (in terms of particle size distribution) have been used

in this work. These materials span the spectrum of possible particle size distribution for
tailings backfill slurries.

. The six materials have been characterised in terms of solid and particle characteristics

relevant to the hydraulic transport by pipeline of such materials.

. Measured pressure gradient data have been collected for solid-water mixtures (slurries)

of these materials over a range of high solids concentrations (typically Cv = 40% to 50%)
and over a mean mixture velocity range of 0 to 4.5 m/s.

The pressure gradient data were measured in a 40 mm N.B. pipeline (five materials) and
in an 80 mm N.B. pipeline (two materials).

. The measured pressure gradient data has been presented in full in Appendix A. The data

has also been presented in the form of plots showing trends in pressure gradient as a
function of solids concentration and particle size distribution.

The following observations are made based on these plots:

The variation of pressure gradient with increasing solids concentration shows a distinct
local maximum followed by alocal minimum. The decrease in pressure gradient between
the local maximum and local minimum is attributed to the onset of laminar flow with
increasing solids concentration in the region of the onset of high concentration flow.

The variation of pressure gradient as a function of fines content (particle size distribu-
tion) shows an insensitivity to fines content over the range 0 to 20% ~10 microns. In
the case of materials with a fines content greater than 20% -10 microns, there is a sharp
increase in pressure gradient with increasing fines content. It is noted that this range,
% -10 microns greater than 20%, is the range in which typical full plant tailings materials
fall.



5.2

2. LITERATURE REVIEW

1. It is shown that models existing before those developed by Paterson and Cooke are not
applicable to high concentration backfill tailings slurries.

2. The Paterson model is reviewed, presenting by way of two examples, the technique
developed by Paterson for rheological characterisation of high concentration full plant
tailings slurries. The rheological parameters thus determined by Paterson for the full
plant tailings material on which his work is based are presented.

3. The Cooke model is reviewed, presenting the solution procedure by which a mean
mixture velocity is calculated based on the material, slurry and pipeline properties and
an assumed pressure gradient.
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3. MODEL EVALUATION

1. The rheological parameters which Paterson determined for full plant tailings are shown
to be applicable only to the full plant tailings material on which the model is based.

The range of applicability of the Paterson model, in terms of material fines content and
solids concentration, is thus reported as:

- 30.2% < =10 microns < 31.6%
and
Cv < 50%

2.  Although the Cooke model was developed for the dense phase flow of cyclone classified
tailings, it has been found to be applicable over the full range of material fines content
covered in this investigation. The range of applicability of the model, in terms of solids
concentration and material fines content (% -10 microns), is bounded by the lines
defined by the following points:

Lower solids concentration limit:

Cv =49%, -10 microns = 3%
and

Cv =44% , ~10 microns = 28%
Upper solids concentration limit:

Cv=57%,-10 microns = 3%
and

Cv = 50% , ~10 microns = 28%
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APPENDIX A

TEST RESULTS




DATA FILE : M140H70

Test Facility UCT 40mm NR
Test DRate 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.71
Sclids Volumetric Concentration (%) 40.75
Sclids Mass Concentration (%) £5.25
Mean Slurry Temperature (°C) 24.7
Pipe Internal Diameter (mm) 40 .90
Fipe Roughness (upm) _ s2.0
Fipeline Slope Horizontal
Mixture Pressure Slurry Farticle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size Analysis *
{m/s) {kFa/m) (o) Size {(um) %4 Passing % Retained
4.276 8.367 24.2 425.0 2.0 8.0
4.274 7.649 24.4 261.46 &65.0 27.0
4.293 8.404 24.5 160.4 27.2 37.8
4.280 8.246 24.5 112.8 16.1 11.1
3.593 6.329 24.8 84.3 8.6 7.5
3.078 4.745 24.8 b4.6 &.8 1.8
3.059 4.927 24.8 50.2 5.7 1.1
3.563 6.410 24.8 39.0 4.5 1.2
3.583 &6.233 24.8 30.3 4.2 .3
3.550 6£.198 24.8 23.7 3.9 .3
3.9571 6.225 24.9 18.5 3.5 O
3.083 5.015 24.9 14.5 3.3 .2
3.078 4.957 24.9 11.4 3.0 .3
3.089 4.996 24.9 ?.1 2.6 -4
3.095 5.018 24.9 7.2 2.1 5
2.523 3.623 24.9 5.8 1.4 .7
2.512 3.744 24.9 Pan - 1 1.5
2.516 3.802 24.9
2.544 " 3.886 24.8 OBSERVED FLOW BEHAVIOUR
2.032 2.588 24.8 Veloccity Observation
1.999 2.546 24.8 {m/s) (D = 46.0 mm)
2.011 C 2.627 2.7 1.16 Stationary bed
1.992 2.586 24 .7 1.58 Sliding bed.
1.474 1.885 24.6 1.99 Asymetric
1.487 2.026 24.6 2.44 Appears homogenecocus
1.460 2.332 24.6 2.82 Appears homogeneous
1.473 1.718 24.6 3.38 Appears homogeneocus
1.511 2.192 24.6

* —425 pm Malvern FParticle Size Analyser
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A.3

DATA FILE :
Test Facility
Test Date

M140D70
UCT 40Omm NE
23/04/91

Material Description Material 1
Material Relative Density 2.73
Sluwrry Relative Density 1.71
Solids Volumeiric Concentration (%) 40.75
Sclids Mass Concentration (%) &5.25
Meanrn Sluriry Temperature (7C) o4 .7
Fipe Internal Diameter {(mm} G40 . F0
Fipe Roughness {(pm) SO, 0
Fipeline Slope Vertical down
Mixture Fressure Slurvy Farticle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size Analysis *
{m/s) (kFa/m) (0 Size (pm) % Fassing % Retained
4.2876& - B.55 24.2 425.0 2.0 8.0
4.274 - 7.913 24 . 4 241.6 &5 .0 27.0
4.293 - B8.317 24.5 160.4 27.2 37.8
4,280 - 8.418 24.5 112.8 16.1 11.1
3.593 -10.559 24 .8 84.3 8.6 7.5
3.078 -11.911 24 .8 &b 4.8 1.8
3.039 -11.544 ¢ .8 0.2 5.7 i.1
3.563 ~10.471 24 .8 3G .0 4.5 1.2
3.583 -10.50%9 &4 .8 30.3 4.2 «d
3.550 -10.649 24.8 23.7 3.9 .3
3.571 ~-10.468 24.9 18.5 3.5 . G
3.083 ~-11.672 24.9 14.5 3.3 .=
3.078 -11.711 24.9 11.4 3.0 .3
3.089 -11.57& 24 .9 g.1 2.5 ol
3.095 -11.732 24 .9 7.8 2.1 .5
2.323 ~-12.895 24.9 5.8 1.4 o7
2.512 -12.869 24.9 Fan - .1 1.3
2.5146 -13.053 24.9
2.544 -13.127 24.8 OBSERVED FLOW EBEHAVIOUR
2.032 —~14,097 24.8 Velocity Observation
1.999 -14.116 24 .8 (m/s) (D = L0 mm)
2.011 -14.137 24 .7
1.992 -14.221 24 .7
1.474 -15.420 24.6
1.487 -15.93% 24.6
1.460 -15.650 24.6
1.473 -15.451 24 .64
1.511 -15.227 24.6

¥ =425 pm Malvern Farticle Size Analyser
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A.S

DATA FILE : M140U70
Test Facility UCT 40mm NE
Test Date 23/704/91
Material Description Material 1
Material Relative Dencsity 2.73 '
Slurry Relative Density 1.71
Sclids Volumetric Concentration (%) 40.75
Solids Mass Concentration (%) 65.25
Mean Slurry Temperature (°0) 24.8
Fipe Internal Diameter {(mm) 40.90
FPipe Roughness (pm) 12.0
Pipeline Slope Vertical up
Mixture Fressure Slurry Particle Size Distributicon
Velocity Gradient Temp . Sieve and Malvern S5ize Analysis *
{m/s) {(kPa/m) (°C) Size (pm) % Passing % Retained
3.593 21.254 24.8 4925.0 92.0 8.0
3.078 19.680 24.8 261.6 65.0 27.0
3.059 20.093 24.8 160.4 27.2 37.8
3.563 21.343 24.8 112.8 16.1 11.1
3.583 21.490 24.8 84.3 8.6 7.5
3.550 21.151 24.8 64 .6 6.8 1.8
3.571 21.265 24.9 20.2 5.7 1.1
3.083 20.07S 24.9 37.0 4.5 1.2
3.078 19.813 24.9 30.3 4.2 -3
3.089 20.103 246.9 23.7 3.9 .3
3.095 19.892 24.9 18.5 3.5 -4
2.523 19.280 24.9 14.5 3.3 .2
2.512 18.542 24.9 11.4 -3.0 -3
2.516 18.4638 24.9 2.1 2.6 -4
2.544 18.564 24.8 7.2 2.1 .S
2.032 17.564 24.8 ‘5.8 1.4 .7
1.999 17.594S 24.8 Pan - .1 1.5
2.011 17.537 24.7
1.992 17.4653 24.7 OBSERVED FLOW BEHAVIOUR
1.474 17.451 24.6 Velocity Observation
1.487 17.586 24.6 {m/s) (D = 46.0 mm)
1.460 17.378 24.6
1.473 17.475 24.6
1.511 17.473 24.6

* —425 pm Malvern Particle Size Analyser
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DATA FILE : M140H71%

Test Facility UCT 40mm NB
Test Date : 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.71
Solids Volumetric Concentratiocn (%) 40.92
Sclids Mass Concentration (%) 65.41
Mean Slurry Temperature (70) 25.2
Fipe Internal Diameter (mm) 40.90
Pipe Roughness (pm) 62.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
4.184 7.959 24.7 425.0 92.5 7.9
4.219 7.849 24.8 261.6 64 .3 28.0
4.226 7 .800 24.9 160.4 28.8 35.7
4.234 7.687 25.1 112.8 16.9 11.9
3.570 6.004 25.3 84.3 9.6 7.3
3.544 5.897 25.4 b64.6 7.0 2.6
3.545 5.912 29.4 S0.2 5.4 1.6
3.229 5.832 25.4 39.0 4.5 -2
3.079 4.846 25.4 30.3 4.1 iy
3.099 4.912 25.4 23.7 3.7 -4
3.099 4.855 25.4 18.5 3.4 .3
3.073 4.884 25.3 14.5 3.2 -2
2.507 3.719 25.3 11.4 2.9 .3
2.340 3.615 25.3 2.1 2.5 .4
2.572 3.487 25.3 7.3 2.1 -4
2.526 3.7532 25.2 5.8 1.4 a7
2.423 3.372 25.2 Fan - .1 1.5
2.032 2.746 25.1
2.046 2.720 25.1 OBSERVED FLOW BEHAVIDUR
2.029 2.640 25.1 Velocity Dbservation
2.005 2.605 25.1 (m/s) (D = 46.0 mm)
1.529 2.620 23.0 1.19 33% Stationary bed
1.477 2.122 25.0 1.61 Sliding bed
1.502 2.476 24.9 2.01 Sliding particles
1.463 1.448 24.9 2.44 Asymetric
2.81 Appears homogeneous
3.34 Appears homogensous

* —425 pm Malvern Particle Size Analyser
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A.9

DATA FILE : M140D71

Test Facility

Test Date

Material Description

Material Relative Density
Slurry Relative Density
Solids Volumetric Concentrati
Solids Mass Concentration (%)
Mean Slurry Temperature (°C)
Pipe Internal Diameter {(mm)

UCT 40mm NB
23/04/91
Material 1
2.73
1.71
40.92
45.41
25.2
40.90

on (%)

FPipe Roughness (pm)

Fipeline Slope

60.0

Vertical down

Mixture Pressure Slurry Farticle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{(m/s) (kFPa/m) (o) Size (um) % Fassing Retained
4.184 — B.b645 24.7 425.0 2.5 7.5
4.219 - B8.341 24:8 261.6 64.5 28.0
4.226 - 8.712 24.9 160.4 8.8 35.7
4.234 - 8.472 25.1 112.8 16.9 11.9
3.570 -10.617 25.3 84.3 ?.6 7.3
3.544 -10.376 25.4 64.6 7.0 2.6
3.545 -10.474 25.4 50.2 5.4 1.6
3.529 —-10.602 25.4 379.0 4.3 .9
3.079 -11.479 25.4 30.3 4.1 -4
3.099 -11.610 25.4 23.7 3.7 -4
3.099 -11.544 25.4 18.5 3.4 .3
3.073 -11.630 25.3 14.5 3.2 .2
2.507 —-12.860 25.3 11.4 2.9 «3
2.540 -12.676 25.3 9.1 2.5 -4
2.572 ~-12.556 25.3 7.3 2.1 -4
2.526 -12.859° 25.2 5.8 1.4 .7
2.423 —~13.209 25.2 Pan -1 1.5
2.032 -14.,031 25.1
2.046 ~-14.206 25.1 OBSERVED FLOW BEHAVIDOUR
2.029 -14.158 25.1 Velocity Observation
2.005 -14.183 25.1 (m/s) (b = .0 mm)
1.529 -15.238 25.0
1.477 —-153.565 25.0
1.502 -15.369 24.9
1.463 -15.133 24.9

* —4283 pm Malvern Particle Size Analyser




e 1 S s o At P
¢

{kPa/m)

Pressure Gradient

Percentage Passing

_ Material 1 M140D71
1 I ] | | I
- 8. .
- 9 -
#
-121 * 4
+f
+
-15. ﬁ# .
-1 ] 1 1 1 1 l
.0 1.0 1.5 2.0 2.5 3.0 3.5 .0 .5
Mixture Velocity (m/s)
, material 1 M140_71
100 T T T T T T 1 T T T TTTTT
90 |- -
80 |- / -
/
70 |~ / .
60 |- -
50 |~ -
/ _
30+ -
20 |- -
10 -
0 L1 RN Lo vl L1t
1 10 100 - 1000 10000

Particle Size

(micrometres)



A1l

DATA FILE : M140U71

Test Facility UCT 40mm NB

Test Date 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.71
Solids VYolumetric Concentraticn (%) 40.92
Solids Mass Concentration (%) b65.41
Mean Slurry Temperature (°C) a25.2
Pipe Internal Diameter (mm) 40 .90
Pipe Roughness (pm) 12.0

Fipeline Slope Vertical up

Mixture Pressure Slurry Particle Size Distribution

Velocity Gradient Temp. Sieve and Malvern S5ize Analysis #
(m/s) {kPa/m) (°cH Size (pm) % Passing % Retained
4.184 22.811 24.7 425.0 92.5 7.5
4.219 22.714 24.8 261.6 64.5 28.0
4.226 22.618 24.9 160.4 28.8 35.7
4.234 22.316 25.1 112.8 16.9 11.9
3.570 21.122 £25.3 84.3 ?.6 7.3
3.544 21.261 25.4 64.6 7.0 2.6
3.545 21.139 25.4 S50.2 S.4 1.6
3.529 21.378 25.4 39.0 4.5 .9
3.079 20.063 25.4 30.3 4.1 o
3.099 20.244 25.4 23.7 3.7 -4
3.099 20.139 25.4 18.5 3.4 .3
3.073 17.684 25.3 14.5 3.2 .2
2.3507 18.937 25.3 11.4 2.9 .3
2.540 19.284 25.3 9.1 2.5 -4
2.572 19.397 25.3 7.3 2.1 -4
2.526 18.969 25.2 5.8 1.4 -7
2.423 18.550 25.2 Pan .1 1.5
2.032 17.679 25.1
2.046b6 17.611 25.1 OBSERVED FLOW BEHAVIOUR
2.029 17.597 25.1 Velocity Observation
2.003 17.626 25.1 (m/s) (D = -0 mm)
1.529 17.626 25.0
1.477 17.601 25.0
1.502 17.655 24.9
1.463 17.742 24.9

* —425 pm Malvern Particle Size Analyser
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A.13

DATA FILE : M140H75

Test Facility UCT 40mm NB
Test Date 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.75
Solids Volumetric Concentration (%) 43.29
Solids Mass Concentration (%) 67.58
Mean Slurry Temperature (°(C) 25.9
Pipe Internal Diameter (mm) 40.90
Fipe Roughness (um) 62.0
FPipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Bradient Temp . Sieve and Malvern Size Analysis #
{m/s) (kPa/m) (eC) Size (am) % Passing % Retained.
4,113 6.651 24.9 425.0 95.1 4.9
4.121 6.557 25.1 261.6 74.0 21.1
4.137 7.133 25.2 160.4 33.8 40.2
4,133 6.787 25.4 112.8 1ie.2 14.6
4.130 6.413 25.5 84.3 10.3 8.9
3.555 5.481 26.1 : 64.6 8.3 2.0
3.553 5.718 26.1 S50.2 £.5 1.8
3.554 5.731 2s6.2 39.0 5.3 i.2
3.555 5.488 26.2 30.3 5.0 -3
3.558 5.681 26.3 23.7 4.6 -4
3.024 4.087 26.3 18.5 4.2 -4
3.016 4.405 26.3 14.5 4.0 .2
3.019 4.409 26.3 11.4 3.7 .3
3.020 4.367 26.3 2.1 3.2 -9
2.513 3.614 26.2 7.2 2.7 -9
2.503 3.816 26.2 5.8 1.7 1.0
2.327 3.497 26.2 Pan - .1 1.8
2.95934 3.482 26.1
2.487 3.713 26.1 OBSERVED FLOW BEHAVIOUR
1.986 2.883 26.0 Velocity Observation
1.985 2.875 26.0 {m/s) (D = 46.0 mm)
2.009 2.773 26.0 1.13 Sliding particles
2.006 2.902 25.9 1.58 Sliding particles
1.457 2.562 25.9 1.99 §Sliding particles
1.445 1.920 25.8 2.39 Appears homogeneocus
1.451 2.245 25.8 2.81 Appears homogeneous
1.449 2.321 25.7 3.27 Appears homogeneous

* =425 pm Malvern Particle Size Analyser
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A.15

DATA FILE : M14QD73

Test Facility UCT 40mm NB
Test Date 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.75
Solids Volumetric Concentration (%) 43.29
Solids Mass Concentration (%) &7.58
Mean Slurry Temperature (°C) cS.
Pipe Internal Diameter {(mm) 40,90
Pipe Roughness (pm) 60.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) {kPa/m) (eCC) Size (um) % Passing % Retained
4.113 - 8.543 24.9 423.90 95.1 4.9
4.121 - 8.278 25.1 261.6 74 .0 21.1
4.137 - 8.101 25.2 160.4 33.8 40.2
4.133 - B.&676 29.4 i12.8 19.2 14.6
4.130 - B.559 25.5 84.3 10.3 8.9
3.555 -11.747 ' 26.1 64.6 8.3 2.0
3.553 -11.942 26.1 50.2 6.5 1.8
3.554 -11.691 26.2 39.0 5.3 1.2
3.355 -12.327 26.2 30.3 3.0 .3
3.358 —-11.808 26.3 23.7 4.6 .4
3.024 -13.2358 26.3 18.5 4.2 -4
3.016 -13.281 26.3 14.5 4.0 .2
3.019 -13.616 26.3 11.4 3.7 .3
3.020 -13.471 26.3 ?.1 3.2 .5
2.513 -14.2146 - 26.2 7.2 2.7 -5
2.505 -14.000 26.2 5.8 - 1.7 1.0
2.527 -14.137 26.2 Pan - .1 1.8
2.334 -14.048 26.1 -
2.487 -14.187 26.1 DOBSERVED FLOW BEHAVIOUR
1.986 -14.724 26.0 Velocity Observation
1.985 -14.761 26.0 {m/s) (D = 46.0 mm)
2.009 -14.777 26.0
2.006 -14.705 25.9
1.457 -15.153 25.9
1.445 -15.128 25.8 ,
1.451 ~-14.999 25.8 ‘
1.449 -15.051 25.7

* —4235 pm Malvern Particle Size Analyser
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A.17

DATA FILE

M140U75

Mixture
Veleocit
{(m/s)
4.113
4.121
4.137
4.153
4.130
3.555
3.553
3.554
3.5955
3.558
3.024
3.016
3.019
3.020
2.513

2.527
2.334
2.487
1.986

2.009
2.006
1.457
1.445
1.4351

2.305 -

1.985

Test Facility UCT 40mm NB
Test Date 23/704/91
" Material Description Material 1

Material Relative Density 2.73

Slurry Relative Density 1.75

Solids Volumetric Concentraticn (%) 43.29

Selids Mass Concentration (%) 4&7.58

Mean Slurry Temperature (°C) 25.9

Pipe Internal Diameter (mm) 40,90

Pipe Roughness (um) 19.0

Pipeline Slope Vertical up
FPressure Slurry Particle Size Distribution ]

Yy Gradient Temp. Sieve and Malvern Size Analysis #
(kFa/m) (°cC) Size (pm) % Passing %4 Retained
21.127 24.% 425.0 ?5.1 4.9
21.361 23.1 261.6 74.0 21.1
20.712 25.2 160.4 33.8 40.2
21.198 25.4 112.8 1.2 14.6
21.237 25.95 84.3 10.3 8.9
20.793 26.1 b4.b6 8.3 2.0
20.353 26.1 50.2 6.9 1.8
20.025 26.2 39.0 5.3 1.2
20.231 26.2 30.3 5.0 .3
20.119 26.3 23.7 4.6 -0
20.070 26.3 18.5 4.2 4
19.673 26.3 14.3 4.0 .2
19.4695 26.3 11.4 3.7 -3
12.830 26.3 2.1 3.2 -3 L
1?.212 26.2 7.2 2.7 -3
12.149 26.2 3.8 1.7 1.0
19.321 26.2 Pan - .1 1.8
12.513 26.1
19.043 26.1 OBSERVED FLOW BEHAVIOUR
18.719 26.0 Velocity Observation
18.860 2&6.0 (m/s) (D = 456.0 mm)
18.643 26.0
18.892 25.9
18.435 25.9
18.590 25.8 I
18.631 25.8 I
18.438 25.7 I

1.44%9

* 425 pm Malvern Particle Size Analyser
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A.19

DATA FILE : M140HB0

Test Facility UCT 40mm NB
Test Date 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.80
Solids Velumetric Concentration (4) 46.24
Solids Mass Concentration (%) 70.13
Mean Slurry Temperature (°0) 26.2
Fipe Internal Diameter {(mm) ) 40.90
Pipe Roughness {pm) 62.0
Fipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kFPa/m) (°C) Size (pm) % Passing % Retained
3.193 6.712 25.46 425.0 2?4 .8 5.2
3.240 6.657 25.8 261.46 73.9 20.9
3.249 6.619 25.8 160.4 30.0 43.9
3.366 7.344 26.0 112.8 17.9 12.1
2.598 S5.024 26.2 84.3 8.7 2.2
2.641 5.166 26.3 b4.6 7.0 1.7
2.4630 5.201 26.3 50.2 6.0 1.0
2.649 5.293 26.3 39.0 4.6 1.4
2.289 4.240 26.4 30.3 4.4 -2
2.266 4,154 26.4 23.7 4.2 .2
2.277 4.250 26.4 18.5 3.8 iy
2.287 4.098 26.3 14.5 3.6 .2
1.746 3.213 26.3 11.4 3.4 .2
1.739 3.260 26.3 2.1 3.0 -4
1.727 3.327 26.3 7.2 2.5 -3
1.728 3.221 . 26.3 5.8 1.6 .9
1.336 2.68B6 26.2 Pan - .0 1.6
1.323 2.670 26.2
1.351 2.711 26.1 OBSERVED FLOW BEHAVIOUR
1.344 2.769 26.1 Velocity Observation
) (m/s) (D = 4&6.0 mm)
1.06 S51liding particles
1.38 S5liding particles
1.80 Appears homogeneocus
2.09 Appears homogeneous
2.57 Appears homogeneous

- W T ¥

* —425 pm Malvern Particle Size Analyser
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Test Facility
Test Date

A.21

DATA FILE

Material Deseription
Material Relative Density
Slurry Relative Density
Solids Volumetric Concentration (%)
Solids Mass Concentration (%)

Mean Slurry Temperature (?C)

Fipe Internal Diameter {(mm)
Pipe Roughness (am)

Fipeline Slope

M140D8BO

UCT 40mm NB
23/04/91
Material 1

2.73

1.80
446.24

70.13

26.2

40.90

60.0
Vertical down

Mixture
Velocit
{(m/s)
3.193
3.240
3.249
3.366
2.598
2.641
2.4630
2.649
2.289
2.266
2.277
2.287
1.746
1.739
1.727
1.728
1.336-
1.323
1.351
1.344

Pressure

Y Gradient
{kFa/m)

-10.751
~-10.565
-10.350
-10.620
-12.637
-12.477
-12.630
~12.404
—-13.420.
-13.164
-13.515
-13.316
—-14.427
-14.330
-14.317
—-14.330
-14.692
-14.719
-14.740
—-14.,.672

Slurry
Temp.
(°C)
25.6
25.8
25.8
26.0
26.2
26.3
26.3
26.3
26.4
26.4
26.4
26.3
256.3
26.3
26.3
26.3
26.2
26.2
26.1
26.1

Particle Size Distribution
Sieve and Malvern Size Analysis #

Size (am)

425.0
261.6
160.4
112.8
84.3
b4.6
50.2
32.0
30.3

% Passing
74.8

~lWWUWwWwsEsPoogm
L I ]
COUNOFOCDNLHFOCON
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* —425 pm Malvern Particle Size Analyser
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Test Facility
Test Date
Material Description

Material Relative Density

A.23

DATA FILE

Slurry Relative Density _
Solids Volumetric Concentration (%) 446.24
Solids Mass Concentration (%) 70.13

Mean Slurry Temperature (°C)
Fipe Internal Diameter {(mm)

Pipe Roughness {(um)

Pipeline Slope

M140U80
UCT 40mm NB
23/04/91
Material 1
2.73
1.80

26.2

40,90

12.0
Vertical up

Mixture
Velacity
{m/s)
3.193
3.240
-3.249
3.366
2.598
2.641
2.5630
2.649
2.289
2.266
2.277
2.287
1.746
1.739
1.727
1.728
1.336
1.323
1.351
1.344

Pressure
Gradient
(kPa/m)
23.416
23.384
23.286
22.771
21.820
21.830
21.812
21.709
20.964
21.962
20.829
21.297
20.179
20.241
20.455
20.275
192.636
19.833
19.823
19.629

Slurry
Temp.
(°C)
25.6
25.8
25.8
26.0
26.2
26.3
26.3
26.3
26.4
26.4
26.4
26.3
26.3
26.3
26.3
26.3
26.2
26.2
26.1
26.1

Farticle Size Distribution
Sieve and Malvern Size Analysis *
Size (pm) % Passing % Retained

425.0 94 .8 5.2
261.6 73.9 20.9
160.4 30.0 43.9
112.8 17.9 i2.1
84.3 8.7 2.2
64.6 7.0 1.7
50.2 6.0 1.0
32.0 4.6 1.4
30.3 4.4 .2
23.7 4.2 .2
18.5 3.8 s
14.5 3.6 .2
11.4 3.4 .2
2.1 3.0 -4
7.2 2.9 -5
‘3.8 1.6 .2
Pan - .0 1.6

OBSERVED FLOW BEHAVIOUR
Velocity " Observation

*¥ =423 pm Malvern Particle Size Analyser
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A.23

DATA FILE : M140H84

Test Facility UCT 40mm NB
Test Date 23/04/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.84
Solids Yolumetric Concentration (%) 4B.55
Scolids Mass Concentration (%) 72.04
Mean Slurry Temperature (°C) 27.5
Pipe Internal Diameter (mm) 40.90
Pipe Roughness (um) 62.0
Pipeline Slecpe Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°C) Size {(pm) % Passing % Retained
2.560 6.598 - 26.6 425.0 95.1 4.9
2.961 7.034 27.0 261.6 74.8 20.3
2.590 7.090 27.1 160.4 31.5 43.3
2.608 7.075 27.4 112.8 i8.9 12.4
2.004 5.400 27.7 84.3 2.8 7.1
1.996 S.464 27.8 b4.6 7.7 2.1
2.001 5.298 27.8 50.2 b.b6 1.1
1.997 5.293 27.8 392.0 5.4 1.2
1.485 4,385 27.8 30.3 3.0 -4
1.443 4.387 . 27.8 23.7 4.7 .3
1.437 : 4.433 27.8 18.5 4.4 -3
1.455 4,360 27.8 14.5 4.2 .2
1.042 3.720 27.7 11.4 3.9 -3
1.006 3.805 27.7 7.1 3.4 .-
.979 3.848 27.7 7.2 2.9 -3
1.001 3.888 27.6 5.8 1.9 1.0
.626 2.980 27.5 Pan ) 1.9
-478 2.742 27.4
672 3.646 27.4 OBSERVED FLOW BEHAVIOUR
-756 3.784 27.3 Velocity Dbservation
- 705 3.325 27.3 {(m/s) (D = 446.0 mm)
.91 Appears homogeneous
=79 Appears homogeneous
1.15 Appears homogenecus
1.58 Appears homogeneous
2.04 Appears homogeneous

* —425 pm Malvern Particle Size Analyser
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.27

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density

Slurry Relative Density

Solids Volumetric Concentration (%)
(%)

Solids Mass Concentration
Mean Slurry Temperature (°C)
Pipe Internal Diameter (mm),
Pipe Roughness (pm)

Pipeline Slope

M140D84 X
UCT 40mm NB
23/04/91
Material 1
2.73
1.84
48.55
72.04
27.5
40.90
&6£0.0
Vertical down

Mixture
Velocit
{m/s)
2.360
2.961
2.590
2.608
2.004
1.996
2.001
1.997
1.485
1.443
1.437
1.455
1.042
1.006
279
1.001
. 626
-478
672
- 796
- 705

Particle Size Distribution
Sieve and Malvern S5ize Analysis *
Size (pm) % Passing % Retained

425.0 95.1 4.9
261.6
160.4
112.8
84.3
4.6
S0.2
39.0
30.3
23.7
18.5
14.5
11.4
2.1
7.2
5.8
Fan

« % 8§ B @B B B ¥ = @
YUV PONENCPHPDIND
s # s & 3 = 0

=D WWHrLPLPUUrID
L I ]
a

YOoOUMUMWwNWWENDF -

[ ]
-
[ ]

Pressure Slurry
Y Gradient Temp.
(kPa/m) (°C)
-10.618 26.6
-10.675 27.0
-10.717 27.1
-10.651 27.4
~-12.220 27.7
-12.263 27.8
—-12.385 27.8
~-12.076 27.8
~-13.577 27.8
-13.605 27.8
~13.480 27.8
-13.653 27.8
-14.350 27.7
-14.289 27.7
~-14.356 27.7
~-14.198 27.6
-15.429 27.39
-15.070 27.4
~-13.779 27.4
—-13.835 27.3
-13.831 27.3

OBSERVED FLOW BEHAVIQOUR
Velocity Observation
{m/s) (D 46.0 mm)

-
=

#* =425 pm Malvern Particle Size Analyser
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A.29

DATA FILE : M140U84

Test Facility UCT 40mm NB
Test Date 23/704/91
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.84
Selids Volumetric Concentration (%) 48.55
Solids Mass Concentration (%) 72.04
Mean Slurry Temperature (°C) 27.5
Pipe Internal Diameter (mm) 40.70
Pipe Roughness (pm) 12.0
Fipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis %
{(m/s) (kPa/m) (eg) Size {(pm) % Passing % Retained
2.560 24.512 26.6 423.0 25.1 4.9
2.561 24.718 27.0 261.6 74.8 20.3
2.390 25.379 27.1 160.4 31.5 43.3
2.608 24.133 27.4 112.8 18.9 12.6
2.004 23.302 27.7 84.3 7.8 9.1
1.996 23.439 27.8 64.6 7.7 2.1
2.001 23.336 27.8 50.2 6.6 1.1
1.997 23.627 27.8 " 39.0 5.4 1.2
1.485 22.069 27.8 ' 30.3 5.0 -4
1.443 22.279 27.8 23.7 4.7 -3
1.437 22.374 27.8 18.5 4.4 .3
1.435 22.101 27.8 14.5 4.2 .2
1.042 21.376 27.7 11.4 3.9 .3
1.006 21.310 27.7 9.1 3.4 .3
.979 21.725 27.7 7.2 2.9 -
1.001 21.435 27.6 5.8 1.9 1.0
. 626 20.696 27.5 Pan .0 1.9
-478 20.885 27.4
672 21.8735 27.4 OBSERVED FLOW BEHAVIOUR
. 756 20.872 27.3 Velocity Observation
. 705 20.989 27.3 {m/s) (D = 46.0 mm)

* —425 pm Malvern Particle Size Analyser
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A.31

DATA FILE : M240H70

Test Facility UCT 40 mm NB
Test Date 292/05/91
Material Description Material 2
Material Relative Density 2.74
Slurry Relative Density ' 1.70
Solids Volumetric Concentratiocn (4) 40.23
Solids Mass Concentration (%) &4 .84
Mean Slurry Temperature {(°C) 24.4%
Pipe Internal Diameter {(mm) 40.90
Pipe Rocughness {um) 62.0
Pipeline Slope Horizontal
Mixture FPressure Slurry Particle Size Distribution
Yelocity Gradient Temp. Sieve and Malvern Size Analysis #*
{m/s) (kPa/m) (o) Size (pm) % Passing % Retained
3.644 6.613 24.7 425.0 98.2 1.8
3.646 7.046 24.7 : 261.6 83.8 14.4
3.652 6.987 24.8 160.4 51.3 32.5
3.651 6.845 24.9 112.8 35.1 16.2
3.053 5.374 24.9 84.3 26.2 8.9
3.052 5.332 24.9 b64.6 22.0 4.2
3.054 5.059 24.9 S0.2 17.9 4.1
3.052 5.332 24.8 32.0 15.7 2.2
2.485 3.870 24.7 30.3 14.6 i.1
2.495 3.920 24.7 23.7 - 13.1 1.5
2.502 3.940 24.6 18.5 11.7 1.4
2.496 3.855 24.6 14.5 10.9 .8
2.007 2.934 24.4 11.4 9.9 1.0
2.002 2.552 24.4 9.1 8.5 1.4
2.010 2.947 24.3 7.2 7.0 1.5
2.006 2.370 24.3 5.8 4.5 2.5
1.367 1.762 24.1 Pan - .0 4.5
1.547 2.039 24.1 -
1.565 2.719 24.1 OBSERVED FLOW BEHAVIOUR
1.571 2.643 24.0 Velocity Observation
-.B69 ' 2.065 24.0 {m/s) (D = 46.0 mm)
.853 3.205 23.9 .79 33% Stationary bed
1.022 . 2.399 23.9 1.23 §Sliding particles
1.048 1.842 23.9 1.58 8liding particles
1.055 1.904 23.8 1.98 Asymetric
1.057 3.291 23.8 2.41 Appears homogenecus
2.89 Appears homogenecus

* —425 pm Malvern Particle Size Analyser
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A.33

DATA FILE :
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density

Solids Volumetric Concentration (%)

Solids Mass Concentration (%)
Mean Slurry Temperature (°0)
Pipe Internal Diameter (mm}
Pipe Roughness (pm)

Pipeline Slope

M240D70

UCT 40 mm NB
22/05/21
Material 2
2.74
1.70
40.23
&4 .84
24.4
40.90
&£0.0
Vertical down

Mixture
Velocit

(m/s)
3.644
3.646
3.652
3.651
3.053
3.052
3.054
3.052
2.485
2.495
2.502
2.496
2.007
2.002
2.010
2.006
1.567
1.547
1.565
1.571

.862

.853
1.022
1.048
1.055
1.057

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis *

(kPa/m) (°C) Size {(pm) % Passing % Retained
- 2.284 24.7 425.0 8.2 1.8
- 9.493 24.7 261.6 83.8 14.4
- 9.620 24.8 160.4 51.3 32.5
- 2.421 24.9 112.8 35.1 16.2
-11.236 24.9 84.3 26.2 8.9
—~11.663 24.9 64.6 22.0 4.2
-11.427 24.9 50.2 17.9 4.1
-11.38%9 24.8 392.0 15.7 2.2
-12.551 24.7 30.3 14.6 1.1
-12.716 24.7 23.7 13.1 1.5
-12.610 24.6 18.5 11.7 1.4
—12.569 24.6 14.5 10.9 .8
—-13.645 24.4 1i1.4 9.2 1.0
-13.958 24.4 2.1 8.5 1.4
~13.968 24.3 7.2 7.0 1.5
-14.054 24.3 5.8 4.3 2.5
-15.491 24.1 Pan - .0 4.5
-15.065 24.1

-14.807 24.1 OBSERVED FLOW BEHAVIOUR
-14.533 24.0 Velocity Observation
-15.704 24.0 (m/s) (D = 46.0 mm)
—15.686 23.9
-15.754 23.9

—-15.905 23.9

-15.693 23.8

-15.337 23.8

* —425 pm Malvern Particle Size Analyser
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A.35

: DATA FILE :
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density
Solids Veoelumetric Concentrati
Solids Mass Concentration (%)
Mean Slurry Temperature (°C)
Pipe Internal Diameter (mm)
Pipe Roughness (pm)
Pipeline Slope

M240U70

UCT 40 mm NB
29/05/21
Material 2

2.74

1.70
40.23

&4 .84

24.4

40,90

12.0
Vertical up

en {4)

Mixture
Velocit

{m/s)
3.5644
3.5646
3.6592
3.6951
3.053
3.052
3.054
3.052
2.485
2.493
2.502
2.4946
2.007
2.002
2.010
2.006
1.567
1.547
1.565
1.571

.B&9

-853
1.022
1.048
1.055
1.057

T
TERE @ 5T

Pressure Slurry Farticle Size Pistribution
y Gradient Temp .- Sieve and Malvern Size Analysis *
{kPa/m) {(°C) Size {(pm) % Passing % Retained
22.526 24.7 425.0 98.2 1.8
22.249 24.7 261.6 83.8 14.4
22.411 24.8 160.4 51.3 32.5
22.599 24.9 it12.8 35.1 16.2
21.073 24.9 84.3 a2s6.2 B.9
20.342 24.9 b4.5 22.0 4.2
21.163 24.9 50.2 17.9 4.1
21.112 24.8 3%.0 15.7 2.2
19.929 24.7 30.3 14.6 1.1
19.749 24.7 23.7 13.1 1.5
19.9346 24.6 18.5 11.7 1.4
19.863 24.6 14.5 10.9 .8
18.757 24.4 11.4 2.9 1.0
18.764 24.4 Z.1 8.5 1.4
18.806 24.3 7.2 7.0 1.5
18.748 24.3 5.8 4.5 2.5
17.620 24.1 Fan - .0 4.3
17.626 24.1
17.581 24.1 OBSERVED FLOW BEHAVIOUR
17.611 24.0 Velocity Dhservation
17.395 24.0 {(m/s) (D = 446.0 mm)
17.330 23.9
17.473 23.9
17.397 23.9
17.425 23.8
17.426 23.8

* —425 pm Malvern Particle Size Analyser
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A.37

DATA FILE : M240H78

Test Facility UCT 40 mm NB
Test Date 29/05/91
Material Description MATERIAL 2
Material Relative Density 2.74
Slurry Relative Density 1.78
Solids Volumetric Concentraticn (%) 44.83
Solids Mass Concentration (%) &9.00
Mean Slurry Temperature (°C) 23.1
Pipe Internal Diameter (mm) 40,90
Pipe Roughness {(pm) &2.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (°C) Size (pm) % Passing Y% Retained
4.054 8.264 23.1 425.0 98.5 1.5
4.064 9.268 23.3 261.6 85.0 _ 13.5
4.063 8.974 23.4 ‘ 160.4 51.2 33.8
4.067 8.877 23.5 112.8 34.4 16.8
3.540 7.1435 23.7 84.3 25.9 8.5
3.553 7.092 23.7 b4.6 21.0 4.9
3.544 7.172 23.7 S0.2 17.1 3.9
3.549 7.533 23.7 39.0 15.1 2.0
3.021 4.912 23.46 30.3 13.9 1.2
3.032 5.570 23.5 23.7 12.4 1.5
3.028 S5.455 23.5 18.5 11.1 1.3
3.029 5.438 23.5 14.5 10.4 .7
3.022 5.526 23.4 11.4 7.4 1.0
2.520 3.296 23.2 2.1 8.0 1.4
2.496 3.194 23.2 7.2 b.b 1.4
2.421 3.177 23.2 5.8 4.2 2.4
2.513 3.305 23.1 Fan - .1 4.3
1.972 2.440 23.0 _ '
1.960 2.451 23.0 OBSERVED FLOW BEHAVIOUR
1.994 2.338 22.9 Velocity Observation
2.043 2.653 22.9 (m/s) (D = 46.0 mm)
1.577 2.303 22.7 .69 Sliding bed
1.5635 2.712 22.7 1.24 Sliding bed
1.584 2.585 22.6 1.57 Asymetric
1.607 2.293 22.6 1.98 Asymetric
.879 1.839 22.5 2.40 Appears homogenecus
.B&Y 2.0465 22.35 2.81 Appears homogeneous
.874 1.989 22.4 3.21 Appears homogeneous
.863 1.925 22.4
.859 2.168 22.4

* —425 pm Malvern Particle Size Analyser
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A.39

DATA FILE : M240D78

Test Facility UCT 40 mm NB
Test Date 29/05/91
Material Description MATERIAL 2
Material Relative Density 2.74
Slurry Relative Density 1.78
Solids Volumetric Concentration (%) 44.83
Solids Mass Concentration (%) 62.00
Mean Slurry Temperature (°C) 23.1
Pipe Internal Diameter (mm) 40.90
Pipe Roughness (pm) 60.0
Pipeline Slope Vertical down
Misxture Pressure Slurry Particle Size Distribution
Velocity " Bradient Temp. Sieve and Malvern Size Analysis *
(m/s) {(kPa/m) (°C) Size (pm) % Passing % Retained
4,054 - B8.164 23.1 425.0 8.5 1.5
4.064 - 7.650 23.3 261.6 85.0 13.5
4.063 - 7.773 23.4 160.4 S1.2 33.8
4,067 - 7.620 23.5 112.8 34.4 16.8
3.540 - 2.254 23.7 84.3 25.9 B.S5
3.553 - 9.013 23.7 64.6 21.0 4.9
3.544 - 9.196 23.7 50.2 17.1 3.9
3.547 - 92.130 23.7 372.0 15.1 2.0
3.021 —11.835 23.6 30.3 13.9 1.2
3.032 —-12.13S 23.5 23.7 12.4 1.5
3.028 -12.485 23.5 18.5 11.1 1.3
3.029 —-12.255 23.3 14.5 10.4 -7
3.022 -11.569 23.4 11.4 9.4 1.0
2.520 -14_.392 23.2 2.1 8.0 1.4
2.496 —-14.374 23.2 7.2 6.6 1.4
2.491 -14.150 23.2 5.8 4.2 2.4
2.513 —-14.,.526 23.1 Pan - .1 4.3
1.972 -14.372 23.0
1.960 -14.230 23.0 OBSERVED FLOW BEHAVIOUR
1.994 ~-14.616 22.9 Velocity Observation
2.043 -14.614 22.7 {m/s) (D = 46.0 mm)
1.577 -14.826 22.7
1.545 -15.150 a22.7
©1.584 -15.027 22.6
1.607 -15.103 ’ 22.6
.879 —-15.680 22.5
.B&9 -15.898 22.5
.B74 -15.774 22.4
.863 -15.744 ee.4
. 859 -15.382 22.4

* —425 pm Malvern Particle Size Analyser
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A.41

DATA FILE : M240U78

Test Facility UCT 40 mm NB

Test Date 29/05/91
Material Description MATERIAL 2
Material Relative Density 2.74
Slurry Relative Density 1.78
Solids Volumetric Concentration (%) 44.83
Solids Mass Concentration (%) &£9.00
Mean Slurry Temperature (°C) 23.1
Fipe Internal Diameter (mm) 40.90
FPipe Roughness (um) 19.0
Pipeline Slope Vertical up
Mixture Pressure Slurry Particle S5ize Distribution
Velocity Gradient Temp. Sieve and Malvern S5ize Analysis #*
{m/s) (kPa/m) (o) Size (pm) % Passing % Retained
4.054 25.439 23.1 425.0 98.5 1.5
4.064 25.097 23.3 261.6 85.0 13.5
4.063 25.437 23.4 160.4 S1.2 33.8
4.067 24 .888 23.5 112.8 34.4 16.8
3.540 23.731 23.7 84.3 25.9 8.5
3.553 23.723 23.7 64.6 21.0 4.9
3.544 23.749 23.7 S0.2 17.1 - 3.9
3.549 23.571 23.7 39.0 15.1 2.0
3.021 21.884 23.6 30.3 13.9 1.2
3.032 21.860 23.5 23.7 12.4 1.5
3.028 21.844 23.5 18.5 . 11.1 1.3
3.029 21.893 23.5 14.5 10.4 .7
3.022 21.710 23.4 11.4 9.4 1.0
2.520 19.479 23.2 2.1 8.0 1.4
2.496 19.565 23.2 7.2 6.6 1.4
2.491 19.476 23.2 5.8 4.2 2.4
2.513 19.344 23.1 Pan - 1 4.3
1.972 19.041 23.0
1.960 19.037 23.0 OBSERVED FLOW BEHAVIOUR
1.994 19.044 22.9 Velocity Observation
2.043 12.062 22.9 {m/s) (D = 46.0 mm)
1.577 18.82%9 22.7
1.565 18.735 22.7
1.584 18.744 22.6
1.607 18.750 22.6
.879 18.426 22.5
. 869 18.371 22.5
.B74 18.415 22.4
.863 18.427 22.4
.859 18.308 22.4

* —423 pm Malvern Particle Size Analyser
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A.43

DATA FILE : M240H83

Test Facility UCT 40 mm NB
Test Date 29705721
Material Description MATERIAL 2
Material Relative Density 2.74
Slurry Relative Density 1.83
Solids Volumetric Eoncentration (%) 47.70
Sclids Mass Concentration (4) 71.42
Mean Slurry Temperature (°LC) 23.56
Pipe Internal Diameter {(mm} 40.90
FPipe Roughness (pm) 2.0
Fipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) {(kPa/m) (°C) Size {(pm) % Passing % Retained
4.008 8.406 23.2 425.0 ?8.5 1.5
4.087 7.902 23.3 261.6 84.2 14.3
4.081 8.022 23.4 160.4 48.9 35.3
4.078 8.344 23.4 112.8 34.4 14.5
4.076 8.076 23.5 84.3 24.8 ?.6
3.556 6.990 23.6 64.6 20.9 3.9
3.529 7.141 23.6 S0.2 17.5 3.4
3.496 6.599 23.7 . 39.0 15.1 2.4
3.504 6.82S 23.7 30.3 13.9 1.2
3.014 6.173 23.8 23.7 12.6 1.3
3.016 5.809 23.8 18.5 11.3 1.3
3.002 6.199 23.8 14.5 10.5 .8
2.999 6.107 23.8 11.4 .6 .9
2.483 5.198 23.8 ?.1 8.3 1.3
- 2.452 5.308 23.8 7.2 6.9 1.4
2.438 S5.167 23.8 5.8 4.4 2.5
2.470 5.08% 23.8 Pan - .1 4.5
2.035 4.034 23.8
1.992 4.032 23.7 OBSERVED FLOW BEHAVIOUR
1.973 3.999 23.7 Velocity Observation
1.954 3.893 23.7 {m/s) (D = 46.0 mm)
1.447 3.436 23.46 .33 Asymetric
1.460 3.491 23.6 .79 Asymetric )
1.456 3.360 23.46 1.15 Asymetric
1.442 3.497 23.5 1.57 Asymetric
267 2.736 23.5 1.94 Asymetric
.993 2.741 23.4 2.37 Appears homogeneous
1.012 2.841 23.4 2.77 Appears homogeneous '
1.004 2.915 23.4 3.22 Appears homogeneous
. 438 1.943 23.3
.389 1.953 23.3
403 2.045 23.3
. 422 2.030 23.2

* —425 pm Malvern Particle Size Analyser
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A.43

DATA FILE : M240D83

Test Facility UCT 40 mm NB

Test Date 29/05/91
Material Description MATERIAL 2 -
Material Relative Density 2.74

Slurry Relative Density 1.83

Selids Volumetric Concentration (%) 47.70
Solids Mass Concentration (%) 71 .42
Mean Slurry Temperature (°C) 23.6
Pipe Internal Diameter (mm) 40 .90
Pipe Roughness (um) &60.0

Pipeline Slope

Vertical down

Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis %
{m/s) (kPa/m) (°c) Size {(pum) % Passing % Retained
4,008 -10.308 23.2 425.0 98.5 1.5
4.087 -11.070 23.3 261.6 84.2 14.3
4.081 -10.834 23.4 160.4 48.9 35.3
4.078 -10.943 23.4 112.8 34.4 14.5
4.076 -10.706 23.5 B4.3 24.8 9.6
3.556 -11.377 23.6 b4.6 20.9 3.9
3.329 —11.499 23.4 50.2 17.5 3.4
3.4986 -11.456 23.7 39.0 1i5.1 2.4
3.504 -11.621 23.7 30.3 13.9 1.2
3.014 -12.472 23.8 23.7 12.6 1.3
3.016 -12.299 23.8 18.5 11.3 1.3
3.002 —-12.245 23.8 14.5 10.5 .8
2.999 -12.283 23.8 11.4 2.6 .9
2.483 -13.123 23.8 2.1 8.3 1.3
2.452 -13.093 23.8 7.2 6.9 1.4
2.438 -13.141 23.8 5.8 4.4 2.5
2.470 -13.146 23.8 Pan - .1 4.5
2.035 -13.699 23.8
1.992 -13.814 23.7 OBSERVED FLOW BEHAVIOUR
1.973 -13.799 23.7 Velocity Observation
1.954 -13.828 23.7 {m/s) (D = 45.0 mm)
1.447 -13.827 23.6
1.460 -14.188 23.6
1.456 -14.001 23.6
1.442 -13.848 23.5
267 -15.327 23.5
. 993 -14.678 23.4
1.012 -14.389 23.4
1.004 -15.046 23.4
.438 -16.004 23.3
.389 -15.980 23.3
-403 -15.798 23.3
.422 -15.8646 23.2

* =425 um Malvern Particle Size Analyser
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A.47

DATA FILE :
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density

‘Solids Volumetric Concentration (%)
Solids Mass Concentration (%)

Mean Slurry Temperature (°20)
Pipe Internal Diameter (mm)
Pipe Roughness {(um)

Pipeline Slope

M240U83
UCT 40 mm NB
29/05/21
MATERIAL 2
2.74
1.83
47.70
71.42
23.4
40.90
12.0
Vertical up

Particle Size Distribution
Sieve and Malvern Size Analysis #*

Size (pm) % Passing % Retained
425.0 8.5 1.5
261.6 B4.2 14.3
160.4 48.9 35.3
112.8 34.4 14.5

84.3 24.8 9.6
b4.6 20.9 3.9
90.2 17.5 3.4
39.0 15.1 2.4
30.3 13.2 1.2
23.7 12.6 1.3
18.5 11.3 1.3
14.5 10.5 .8
i1.4 .6 -9
9.1 8.3 1.3
7.2 6.9 1.4
5.8 4.4 2.5
Pan - a1 4.5

OBSERVED FLOW BEHAVIOUR
Velocity Observation
{m/s) (D 46.0 mm)

Mixture Pressure Slurry
Velocity Gradient Temp.
{m/s) {kPa/m) ()
4.008 24.120 23.2
4.087 23.942 23.3
4.081 23.346 23.4
4.078 23.709 23.4
4.076 23.811 23.5
3.5356 23.6463 23.6
3.529 22.93% 23.6
3.496 23.477 23.7
3.504 23.035 23.7
3.014 22.659 23.8
3.016 22.460 23.8
3.002 22.514 23.8
2.999 22.528 23.8
2.483 21.823 23.8
2.452 21.937 23.8
2.438 21.861 23.8
2.470 21.736 23.8
2.035 21.470 23.8
1.992 21.284 23.7
1.973 21.280 23.7
1.954 21.278 23.7
1.447 20.711 23.6
1.460 20.740 23.6
1.456 20.627 23.6
1.442 20.626 23.5
- 9267 20.277 23.5
- 293 20.213 23.4
1.012 20.291 23.4
1.004 20.259 23.4
-438 19.818 23.3
.389 19.904 23.3
. 403 19.931 23.3
<422 19.926 23.2

* —425 pm Malvern Particle Size Analyser
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A.49

- DATA FILE : M24
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density

OoHB88
UCT 40 mm NB
29/05/91
MATERIAL 2
2.74
1.88

Solids Volumetric Concentration (%) S0.57

Sclids Mass Concentration (%)
Mean Slurry Temperature (°C)
Fipe Internal Diameter {(mm)
Pipe Roughness {(am)

Fipeline Slope

73.71
28.3
Q.90
62.0
Horizoental

Mixture Pressure Slurry Particle Size Distribution
Velocity Bradient Temp. Sieve and Malvern Size Analysis #
(m/s) {(kPa/m) (°C) Size (pm) % Passing % Retained
3.803 13.371 26.7 425.0 8.8 1.2
3.771 13.502 27.1 261.6 80.9 17.9
3.755 13.599 27.7 160.4 46.5 34.4
3.743 13.535 27.9 112.8 33.0 13.5
3.707 12.883 28.1 B4.3 23.7 2.3
3.075 ?.872 28.4 b4.6 19.9 3.8
3.079 ?.978 28.5 S0.2 16.9 3.0
3.116 10.134 28.6 32.0 14.7 2.2
3.140 10.419 28.6 30.3 13.6 1.1
2.495 7.475 28.7 23.7 12.4 1.2
2.494 7.766 £28.8 18.5 11.2 1.2
2.499 7.733 28.8 14.5 10.4 -8
2.577 7.552 28.8 11.4 ?.5 -2
1.971 7.067 28.8 9.1 8.1 1.4
1.952 6.904 28.8 7.2 6.7 1.4
1.963 6.987 : 28.8 .8 4.3 2.4
1.979 6.854 28.8 Pan - .1 4.4
1.486 6.295 28.7 :
1.439 - A4.221 28.6 OBSERVED FLOW BEHAVIOUR
1.415 6.539 28.5 Velocity Observation
1.438 6.579 28.5 {m/s) (D = 46.0 mm)
« 999 5.092 28.4 .32 Appears homogeneous
. 784 : 5.106 28.4 .78 Appears homogeneous
. 266 5.094 28.3 1.15 Appears homogeneous
. 956 5.075 28.3 1.55 Appears homogeneous
-436 3.662 28.2 1.98 Appears homogenecus
. 394 3.703 28.1 2.45 Appears homogeneous
- 364 3.667 28.1 2.97 Appears homogeneocus
.341 3.422 28.0

* —-423 pm Malvern Particle Size Analyser
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A.31

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density
Solids Volumetric Concentrati
Sclids Mass Concentration (%)
Mean Slurry Temperature (20C)
Pipe Internal Diameter (mm)
Pipe Roughness {(pm)
Pipeline Slope

M240D88

UCT 40 mm NB
29/05/91
MATERIAL 2

2.74

1.88

50.57

73.71

28.3

40Q.90

60.0
Vertical down

on (%)

Mixture
Velocit
{m/s)
3.803
3.771
3.753
3.743
3.707
3.075
3.079
3.11646
3.140
2.495
2.494
2.499
2.577
1.971
1.952
1.963
1.979
1.4846
1.439
1.415
1.438
. 999
. 784
2646
. 734
4356
-394
. 364
.341

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis *

{(kPa/m) (o) Size (pm) % Passing % Retained
- &.681 26.7 425.0 98.8 1.2
- 6.598 27.1 261.6 80.9 17.9
- 7.089 27.7 160.4 45.5 34.4
~ 7.073 27.9 112.8 33.0 13.5
- 6.783 28.1 B84.3 23.7 9.3
- 8.420 28.4 b4.56 19.9 3.8
~ 8.929 28.5 s50.2 16.9 3.0
- 8.3543 28.6 39.0 14.7 2.2
- 8.730 28.4 30.3 13.6 1.1
-~ 9.586 28.7 23.7 12.4 1.2
~ 9.306 28.8 18.5 11.2 1.2
- 9.739 28.8 14.5 10.4 .8
- 9.382 28.8 11.4 9.5 .9
~10.753 28.8 9.1 8.1 1.4
-11.257 28.8 7.2 6.7 1.4
~11.285 28.8 5.8 4,3 2.4
—-11.020 28.8 Pan - .1 4.4
-11.673 28.7
~12.210 28.6 OBSERVED FLOW BEHAVIOUR
-12.210 28.5 Velocity Dbservation
-12.237 28.3 {(m/s) (b = 446.0 mm)
~-13.227 28.4
-13.212 28.4
-13.189 28.3
~-13.244 28.3
~-14.418 28.2
~14.451 28.1
~14.400 28.1
-13.970 28.0

* —-425 pm Malvern Particle Size Analyser
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A.35

DATA FILE : M340H&2

Test Facility UCT 40 mm NB
Test Date 28/05/21
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.62
Solids Volumetric Concentration (%) 35.63
Sclids Mass Concentration (%) &0.27
Mean Slurry Temperature {°0) 20.6
Pipe Internal Diameter (mm) 40.90
Pipe Roughness (um) 62.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity - Gradient Temp. Sieve and Malvern Size Analysis ¥
{m/s) {kPa/m) {2C) Size (pm) % Passing % Retained
3.634 &.339 21.0 425.0 8.6 1.4
3.635 . &6£.233 21.0 261.6 87.9 10.7
3.640 6.413 21.1 160.4 &1.2 26.7
3.645 6.335 2.1 112.8 45.4 15.8
3.274 5.397 21.2 84.3 35.8 9.6
3.285 5.409 21.2 b4.6 29.9 5.9
3.274 5.461 21.1 30.2 25.5 4.4
3.272 5.349 21.1 39.0 22.6 2.9
2.903 4.373 21.1 30.3 20.5 2.1
2.9205 4.461 21.0 23.7 18.4 2.1
2.901 4.414 21.0 18.5 16.6 1.8
2.904 4.355 21.0 14.3 15.3 1.3
2.527 3.5%26 20.9 ' 11.4 13.7 1.6
2.517 3.656 20.9 9.1 11.7 2.0
2.s22 3.400 20.8 7.2 9.5 ‘2.2
2.522 3.625 20.8 5.8 6.0 3.5
2.1289 2.682 20.7 Pan - .2 6.2
2.144 2.841 20.7
2.134 2.781 20.6 OBSERVED FLOW BEHAVIOUR
2.145 2.834 20.6 Velocity Observation
1.830 2.299 20.5 (m/s) (D = 446.0 mm)
1.830 2.361 20.5 .87 GStationary bed
1.827 2.960 20.35 1.11 Sliding bed
1.832 2.228 ' 20.4 1.45 Asymetric
1.829 1.988 20.4 1.68 Asymetric
1.401 1.849 20.3 1.78 Appears homogenecus
1.437 1.597 20.3 2.29 Appears homogeneous
1.400 1.309 20.3 2.59 Appears homogeneous
1.389 1.420 20.2 2.88 Appears homogeneous
1.389 1.720 20.2 :
1.103 2.265 20.1
1.072 1.015 20.1
1.155 1.995 20.1
1.142 1.058 ' 20.1
1.108 1.690 20.1
1.081 714 20.0

* —425 pm Malvern Particle Size Analyser
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A.37

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density

Slurry Relative Density

Solids Volumetric Concentration (%)

Scolids Mass Concentration (%)
Mean Slurry Temperature (°0)
Pipe Internal Diameter (mm)
Pipe Roughness (pm)

Pipeline Slope

M340D62

UCT 40 mm NB
28/05/21
MATERIAL 3

2.74

1.62

35.63

60.27

20.6

40.90

60.0
Vertical down

Mixture
Velocit
{m/s)
3.634
3.635
3.640
3.645
3.274
3.285
3.274
3.272
2.903
2.9205
2.901
2.204
2.327
2.9517
2.322
2.522
2.129
2.144
2.134
2.145
1.830
1.830
1.827
1.832
1.829
1.401
1.437
1.400
1.3829
1.382
1.103
1.072
1.155
1.142
1.108
1.081

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis %

(kPa/m) (°C) Size {(pm) % Passing % Retained
— 2.305 21.0 425.0 . ?8.6 1.4
- 9.204 21.0 261.6 87.9 10.7
- 2.385 21.1 160.4 61.2 26.7
- 9.323 21.1 112.8 45.4 15.8
-10.525 21.2 84.3 35.8 ?.6
-10.389 21.2 64.6 29.9 5.9
—10.440 21.1 50.2 25.5 4.4
—-10.538 21.1 39.0 22.6 2.9
-11.18%9 21.1 30.3 20.5 2.1
-11.284 21.0 23.7 18.4 2.1
-11.267 21.0 18.5 16.6 1.8
-11.295 21.0 14.5 15.3 1.3
-12.093 20.9 11.4 13.7 1.6
-12.138 20.9 2.1 11.7 2.0
—-12.213 20.8 7.2 2.5 2.2
-12.572 20.8 5.8 6.0 3.5
—-13.064 20.7 Pan - .2 6.2
-13.073 20.7
-13.053 20.6 OBSERVED FLOW BEHAVIOUR
-13.043 20.6 Velocity Observation
-13.658 20.5 {m/s) (D = 446.0 mm)
-13.794 20.5 i

-13.475 20.5
—-13.684 20.4
-13.647 20.4
-14.359 20.3
-14.463 20.3
-14.456 20.3
—14.685 20.2
~-14.586 20.2
-14.7534 20.1
-15.078 20.1
-14.825 20.1
—~-14.987 20.1
-14.958 20.1
-14.880 20.0

* ~-49253 pm Malvern Particle Size Analyser
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A.59

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density

Slurry Relative Density

Solids Volumetric Concentration (%)

Selids Mass Concentration (%)
Mean Slurry Temperature (°C)
Pipe Internal Diameter (mm)
Pipe Rocughness (pm)

Fipeline Slope

M340U62

UCT 40 mm NB
28/05/91
MATERIAL 3
2.74
1.62
35.63
60.27
20.6
40.90
17.0
Vertical up

\

Mixture
Velocit
{(m/s)
3.634
3.4635
3.640
3.645
3.274
3.285
3.274
3.272
2.903
2.9035
2.901
2.904
2.527
2.917
2.922
2.922
2.129
2.144
2.134
2.1435
1.830
1.830
1.827
1.832
1.829
1.401
1.437
1.400
1.389
1.389
1.103
1.072
1.155
1.142
1.108
1.081

Pressure Slurry Particle Size Distribution
Y Gradient Temp . Sieve and Malvern Size Analysis *

(kPa/m) () Size {(um) % Passing % Retained

21.272 21.0 425.0 8.6 1.4

21.343 21.0 261.6 87.9 10.7

21.272 21.1 160.4 61.2 26.7

21.332 21.1 112.8 45.4 15.8

20.406 21.2 84.3 35.8 9.6

20.571 a21.2 b6a.6 29.9 5.9

20.584 21.1 50.2 25.5 4.4

20.130 21.1 39.0 22.4 2.9

19.937 21.1 30.3 20.5 2.1

19.594 21.0 23.7 18.4 2.1

19.976 21.0 18.5 16.6 1.8

12.723 21.0 14.5 15.3 1.3

18.915 20.9 11.4 13.7 1.6

18.799 20.9 7.1 11.7 2.0

18.863 20.8 7.2 2.5 2.2

18.575 20.8 S.8 6.0 3.5

17.999 20.7 Pan - .2 6.2

18.064 20.7

18.063 20.6 OBSERVED FLOW BEHAVIOUR

18.140 20.6 Velocity Observation

17.56% 20.3 {m/s) (D = 46.0 mm)

17.585 20.5 »

17.335 20.3

17.536 20.4

17.539 20.4

16.858 20.3

16.913 20.3

16.886 20.3

16.911 20.2

16.896 20.2

16.467 20.1

16.423 20.1

16.356 20.1

16.397 20.1

16.29646 20.1

16.293 20.0

* —-423 pm Malvern Particle Size Analyser
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A.bl

‘DATA FILE
Test Facility

M340H72

UCT 40 mm NB

Test Date 28/05/91
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.72
Solids Volumetric Concentration (%) 41.38
Sclids Mass Concentration (4) 65.92
Mean Slurry Temperature (°C) 20.3
Pipe Internal Diameter {(mm) 40,90
Pipe Rocughness {(pm) 62.0
Pipeline Slope Hoerizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
- Am/s) (kFPa/m) (°C) Size (pm) % Passing % Retained
3.620 8.0946 19.7 425.0 8.3 1.7
3.4631 8.080 1.8 261.6 B89.0 2.3
3.626 7.971 i9.9 160.4 61.4 27.46
3.4634 7.874 20.0 112.8 48.8 12.6
3.628 7.934 20.1 84.3 37.5 11.3
3.282 6.839 20.3 b4.b6 31.7 5.8
3.261 6.601 20.4 0.2 27.6 4.1
3.251 6.908 20.5 39.0 24.3 3.3
3.272 6.818 20.5 30.3 21.9 2.4
2.898 3.634 20.5 23.7 19.8 2.1
2.877 3.375 . 20.5 18.5 17.9 1.9
2.875 5.387 ' 20.5 14.5 16.5 1.4
2.875 5.615 20.5 11.4 14.7 1.8
2.518 4.310 20.35 .1 12.5 2.2
2.510 4.425 20.3 7.2 10.3 2.2
2.354 4.48pP 20.5 5.8 6.7 3.6
2.359 4 .300 20.5 Pan - .1 6.8
2.114 2.814 20.4
2.138 2.645 20.4 OBSERVED FLOW BEHAVIOUR
2.094 2.360 20.4 Velocity Observation
2.154 2.987 20.3 (m/s) (D = 46.0 mm)
2.143 2.867 20.3 .40 8Sliding bed
1.678 2.247 20.2 .27 Sliding bed
1.687 1.781 20.2 1.33 Sliding bed
1.685 2.526 20.2 1.68 Asymetric
1.678 1.371 20.2 2.00 Appears homogenecus
1.681 2.291 20.2 2.28 Appears homogeneous
1.222 2.347 20.2 2.59 Appears homogeneous
1.224 2.749 20.2 2.87 Appears homogeneous
1.230 2.864 20.2
1.230 1.232 20.1
- S24 1.001 20.1
.S00 1.101 20.1
. 479 1.384 20.1
.523 1.346 20.1
- S44 1.431 20.1

* —-423 pm Malvern Particle S5ize Analyser
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A.63

DATA FILE : M340D72

Test Facility UCT 40 mm NB
Test Date 28/05/91
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.72
Solids Volumetric Concentraticon (4) 41.38
Solids Mass Concentration (%) 65.92
Mean Slurry Temperature (°(C) 20.3
Pipe Internal Diameter (mm) 40,90
Pipe Roughness (pm) 50.0
Pipeline Slaope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity bradient Temp. Sieve and Malvern Size Analysis *
{(m/s) (kFPa/m) (°C) Size (pm) % Passing ¥ Retained
3.620 - 8.773 19.7 425.0 98.3 1.7
3.631 - 8.632 19.8 261.6 89.0 2.3
3.626 - 8.888 19.9 160.4 61.4 27.6
3.634 - 8.757 20.0 112.8 48.8 12.6
3.628 - 8.332 20.1 84.3 37.5 11.3
3.282 - 9.749 20.3 &4.6 31.7 5.8
3.261 -10.071 20.4 s0.2 27.6 4.1
3.231 -10.345 20.5 39.0 24.3" 3.3
3.a272 -10.175 20.5 30.3 21.9 2.4
2.898 -11.174 20.5 23.7 19.8 2.1
2.877 —-11.182 20.5 18.5 17.9 1.9
2.875 -11.268 20.5 14.35 16.5 1.4
2.875 -11.3%94 20.5 11.4 14.7 1.8
2.518 —-12.600 20.5 2.1 12.5 2.2
2.510 -12.419 20.5 7.2 10.3 2.2
2.934 -12.392 20.5 ] 5.8 6.7 3.6
2.5359 -12.109 20.5 Pan - .1 6.8
2.114 -13.535 20.4 '
2.138 -14.243 20.4 OBSERVED FLOW BEHAVIOUR
2.094 -13.992 20.4 Velocity gbservation
2.154 ~-14.276 20.3 (m/s) (D = 4&6£.0 mm)
2.145 -13.837 20.3
1.678 ~-15.197 20.2
1.687 -15.483 20.2
1.685 -15.144 20.2
1.678 -15.480 20.2
1.681 -15.206 20.2
1.222 ~-15.643 20.2
1.224 -15.283 20.2
1.230 -15.013 20.2
1.230 -15.363 20.1
.924 -16.189 20.1
. 9300 -15.671 20.1
479 -15.968 20.1
-523 -16.072 20.1
=344 -16.262 20.1

* —425 pm Malvern Particle Size Analyser
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A.65

DATA FILE
Test Facility
Test Date A
Material Description
Material Relative Density
Slurry Relative Density
Sclids Volumetric Concentrati
Sclids Mass Concentration (%)
Mean Slurry Temperature (°C?
Pipe Internal Diameter (mm)
Pipe Roughness {(um)
Fipeline Slope

M340U72

UCT 40 mm NB
28/05/91
MATERIAL 3

2.74

1.72
41.38

65.92

20.3

40.90

12.0
Vertical up

cn (%)

Mixture
Velocit
(m/s)
3.620
3.631
3.626
3.634
3.628
3.282
3.261
3.251
3.272
2.898
2.877
2.87%
2.875
2.518
2.510
2.954
2.359
2.114
2.138
2.094
2.154
2.145
1.678
1.687
1.685
1.678
1.681
1.222
1.224
1.230
1.230
-.924
. 900

.523
- 944

.479

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis #*

(kPa/m) (°C) Size (pm) % Passing % Retained

23.975 19.7 425.0 28.3 1.7

23.430 i2.8 261.6 89.0 2.3

23.256 19.9 160.4 61.4 27.6

23.732 20.0 112.8 48.8 12.6

23.568 20.1 84.3 37.5 11.3

22.372 20.3 b4.6 31.7 5.8

22.737 20.4 50.2 27.6 4.1

22.301 20.5 32.0 24.3 3.3

22.437 20.5 30.3 21.9 2.4

21.462 20.5 23.7 19.8 2.1

21.453 20.5 18.5 17.9 1.9

21.525 20.5 14.5 16.5 1.4

21.560 20.5 11.4 14.7 1.8

20.302 20.5 2.1 12.5 2.2

20.360 - 20.5 7.2 10.3 2.2

20.360 20.5 5.8 6.7 3.6

20.564 20.5 FPan - .1 6.8

19.161 20.4

19.33%9 20.4 OBSERVED FLOW BEHAVIOUR

19.277 20.4 Velocity Observation

19.134 20.3 (m/s) (D = 46.0 mm)

19.279 20.3

18.110 20.2 .

18.112 20.2 f

18.078 20.2 o

i8.141 20.2 ¢

i8.080 20.2

17.827 20.2

17.892 20.2

17.861 20.2

17.906 20.1

17.639 20.1

17.514 20.1

17.549 20.1

17.647 20.1

17.717 20.1

* —425 pm Malvern Particle Size Analyser
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A.67

DATA FILE : M340H79

Test Facility UCT 40 mm NB
Test Date 28/05/791
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.79
Solids Volumetric Concentration (%) 45.40
Solids Mass Concentration (%) 62.50
Mean Slurry Temperature (°C) 22.8
Pipe Internal Diameter {(mm) 40,90
Pipe Roughness (pm) 62.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (o) Size (pm) % Passing Y% Retained
3.682 7.010 22.1 425.0 ?8.7 1.3
3.4681 . 6.583 22.2 261.6 81.3 17.4
3.666 6.413 22.3 160.4 93.9 25.4
3.670 7-140 22.3 112.8 44 .5 11.4
3.694 6.760 22.4 84.3 34.5 10.0
3.258 6.170 22.6 64.6 29.2 5.3
3.2836 5.964 a22.7 50.2 25.4 3.8
3.263 6.097 22.8 392.0 22.3 3.1
3.260 b.245 22.8 30.3 20.1 2.2
2.870 5.513 23.0 23.7 18.3 1.8
2.870 5.376 23.0 18.5 16.4 1.9
2.869 5.292 23.0 14.5 15.1 1.3
2.859 5.302 23.0 11.4 13.5 1.6
2.872 5.079 23.1 F.1 11.3 2.2
2.533 4.990 23.0 7.2 2.5 1.8
2.509 4.799 23.0 5.8 6.1 3.4
2.5282 4.710 23.0 Pan - .3 6.4
2.510 4.743 23.0
2.105 4,210 23.0 OBSERVED FLOW BEHAVIOUR
2.054 4,152 23.0 Velocity Observation
2.048 4.115 23.0 {m/s) (D = 46.0 mm)
2.043 4.077 23.0 -40 fAsymetric
1.737 3.4695 22.9 1.01 Asymetric
1.790 3.758 22.9 1.41 Asymetric
1.776 3.779 22.9 1.63 Asymetric
1.787 3.781 22.9 1.99 Appears homogeneous
1.273 3.103 22.8 2.27 Appears homogeneocus
1 1.285 3.124 22.8 2.58 Appears homegeneocus
1.279 3.101 22.8 2.70 aAppears homogenecus
1.283 3.073 22.7
. 546 2.186 22.7
.9317 2.129 22.7
498 2.083 22.7
464 2.131 22.7

* —-425 pm Malvern Particle Size Analyser
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A.6%9

DATA FILE : M340D79

Test Facility UCT 40 mm NB

Test Date 28/05/91
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.79
Solids Volumetric Concentration (%) 45.40
Solids Mass Concentration (%) &9.50
Mean Slurry Temperature (°0C) 22.8
Pipe Internal Diameter {(mm) 40.90
Pipe Roughness {pm) &0.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velecity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (tC) Size (pm) % Passing Y% Retained
3.682 -11.586 22.1 425.0 98.7 1.3
3.6B1 -11.685 22.2 261.6 81.3 17.4
3.6646 -11.581 22.3 160.4 95.9 25.4
3.670 -11.593 . 22.3 112.8 44.5 11.4
3.694 —-11.542 22.4 B84.3 34.5 10.0
3.258 -12.250 22.6 b64.6 22.2 2.3
3.256 -12.277 22.7 50.2 25.4 3.8
3.263 —-i2.242 22.8 39.0 22.3 3.1
3.260 -11.969 22.8 30.3 20.1 2.2
2.870 -12.830 23.0 23.7 18.3 1.8
2.870 -12.832 23.0 18.5 16.4 1.9
2.869 -12.532 23.0 14.5 15.1 1.3
2.859 -12.708 23.0 11.4 13.S 1.6
2.872 -12.549 23.1 9.1 11.3 2.2
2.533 -13.109 . 23.0 7.2 ?.5 1.8
2.509 -13.129 23.0 5.8 6.1 3.4
2.522 -13.318 23.0 ' FPan - .3 6.4
2.510 —-13.140 23.0
2.105 -13.708 23.0 ' OBSERVED FLOW BEHAVIOUR
2.054 -13.760 23.0 Velocity Observation
2.048 - —13.833 23.0 {m/s) {D = 46.0 mm)
2.043 -13.866 23.0
1.737 ~14.154 22.9
1.790 -14.018 22.9
1.776 -14.038 22.9
1.787 -14.059 22.9
1.273 -14.438 22.8
1.285 -14.287 22.8
1.279 -14.351 22.8
1.2e83 -14.091 22.7
-246 —-15.161 22.7
.917 -15.117 22.7
-498 -15.173 e2.7
- 464 -15.268 22.7

* —423 pm Malvern Particle Size Analyser
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A.71

DATA FILE : M340U79

Test Facility UCT 40 mm NB
Test Date 28/05/91
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.79
Solids Volumetric Concentration (4) 45.40
Solids Mass Concentration (%) 69.50
Mean Slurry Temperature (°C} 22.8
Pipe Internal Diameter {(mm?} 40,90
Pipe Roughness (um) 19.0
Pipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution ,
Velocity Gradient Temp. Sieve and Malvern Size Analysis #*
{m/s) {kPa/m) (eC) Size (pm) % Passing % Retained
3.682 22.712 22.1 425.0 ?8.7 1.3
3.681 23.236 22.2 261.6 81.3 17.4
3.6b66 23.4603 22.3 160.4 55.9 25.4
32.670 23.317 22.3 112.8 44.5 11.4
3.694 23.274 22.4 84.3 34.5 10.0
3.258 22.594 22.6 4.6 29.2 5.3
3.256 22.268 22.7 50.2 25.4 3.8
3.263 22.319 22.8 39.0 22.3 3.1
3.260 22.341 22.8 30.3 20.1 2.2
2.870 22.049 23.0 23.7 1i8.3 1.8
2.870 22.049 23.0 18.5 16.4 1.2
2.869 22.372 23.0 14.5 15.1 1.3
2.859 22.198 23.0 i1.4 13.5 1.6
2.872 22.633 23.1 7.1 11.3 2.2
2.533 21.863 23.0 7.2 ?.5 1.8
2.3509 21.856 23.0 5.8 6.1 3.4
2.522 21.973 23.0 , Pan - .3 6.4
2.510 21.814 23.0
2.105 21.201 23.0 OBSERVED FLOW BEHAVIOUR
2.054 21.258 23.0 Velocity Observation
2.048 21.255 23.0 (m/s) (Db = 4&6.0 mm)
2.043 21.220 23.0
1.737 20.906 22.9
1.790 21.051 22.9
1.776 20.964 22.9
1.787 20.910 22.9
1.273 20.405 22.8
1.285 20.528 22.8
1.279 20.501 22.8
1.283 20.442 22.7
. S4b 19.770 22.7
.517 19.803 22.7
-498 19.692 22.7
464 19.602 22.7

* ~425 pm Malvern Particle Size Analyser
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Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density
Solids Volumetric Concentration (%)
Solids Mass Concentration (%)

Mean Slurry Temperature

A.73

DATA FILE :

(°C)

Pipe Internal Diameter (mm)
Pipe Roughness (pm)

Pipeline Slope

M340HB6

Uct 40
28B/05/9
MATERIA
2.74
1.86
49 .43
72.81
246.0
40 .90
62.0
Horizaon

mm NB
1
L 3

tal

Mixture
Velocity
(m/s)
4.086
4.082
4 .065
4.068
3.458
3.441
3.441
3.430
3.031
3.044
3.060
3.0460
2.471
2.436
2.397
2.357
2.026
2.011
2.029
2.046
1.483
1.451
1.415
1.367
256
- 245
.?33
-218
- 480
=459
=447
434

Pressure
Gradient
{kPa/m)
13.194
13.032
12.4686
12.4692
12.100
11.899
11.878
11.497
10.608
10.735
10.823
10.3046
B.234
2.153
2.011
8.947
8.1146
7.963
8.084
g.221
6.6350
7.138
6.879
6.891
5.716
5.681
5.6460
D.996
4.612
4.600
4.619
4.582

Slurry
Temp .
(°eg)
24.3
24.6
25.0
23.2
25.4
235.5
23.7
25.8
26.1
26.1
26.2
26.2
26.3
26.4
26.4
26.4
26.4
26.4
26.4
26.4
26.4
26.4
26.4
26.4
26.3
26.3
26.2
26.2
26.1
26.1
26.1
26.1

Particle Size Distribution

Sieve and Malvern Size Analysis *
Size (pm)

425.0
esl.6
160.4
112.8
84.3
64 .6
50.2
39.0
30.3
23.7
18.5
14.5
11.4
?.1
7.2
5.8
Pan

% P

tained

OBSERVED FLOW BEHAVIOUR

Velocity 0
{m/s) (D
.36 Appears
.74 Appears
1.12 Appears
1.61 Appears
1.90 Appears
2.41 Appears
2.72 Appears
3.22 Appears

assing % Re
99.0 1.0
83.4 15.6
57.7 25.7
44.9 i2.8
34.2 10.7
29.3 4.9
23.5 3.8
22.5 3.0
20.5 2.0
i8.4 2.1
16.7 1.7
15.4 1.3
13.9 1.5
11.9 2.0
.7 2.2
6.2 3.5
.0 6.2
bservation
= 446.0 mm)
homogeneous
homogeneous
homogensous
homogeneous
homogeneous
homogeneous
homogeneous
homogensous

* —425 pm Malvern Particle Size Analyser
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A.73

DATA FILE : M340DS86

Test Facility

Test Date

Material Descripticon
Material Relative Density
Slurry Relative Density

Solids Volumetric Concentraticn (%)

Solids Mass Concentration (%)
Mean Slurry Temperature (?0C)
Fipe Internal Diameter (mm)
Pipe Roughness (um)

Fipeline Slope

UCT 40 mm NB
28/05/21
MATERIAL 3

2.74

1.86

49.43

72.81

26.0

40.90

60.0
Vertical down

Mixture
Velocit
{m/s)
4.086
4.082
4.065
4.068
3.458
3.441
3.441
3.430
3.031
3.044
3.060
3.060
2.471
2.436
2.397
2.3357
2.026
2.011
2.029
2.046
1.483
1.451
1.415
1.367
. 296
- 245
.233
.218
=480
4359
447
434

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis %

(kPa/m) (o) Size (pm) % Passing % Retained
- 35.845 24.3 425.0 9.0 1.0
- 3.960 24.6 261.6 83.4 15.6
- 5.782 25.0 160.4 57.7 25.7
- 5.932 25.2 112.8 44.9 i2.8
- 7.589 25.4 84.3 34.2 10.7
- 7.453 25.5 64.6 29.3 4.9
- 7.649 25.7 S50.2 25.5 3.8
- 7.711 25.8 39.0 22.9 3.0
- B8.008 26.1 30.3 20.5 2.0
- 8.205 26.1 23.7 iB8.4 2.1
- 8.335 26.2 18.5 16.7 1.7
- B.361 26.2 14.5 15.4 1.3
- 9.764 26.3 11.4 13.9 1.5
- B8.951 26.4 9.1 11.9 2.0
- 9.293 26.4 7.2 9.7 2.2
- 2.249 26.4 5.8 6.2 3.5
-10.053 26.4 Pan .0 6.2
-10.823 26.4
-10.315 26.4 OBSERVED FLOW BEHAVIOUR
-10.374 26.4 Velocity Observation
-11.857 26.4 (m/s) (D = 46.0 mm)
-11.431 26.4
-11.458 26.4
-11.704 26.4
—-12.426 26.3
-12.472 26.3

-12.469 26.2
-12.530 26.2
-13.614 26.1

—-13.616 26.1

-13.661 26.1

~-13.664 26.1

* —425 pm Malvern Particle Size Analyser




gt o M N A

Percentage Passing

(kPa/m)

Pressure Gradient

A.76

Material 3
I |

M340D86

-1

-19.

l - | 1

| 1

1.0

1.5 2.0 2.5 3.0 3.5 4.

Mixture Velocity (m/s)

Material 3

M340_86

100

90 -

80

40 ~

30 |-

20 -

10

|

1

1

! |I1ll[

v

1 IJIII]

¥ llllllll

1 lIlILllI

I lflllll[

! 1 II[IIII

IR

1t b1

10

100 1000

Particle Size

(micrometres)

10000



A.77

DATA FILE : M340UB6

Test Facility UCT 40 mm NB
Test Date 28/05/91
Material Description MATERIAL 3
Material Relative Density 2.74
Slurry Relative Density 1.86
Sclids Volumetric Concentration (4) 49.43
Selids Mass Concentration (%) 72.81
Mean Slurry Temperature (°C) 26.0
Pipe Internal Diameter (mm} 40 .90
Pipe Roughness (pm? : 12.90
Pipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Veleccity " Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m} (°C) Size (um) % Passing % Retained
4.086 29.193 24.3 425.0 92.0 1.0
4.082 29.4642 24.6 261.6 83.4 15.6
4.065 29.357 23.0 160.4 57.7 25.7
4.068 29.462 25.2 112.8 44.9 i2.8
3.458 28.1379 25.4 84.3 34.2 10.7
3.441 28.296 - 25.5 64.6 29.3 4.9
3.441 28.73¢0 25.7 50.2 '25.5 3.8
3.430 28.242 25.8 392.0 22.5 3.0
3.031 27.756 26.1 30.3 20.5 2.0
3.044 27.916 26.1 23.7 18.4 2.1
3.060 27.510 26.2 18.5 16.7 1.7
3.060 27.743 26.2 . 14.5 15.4 1.3
2.471 26.027 - 26.3 11.4 13.9 1.5
2.436 27.413 26.4 2.1 11.9 2.0
2.397 27.307 26.4 7.2 2.7 2.2
2.357 26.710 26.4 5.8 6.2 3.5
2.026 26.052 26.4 Pan -0 6.2
2.011 - 25.888 26.4
2.029 25.941 26.4 OBSERVED FLOW BEHAVIOUR
2.046 23.683 26.4 Velocity Observation
1.483 24.418 26.4 {m/s) (D = 46.0 mm)
1.431 24.668 26.4
1.4135 24.670 26.4
1.367 24.733 26.4
.236 23.715 26.3
.245 23.919 26.3
.233 23.744 26.2
.718 23.803 26.2
-480 22.997 26.1
« 439 22.851 26.1
. 447 22.977 26.1
=434 22.835S 26.1

* —4235 pm Malvern Particle Size Analyser
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A.79

DATA FILE : M44qOHSE7

Test Facility UCT 40 mm NB
Test Date 30/05/91
Material Description MATERIAL 4
Material Relative Density v 2.74
Slurry Relative Density 1.66
Sclids Volumetric Concentration (%) 37.93
Soligs Mass Concentration (%) b2.61
Mean Slurry Temperature (°C) 20.2
Pipe Internal Diameter (mm) 40.90Q
Fipe Roughness (pm) 62.0 ) ,
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) ‘ (kPa/m) (°C) Size (um) % Passing % Retained
4,065 : 2.173 20.2 425.0 8.9 1.1
4.076 ?.430 20.3 261.6 1.3 7.4
4.076 8.871 20.3 160.4 71.6 19.9
4,073 8.880 20.3 : 112.8 57.3 14.3
3.553 7.366 20.4 84.3 47.6 2.7
3.548 7.311 20.4 b4.58 40.8 6.8
3.552 7.217 20.4 so.2 35.4 5.4
3.547 7.139 20.4 39.0 31.4 4.0
3.041 5.709 20.4 30.3 28.5 2.9
3.058 5.777 20.4 23.7 25.9 2.6
3.039 5.591 20.4 18.5 23.2 2.7
3.060 5.795 20.4 14.5 21.1 2.1
2.551 4,145 20.3 11.4 18.8 2.3
2.548 4.212 20.3 2.1 15.8 3.0
2.553 4.185 20.3 7.2 12.9 2.9
2.553 4.286 20.3 5.8 9.1 3.8
2.017 2.875 20.2 Pan - .2 9.3
2.012 2.936 20.2
2.017 2.634 20.2 OBSERVED FLOW BEHAVIOUR
2.026 3.077 20.2 Velocity Observation
1.533 2.778 20.1 {m/s) (D = 46.0 mm)
1.551 1.785 20.1 .81 S5liding bed
1.546 1.405 20.0 1.23 Asymetric
1.558 2.510 20.1 1.60 Asymetric
1.563 1.859 20.1 2.02 Appears homogeneous
1.561 2.087 20.0 2.41 Appears homogeneous
- 994 3.118 20.0 2.87 Appears homogeneous
1.013 3.107 20.0 3.22 Appears homogeneous
1.047 3.015 20.0
1.032 . 2.093 20.0
1.063 2.473 19.9

# 4235 pm Malvern Particle Size Analyser
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A.81

DATA FILE : Ma440D67

Test Facility UCT 40 mm NB
Test Date 30/03/91
Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.66 -
Solids Volumetric Concentration (4) 37.93
Solids Mass Concentration (%) b2.461
Mean Slurvy Temperature {(°0C) 20.2
Pipe Internal Diameter (mm) 40.90
Pipe Roughness (um) &50.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle 5ize Distribution
Velocity Bradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) {(°C) Size (pm) % Passing % Retained
4.065 - 6.930 20.2 425.0 98.9 1.1
4.076 - 7.342 20.3 261.6 ?1.5 7.4
4.076 - 7.116 20.3 160.4 71.6 19.9
4.073 - 7.027 20.3 112.8 57.3 14.3
3.553 - 8.8561 20.4 84.3 47.6 2.7
3.548 - 8.770 20.4 b54.6 - 40.8 6.8
3.552 - B.740 20.4 S0.2 ' 35.4 S.4
3.547 - 8.8190 20.4 39.0 31.4 4.0
3.041 -10.576 20.4 30.3 28.5 2.9
3.058 -10.523 20.4 23.7 - 23.9 2.6
3.039 -10.460 20.4 18.5 23.2 2.7
3.060 -10.4%94 20.4 14.5 21.1 2.1
2.551 -12.009 20.3 11.4 1i8.8 2.3
2.548 -12.116 20.3 2.1 15.8 3.0
2.553 ~-12.040 20.3 7.2 12.9 2.9
2.553 -12.106 20.3 5.8 7.1 3.8
2.017 -13.337 20.2 Pan - .2 2.3
2.012 -13.644 20.2 ~
2.017 -13.722 20.2 OBSERVED FLOW BEHAVIOUR
2.026 -13.334 20.2 Velocity Observation
1.533 -13.933 20.1 (m/s) (D = 46.0 mm)
1.551 -14.407 20.1
1.546 —~14.861 20.0
1.558 —-14.558 20.1
1.563 -14.516 20.1
1.561 . —-14.869 20.0
. 294 -15.397 20.0
1.013 -14.921 20.0
1.047 -15.333 20.0
1.032 -14.970 20.0
1.063 -15.254 19.9

* -425 pm Malvern Particle Size Analyser
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A.83

DATA FILE : Ma4aOU&7

Test Facility

Test Date

Material Description
Material Relative Density
Slurry Relative Density

Solids Velumetric Concentration (%)

Solids Mass Concentration (%)
Mean Slurry Temperature (°0)
Pipe Internal Diameter {(mm)
Pipe Roughness (pm)

Pipeline Slope

UCT 40 mm NB
30/05/91
MATERIAL 4
2.74
1.66
37.93
62.61
20.2
40Q.90
19.0
Vertical up

Mixture
Velocit
{m/s)
4.060
4.076
4.076
4.073
3.553
3.548
3.552
3.547
3.041
3.0=8
3.039
3.060
2.551
2.948
2.953
2.953
2.017
2.012
2.017
2.026
1.533
1.351
1.546
1.558
1.363
1.561
. 994
1.013
1.047
1.032
1.063

Pressure Slurry Particle Size Distribution
Y Gradient Temp. Sieve and Malvern Size Analysis #*

{kPa/m) (°C) Size {(pm) % Passing % Retained

24.337 20.2 425.0 ?8.9 1.1

23.849 20.3 261.6 1.5 7-4

24.291 20.3 160.4 71.6 19.9

24.116 20.3 112.8 57.3 14.3

22.643 20.4 84.3 47.6 9.7

22.603 20.4 4.6 40.8 6.8

22.683 20.4 S50.2 35.4 5.4

22.664 20.4 39.0 31.4 4,0

21.191 20.4 30.3 28.5 2.9

21.158 20.4 23.7 25.9 2.6

21.180 20.4 18.5 23.2 2.7

21.328 20.4 14.5 21.1 2.1

19.889 20.3 11.4 18.8 2.3

20.036 20.3 9.1 15.8 3.0

19.824 20.3 7.2 12.9 2.9

19.834 20.3 5.8 9.1 3.8

18.610 20.2 Pan - .2 2.3

18.350 20.2

18.586 20.2 OBSERVED FLOW BEHAVIOUR

18.567 20.2 Velocity Observation

17.503 20.1 {m/s) (D = 46.0 mm)

17.477 20.1

17.470 20.0

17.480 20.1

17.364 20.1

17.406 20.0

17.221 20.0

17.271 20.0

17.208 20.0

17.170 20.0

17.198 19.9

* =425 pm Malvern Particle Size Analyser
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A.BS

DATA FILE : M&4aOH73

Test Facility UCT 40 mm NB
Test Date 30/05/91
Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.73
Solids Volumetric Concentration (%) 41.95
Solids Mass Concentration (%) 66.45
Mean Slurry Temperature (?0C) 20.2
Fipe Internal Diameter (mm) 40.90
Pipe Roughness {(pm) &62.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis #
{m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.983 10.054 19.8 425.0 992.0 1.0
4.003 10.984 19.9 261.6 . 3.1 5.9
4.003 10.647 20.0 160.4 75.3 17.8
4.005 10.528° . 20.0 i12.8 61.8 13.5
3.536 8.096 20.1 84.3 51.4 10.4
3.537 8.304 20.2 b4.6 45.1 6.3
3.535 8.048 20.2 50.2 32.2 5.9
3.531 7.857 20.2 32.0 34.6 4.6
2.990 5.951 20.3 30.3 31.6 3.0
2.989 6.355 20.3 23.7 28.6 3.0
3.002 b6.124 20.4 18.5 25.7 2.9
2.998 5.758 20.4 14.5 23.4 2.3
2.539 3.301 20.4 11.4 20.9 2.5
2.571 3.5%4 20.4 7.1 17.6 3.3
2.537 3.464 : 20.4 7.2 14.4 3.2
2.346 3.858 20.3 . 5.8 10.2 4.2
2.025 2.811 20.3 Fan - .1 10.3
2.013 2.640 20.3
2.030 2.805 20.3 OBSERVED FLOW BEHAVIOUR
2.034 2.685 20.3 Velocity Observation
1.520 2.4358 20.3 {m/s) (D = 46.0 mm)
1.521 2.011 - 20.3 .24 Sliding particles
1.545 2.140 20.2 .81 Asymetric
1.342 2.261 20.2 1.21 Asymetric
. 798 1.887 20.2 1.61 Appears homogeneous
1.023 1.781 20.2 2.02 Appears homogeneous
1.039 1.721 20.2 2.36 Appears homogeneous
1.041 1.756 20.2 2.80 Appears homogeneous
1.029 1.789 20.2 3.16 Appears homogeneous
442 1.345 20.1
.378 1.410 ' 20.1
.311 1.761 20.1
-257 1.256 20.1
.233 1.168 20.1
-187 1.218 20.1

* —425 pm Malvern Particle Size Analyser
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A.87

DATA FILE : M440D73

Test Facility UCT 40 mm NE
Test Date 30/05/91
Material Description MATERIAL 4
Material Relative Density , 2.74
Slurry Relative Density 1.73
Solids Volumetric Concentration (%) 41.93
Sclids Mass Concentration (%) 66.45
Mean Slurry Temperature (°C) 20.2
Pipe Internal Diameter (mm) 40.90
FPipe Roughness {(pm) ‘ &6G.0
Fipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Bradient Temp. Sieve and Malvern Size Analysis %
{m/s) (kPa/m) (2C) Size (pm) % Passing % Retained
3.983 - h.429 19.8 425.0 9.0 1.0
4,003 - 6.793 19.9 261.6 23.1 5.9
4_.003 - 6£.331 20.0 160.4 75.3 17.8
4.003 - b6.624 20.0 112.8 61.8 13.5
3.536 - 8.542 20.1 84.3 91.4 10.4
3.537 - 8.714 20.2 bb4.b 45.1 6.3
3.535 - 8.391 20.2 S0.2 3?.2 5.9
3.593t1 - B.025 20.2 39.0 34.6 4.6
2.990 -10.591 20.3 30.3 31.6 3.0
2.987 -10.846 20.3 23.7 28.6 3.0
3.002 —-10.666 20.4 18.5 23.7 2.9
2.998 -11.086 20.4 14.5 23.4 2.3
2.559 —-13.603 20.4 11.4 20.9 2.5
2.271 —-13.547 20.4 2.1 17.6 3.3
2.337 -13.608 20.4 7.2 14.4 3.2
2.3546 -13.754 . 20.3 5.8 10.2 4.2
2.025 -14.183 20.3 Pan - .1 10.3
2.013 -13.921 20.3 '
2.030 -14.185 20.3 OBSERVED FLOW BEHAVIOUR
2.034 —-14.048 20.3 .1 Velocity Observation
1.3520 -14.570 20.3 {m/s) (D = 44.0 mm)
1.521 -14.879 20.3
1.545 -14.447 20.2
1.542 -14.760 20.2
.998 —-14.804 20.2
1.023 -14.500 20.2
1.039 -15.045 20.2
1.041 -14.854 20.2
1.029 -14.931 20.2
442 -14.797 20.1
.378 -15.247 20.1
.311 -14.990 20.1
-297 -16.199 20.1
.233 -15.933 20.1
-187 —-15.840 20.1

* —425 pm Malvern Particle Size Analyser
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A.89

DATA FILE @ M44dU73

Test Facility UCT 40 mm NE
Test Date 30/05/91
Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.73
Sclids Volumetric Concentration (4 41.99
Sclids Mass Concentration (%) &5 .48
Mean Slurry Temperature (°0C) 20.2
Fipe Internal Diametsr (mm? G0, F0
Fipe Roughness (um) 19.0
Fipeline Slope Vertical up
Mixture Fressure Slurry Farticle Size Distributicon
Velacity Gradient Temp . Bieve and Malvern Size Analysis *
(m/s) (kFa/m) (eC) S5ize (pm? % Fassing % Retained
3.983 26.188 19.8 429 .0 9.0 1.0
G.003 26.051 19.% 261,46 ?3.1 5.9
4,003 26.007 20.0 160.4 75.3 17.8
4. 005 25.734 20.0 112.8 61.8 13.5
2.936 24.228 20.1 B84.3 S1.4 10.4
3.537 23. 422 20.2 &4 . b 45.1 - 6.3
3.235 23.7463 20.2 S0 .2 39.2 5.9
3.531 23.237 an.2 379.0 34.4 4.6
2.9%20 22.044 20.3 30.3 31.6 3.0
2.98% £1.834 20,3 23.7 28.4 3.0
3.008 2z .2e8 20,4 18.5 2%.7 £.9
2.998 22.351 20 . 4 14.5 23.4 2.3
2.559 20.721 2.4 11.4 20.9 2.5
2.571 20,231 Z20.4 2.1 17.56 3.3
2.537 20.345 20 .4 7.2 14.4 3.2
2.54646 20.323 20.3 5.9 10.2 4.2
2.025 12.303 20.3 Fan - .1 10.3
2.013 19.248 20.3
2.030 12.201 20.3 ORSERVED FLOW BEHAVIOUR
2.034 19.204 20.3 Velocity Observation
1.520 18.885 20.3 (m/s) (D = -0 mm)
1.521 18.84% 20.3
1.5458 18.872 20.2
1.542 18.895 20.2
.78 18.564 20.2
1.023 18.364 20.2
1.039 18.387 20.2
1.041 18.595 20.2
1.029 18.591 20.2
442 18.210 20.1
.378 18.177 20,1
211 18.245 20.1
.2597 18.110 , 20.1
.233 18.083 20,1
. 187 18.078 20.1

# —425 pm Malvern Farticle S5ize Analyser
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A.91

DATA FILE :

" Test Facility

Test Date

Ma4OHT78

UCT 40 mm NE
30/05/91

Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.78
Solids Volumetric Concentration (4)  44.83
Sclids Mass Concentration (A) £9 .00
Mean Slurry Temperature (20} 22.3
Fipe Internal Diameter (mm? G40, Q0
Pipe Roughness (pm) 62,0
Fipeline Slope Horizontal
Mixture Fressure Slurry Farticle Size Distribution
Velocity Gradient Temp Sieve and Malvern Size Analysis #
{m/s) (kFa/m? o) Size (pm) % Fassing % Retained
3.977 10.375 20.7 425.0 9.1 .2
3.973 P.064 20.°7 2&61.4 0.7 8.4
3.977 F.241 21.0 160.4 742 16.3
4,005 10.185 21.1 112.8 60,1 14.1
3.969 2.053 21.2 84.3 0.6 ?.S
3.500 .31z 21.7 &4.6 44,0 6.6
3.903 &.76E 1.8 S0.2 38.2 .8
3.936 6. 335 21.8 39.0 23.6 4.b
3.337 6.473 g2z.0 30.3 20.6 3.0
2.789 5,362 2e.2 23.7 27.8 2.8
2.991 5.629 28, 18.5 25.1 2.7
2.996 5.996 22.3 14.5 zZe.o 2.3
2.299 S5.492 22.3 il1.4 20.3 2.5
2.534 S.021 22.5 2.1 17.1 3.2
2.542 4.872 22.5 = 13.7 3.4
2.533 4,907 2.5 5.8 9.9 4.2
2.954 4.936 2.6 Fan - .3 7.8
2.003 4.283 22.6
2.039 4.344 22.7 OBRSERVED FLOW BEHAVIOUR
2.091 4.361 22.7 Yelocity Observation
2.106 4.411 22.7 (m/s} (D = 446.0 mm)
1.427 3.600 22.8 24 Asymetric
1.427 3.618 22.8 <74  Asymetric
1.370 3.504 22.8 1.11 Appears homogenecus
1.349 3.340 22.8 1.62 Appears homocgenecus
T.958 3.072 22.8 2.01 Appears homogeneous
.735 3.056 22.9 2.36 Appears homogeneous
214 3.038 22.9 2.78 Appears homogenecus
L2113 3.048 2e2.9 3.15 Appears homogenecus
.S01 2.504 2e.9
422 2.457 22.%9
.321 2.319 e2s.?
273 2.286 22.9
250 2.266 22.%
226 2.214 22.9

* —425 pm Malvern Farticle Size Mnalyser
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A.93

DATA FILE : Ma40D78

Test Facility UCT 40 mm MNBH
Test Date 3IN/05/91
Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.78
Solids Volumetric Concentration (4 44.83
Sclids Mass Concentraticn (4 HF . OO
Mearn Sluwrry Tempesraturs (000 2. 3
Fipe Internal Diamster (mm) 40,30
Fipe Foughness {(gn) HO L0
Fipsline Slope Vertical down
Mixture Fressure Slurvy Farticle Size Distribution
Veloclty Gradient Temp . Sieve and Malvern Size Analysis #
(m/s} (kFasm? (o) Sizre (pm % FPassing X% Retained
3.977 - 4H.623 20.7 425.0 F7.1 -7
3.973 - Z.822 20.9 261.6 F0 .7 B.4
3.977 - &6.730 21.0 160.4 74.2 16.5
4,005 - 8.199 21.1 112.8 Ho .1 ig.1
2.969 - 5.908 el.2 894.3 S0.6 2.5
3.500 -11.157 21.7 LG .4 44 .0 b.&
3.503 -11.807 z1.8 S0,z 38.2 3.8
3.5346 -11.33% 21.8 37.0 33.6 4.6
3.537 ~-11.327 22 .0 30.3 30.6 3.0
2.%3%9 -12.283 22 .2 23.7 27.3 2.8
2.991 -11.997 e2z.2 18.5 25.1 2.7
2.9%6 -12.117 2.3 14.3 22.8 2.3
2.999 ~-12.063 2.3 11.4 20.3 2.5
2.534 -12.4650 BPE.5 2.1 , 17.1 3.2
2.542 ~12.672 2.3 7.2 13.7 3.4
2.533 —12.687 22.5 5.8 .5 4.2
2.554 -12.531 22.48 Fan - .3 7.8
2.003 -13.131 22.6 :
2.039 -13.0&64 22.7 OBSERVED FLOW BEHAVIOUR
2.091 -13.081 22.7 Velocity Dbeervation
2.106& -13.022 e2.7 im/s) (D = 46.Q mm)
1.427 -13.731 22.8
1.427 -13.805 22.8
1.370 -13.806 22.8
1.349 -~13.927 22.8
.258 ~-14.021 22.8
L2358 -14.675 22.9
] 214 -14.574 22.9
.213 ~14.,049 22.9
- S01 -14.4682 22.9
422 -14.6%4 22.9
.321 -14.,780 22.9
.273 -14.778 2.7
. 250 -15.085 2. ?
224 -15.4%3 22.9

* —~425 pm Malvern Farticle Size Analyser
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A.95

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density

Solids Volumetric Concentration (%)
Solids Mass Concentration (%)

*Mean Slurry Temperature (°C)
Pipe Internal Diameter (mm)
Fipe Roughness {(um)
Pipeline Slope

M440U78
UECT 40 mm NB
30/05/91
MATERIAL 4

2.74

1.78

44 .83

62.00

22.3

40.90

12.0
Vertical up

Mixture Pressure Slurry
Velocity Gradient Temp.
{(m/s) {kPa/m) (o)
3.977 26.434 20.7
3.973 26.515 20.9
3.977 25.618 21.0
4.005 26.312 21.1
3.969 26.528 21.2
3.500 22.697 21.7
3.503 22.242 21.8
3.536 23.205 21.8
3.537 23.102 22.0
2.989 22.123 22.2
2.991 22.377 22.2
2.996 21.967 22.3
2.999 22.3468 22.3
2.534 21.956 22.5
2.342 21.689 22.95
2.533 21.717 22.5
2.354 21.765 22.6
2.003 21.243 22.6
2.039 21.395 22.7
2.091 21.242 22.7
2.106 21.358 22.7
1.427 20.670 22.8
1.427 20.724 22.8
1.370 20.613 22.8
1.349 20.662 22.8
-258 20.261 22.8
. 735 20.218 22.9
214 20.235 22.9
.213 20.169 22.9
.501 19.735 22.9
422 192.788 22.9
.321 19.578 22.9
.273 19.560 22.9
.230 19.632 22.9
-.226 12.587 22.9

Particle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % FPassing % Retained
425.0 9.1 .2
261.6 - 90.7 8.4
160.4 74.2 16.5
i12.8 60.1 14,1

84.3 S0.6 2.5
b4.6 44 .0 6.6
S50.2 38.2 5.8
39.0 33.6 4.6
30.3 30.6 3.0
23.7 27.8 2.8
18.5 25.1 2.7
14.5 22.8 2.3
11.4 20.3 2.5
?.1 17.1 3.2
7.2 13.7 3.4
5.8 ?.5 4.2
Pan - .3 ?2.8

OBSERVED FLOW BEHAVIDUR
Velocity Observation
{m/s) (D 46.0 mm)

* =425 pm Malvern Particle Size Analyser
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Test Facility
Test Date
Material Description

Material Relative Density

A.97

Slurry Relative Density
Solids Volumetric Concentration (4) 48.28
Solids Mass Concentration (%) 71.89

Mean Slurry Temperature (°C)
Pipe Internal Diameter {(mm)

Pipe Roughness (um?}

Fipeline Slope

DATA FILE : M440HB4

UCT 40 mm NB
30/05/91
MATERIAL 4
2.74
1.84

25.8
40 .90
62.0
Horizontal

Mixture
Velocity

{m/s)
4.148
4.133
4.149
4,139
3.9545
3.529
3.541
3.9545
3.021
3.013
3.027
3.0435
2.9529
2.9539
2.539
2.943
1.960
1.920
1.910
1.921
1.467
1.469
1.370
1.393
1.034
1.028
1.007

.989

-a11

497

.488

=475

472

-477

Pressure
Gradient
{kPa/m)}
11.610
11.919
11.643
10.803
?.844
10.158
?.937
?.8c22
g8.631
8.200
?.154
g8.841
g.110
7.706
8.334
7.826
6.844
6.610
6.221
6.205
6.040
6.170
6.064
6.280
9.728
S.737
5.695
9.676
4.850
4 .849
4.865
4.832
4.829
4.841

Slurry
Temp.
(°C)
24.5
24.7
24.8
25.0
25.2
25.3
25.4
25.5
25.7
25.8
25.8
25.9
26.0
26.0
26.0
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.0
26.0
26.0
26.0
25.9
25.9
25.9
25.9
25.8
25.8

Particle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % Passing % Retained
425.0 9.1 .9
261.6 23.0 6.1
160.4 77.9 15.1
112.8 64.5 13.4

84.3 55.1 2.4
b4.6 48.3 6.8
350.2 42.6 5.7
39.0 38.1 4.5
30.3 34.7 3.4
23.7 31.6 3.1
18.5 28.6 3.0
14.5 25.8 2.8
11.4 22.7 3.1
2.1 i8.8 3.9
7.2 15.6 3.2
5.8 12.7 2.9
Pan - .1 i2.8
OBSERVED FLOW BEHAVIOUR
Velocity Observation
(m/s) (D = 46.0 mm)}

.38 Asymetric

.81 Asymetric
1.12 appears homogeneous
1.52 Appears homogeneous
2.01 Appears homogeneous
2.39 Appears homogeneous
2.80 Appears homogeneous
3.27 Appears homogenecus

* -425 pum Malvern Particle Size Analyser
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A.99

DATA FILE : M440D8B4

Test Facility UCT 40 mm NB

Test Date 30/053/91
Material Description MATERIAL 4
Material Relative Density 2.74
Slurry Relative Density 1.84
Solids Volumetric Concentration (4) 48.28
Solids Mass Concentration (%) 71.89
Mean Slurry Temperature (°C) 25.8
Pipe Internal Diameter {(mm) 40.90
Pipe Roughness {(pm) &£0.0
Fipeline Slope Vertical down
Mixture Fressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size finalysis *
{m/s) (kPa/m) {°C) Size (pm) % Passing % Retained
4.148 - 6.877 24.5 425.0 9.1 .9
4.133 - &.797 24.7 261.56 23.0 6.1
4.149 - 46.818 24.8 160.4 77.9 15.1
4,139 - 6.874 23.0 112.8 64.5 13.4
3.545 - 8.108 25.2 84.3 55.1 . 9.4
3.529 - B.176 23.3 b64.6 48.3 6.8
3.541 - B.195 25.4 0.2 4.6 5.7
3.545 - 7.973 25.5 39.0 . 38.1 4.5
3.021 - B.973 23.7 30.3 34.7 3.4
3.013 - 9.147 25.8 23.7 31.6 3.1
3.027 - 9.148 25.8 18.5 28.6 3.0
3.045 - 8.930 25.9 14.5 25.8 2.8
2.529 - 2.901 26.0 11.4 22.7 3.1
2.539 - 2.979 26.0 2.1 i8.8 3.9
2.539 -10.170 26.0 7.2 15.6 3.2
2.543 - 9.975 26.1 5.8 1i2.7 2.9
1.960 -10.939 26.1 Pan Rl | 12.8
1.920 -10.979 26.1
1.910 -11.016 26.1 OBSERVED FLOW BEHAVIOUR
1.921 -10.498 26.1 Veleocity Observation
1.467 -11.474 26.1 {m/s) (D = 46.0 mm)
1.469 -11.535 26.1
1.370 -11.670 26.1
1.393 -11.701 26.1
1.034 -12.139 26.0
1.028 -12.117 26.0
1.007 -12.107 26.0
.989 -12.148 26.0
-.a11 -13.008 25.9
. 497 -13.002 235.9
. 488 —-13.006 25.9
475 -13.037 25.9
.472 -13.037 25.8
477 - -13.037 25.8

* —4P5 pm Malvern Particle Size Analyser
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Test Facility:

Test Date
Material Description

Material Relative Density

A.101

DATA FILE

Slurry Relative Density
Solids Volumetric Concentration (4} 48.28
Solids Mass Concentration (%) '71.89
Mean Slurry Temperature

Fipe Internal Diameter (mm)

Pipe Roughness {(pm)

Fipeline Slope

M440UB4

UcT 40 mm NB
30/05/91
MATERIAL 4
2.74
1.84

25.8
40.90

19.0
Vertical up

Mixture

Velocity
{(m/s)
4.148
4.133
4.149
4.139
3.545
3.329
- 3.541
3.945
3.021
3.013
3.027
3.045
2.929
2.539
2.539
2.5943
1.9460
1.920
1.910
1.921
1.467
1.46%9
1.370
1.393
1.034
1.028
1.007
. 989
.311
497
- 488
-473
472
- 477

Pressure
Gradient
{(kPa/m)
28.269
28.106
27.859
28.215
27.233
26.788
26.761
27.070
25.995
26.359
27.013
26.744
24 .889
26.112
24.973
26.364
24 .992
24.906
25.901
26.031
23.711
23.215
23.798
23.758
23.443
23.443
23.539
23.261
22.607
22.376
22.598
22.632
22.669
22.4612

Slurry
Temp.
(eC)
24.5
24.7
24.8
23.0
25.2
25.3
25.4
25.5
25.7
25.8
25.8
25.9
26.0
26.0
26.0
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.0
26.0
26.0
26.0
25.9
25.9
25.9
25.9
25.8
25.8

Particle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % Passing % Retained
425.0 99.1 .9
261.6 93.0 6.1
160.4 77.9 15.1
112.8 &4.5 13.4

84.3 55.1 9.4
b4. 6 48.3 6.8
s0.2 42.5 5.7
32.0 38.1 4.5
30.3 34.7 3.4
23.7 31.6 3.1
18.5 28.6 3.0
14.5 25.8 2.8
11.4 22.7 3.1
2.1 18.8 3.9
7.2 15.6 3.2
5.8 1i2.7 2.9
Pan T § 1i2.8

OBSERVED FLOW BEHAVIOUR
Velocity Dbservation
(m/s) (D = 46.0 mm?

* —425 pm Malvern Particle Size Analyser
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A.103

DATA FILE : MS40HSH

Test Facility UCT 40 mm NB
Test Date 27/05/91
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.58
Sclids Volumetric Concentration (4) 33.33
Solids Mass Concentration (%) 57.81
Mean Slurry Temperature (°C) 20.2
Fipe Internal Diameter (mm} 40,90
Pipe Roughness {(um) 62.0
Pipeline Slope Horizoental
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°C) Size {(pm) % Passing % Retained
3.584 6.801 19.9 425.0 99.7 -3
3.590 6.984 20.0 261.6 28.0 . 1.7
3.584 1.005 20.0 160.4 83.6 14.4
3.390 6.849 20.0 112.8 71.7 11.9
3.135 5.318 20.2 84.3 59.1 12.6
3.125 5.234 20.2 64.6 51.9 7.2
3.122 5.34646 20.3 50¢.2 47.0 4.9
3.122 5.432 20.3 39.0 41.6 S.4
2.775 4,306 20.3 30.3 37.2 4.4
2.780 4.317 20.4 23.7 34.0 3.2
2.780 4,337 20.4 18.5 30.7 3.3
2.775 4.436 20.4 14.5 27.8 2.9
2.406 3.297 20.4 11.4 24.4 3.4
2.409 3.302 20.3 7.1 20.1 4.3
2.405 3.327 20.3 7.2 16.6 3.5
2.409 3.459 20.3 5.8 13.5 3.1
2.031 2.518 20.3 Pan - .4 13.9
2.035 2.588 20.3
2.027 2.569 20.3 OBSERVED FLOW BEHAVIOUR
2.034 2.491 20.2 Velocity Observation
1.635 2.312 20.2 {m/s) (D = 46.0 mm)
1.622 1.981 20.2 1.01 Sliding bed
1.616 1.901 20.2 1.28 Asymetric
1.624 1.179 20.1 1.61 Appears homogeneocus
1.623 1.207 20.1 1.91 Appears homogeneous
1.608 1.711 20.1 2.20 Appears homogenecus
1.615 1.668 20.0 2.47 Appears homogeneous
1.622 -748 20.0 2.84 Appears homogeneous
1.291 1.842 20.0
1.282 1.465 20.0
1.279 2.070 20.0
1.286 .873 19.9
1.295 1.324 19.9
1.269 1.001 19.9
1.267 1.833 19.9

* —425 um Malvern Particle Size Analyser
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A.105

DATA FILE : M540DS8

Test Facility UCT 40 mm NE
Test Date 27/05/21
Material Descripticon MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.58
Solids Volumetric Concentration (%) 33.33
Solids Mass Concentration (%) 57.81
Mean Slurry Temperature (°C) 20.2
Pipe Internal Diameter (mm) 40 .90
Pipe Rcoughness (pm) 60.0
Fipeline Slope ' Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{(m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.584 - 8.720 19.9 495.0 9.7 R
3.590 - B.696 20.0 261.6 8.0 1.7
3.584 — B8.687 20.0 160.4 83.6 14.4
3.5%0 - 8.732 20.0 - 112.8 71.7 11.9
3.135 -10.090 20.2 - 84.3 592.1 12.6
3.125 -10.021 20.2 64.6 51.9 7.2
3.122 -10.075 2¢.3 50.2 47.0 4.9
3.122 -10.028 20.3 32.0 41.6 3.4
2.773 -11.142 20.3 30.3 37.2 4.4
2.780 -10.889 20.4 23.7 34.0 3.2
2.780 -11.112 20.4 18.5 30.7 3.3
2.775 -11.033 20.4 14.5 27.8 2.9
2.406 -11.905 20.4 11.4 24.4 3.4
2.409 -11.214 20.3 9.1 20.1 4.3
2.405 -11.939 20.3 7.2 16.6 3.5
2.40%9 —-i2.129 20.3 5.8 13.5 3.1
2.031 -12.858 20.3 Pan - .4 13.9
2.035 -12.890 20.3
2.027 -12.887 20.3 OBSERVED FLOW BEHAVIOUR
2.034 -12.864 20.2 Velocity Observation
1.635 -13.770 20.2 {(m/s) : (D = 44.0 mm)}
1.622 -14.051 20.2 .
1.616 -13.875 20.2
1.624 -14.100 20.1
1.623 -13.693 20.1
1.608 -14.419 20.1
1.615 -13.782 20.0
1.4622 -13.555 20.0
1.2921 -14.184 20.0
1.282 —-14.088 20.0
1.279 -15.070 20.0
1.286 -14.51i3 19.9
1.295 -14.0935 19.9
1.269 -14.216 19.9
S 1.267 -14_.612 12.9.

* —425 pm Malvern Particle Size Analyser
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A.107

pATA FILE : MS60USH
Test Facility UCT 40 mm NB
Test Date 27/05/91
Material Description MATERIAL S

Material Relative Density 2.74
Slurry Relative Density 1.58
Solids Volumetric Concentration (%) 33.33
Solids Mass Concentration (%) 57.81
Mean Slurry Temperature (°0) 20.2
Pipe Internal Diameter {(mm) 40.90
FPipe FRoughness (pm? 12.0

Vertical'up

Pipeline Slope

Mixture Pressure Slurry Farticle Size Distribution
Velcoccity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.584 21.487 19.9 425.0 9.7 .3
3.370 21.301 20.0 261.6 28.0 1.7
3.584 21.309 20.0 160.4 83.6 14.4
3.5%90 21.076 20.0 112.8 71.7 11.9
3.135 20.204 20.2 84.3 99.1 12.6
3.125 20.263 20.2 64.6 51.9 7.2
3.122 20.191 20.3 s0.2 47.0 4.9
3.122 20.246 20.3 32.0 41.6 S.4
2.775 19.611 20.3 30.3 37.2 4.4
2.780 12.045 20.4 23.7 34.0 3.2
2.780 18.957 20.4 18.5 30.7 3.3
2.775 192.279 20.4 14.5 27.8 2.9
2.406 18.639 20.4 11.4 24.4 3.4
2.409 18.149 T 20.3 2.1 20.1 4.3
2.405 18.871 20.3 7.2 16.6 3.5
2.409 18.283 20.3 5.8 13.5 3.1
2.031 16.333 20.3 Pan - .4 13.2
2.035 16.353 20.3
2.027 16.3%96 20.3 OBSERVED FLOW BEHAVIOUR
2.034 16.423 20.2 Velocity Observation
1.635 15.462 20.2 (m/s) (D = 46.0 mm)
1.622 15.486 20.2
1.616 15.448 20.2
1.624 15.598 20.1
1.623 15.536 20.1
1.608 15.468 20.1
{ 1.615 15.430 20.0
1.622 15.378 20.0
1.291 14 .506 20.0
1.282 14.515 20.0
1.279 14.658 20.0
1.286 14.575 19.9
1.2895 14.323 19.9
1.269 14.1335 19.9
1.267 14.228 19.9

‘# —42S pm Malvern Particle Size Analyser
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A.109

DATA FILE : MS40HbSL
Test Facility UCT 40 mm NB
Test Date 27/05/91
Material Description MATERIAL S

Material Relative Density 2.74

Slurry Relative Density 1.66

Solids Volumetric Concentration (%) 37.93

Solids Mass Concentration (%) &2.61

Mean Slurry Temperature (°0) 12.6

Fipe Internal Diameter {(mm) 40,90

Pipe Roughness {(pm} 62.0

Fipeline Slope Horizontal

Mixture Fressure Slurry Particle Size Distribution
Velocity Gradient Temp - Sieve and Malvern Size Analysis %

{m/s) {kPa/m) (°C) Size {(pm) % Passing % Retained
3.612 8.229 19.3 425.0 9.4 .6
3.610 7.850 19.4 261.6 4.3 5.1
3.615 8.063 19.4 160.4 80.3 14.0
3.624 8.115 12.5 112.8 68.8 11.5
3.268 6.711 19.6 84.3 58.0 10.8
3.267 6.312 19.7 b4.6 50.1 7.9
3.271 6.4B5 19.7 50.2 44 .6 S5.5
3.265 b6.476 19.7 37.0 392.7 4.9
2.932 5.509 19.7 30.3 36.0 3.7
2.932 5.482 19.7 23.7 32.8 3.2
2.937 5.441 19.7 18.5 £29.6 3.2
2.928 5.795 19.7 14.5 26.6 3.0
2.925 5.633 19.7 11.4 £3.3 3.3
2.535 4,137 19.7 9.1 19.4 3.9
2.534 4.208 192.7 7.2 16.0 3.4
2.3543 3.987 19.7 5.8 13.0 3.0
2.536 4.147 19.7 Pan - .2 13.2
2.162 2.672 19.6
2.139 2.418 19.6 OBSERVED FLOW BEHAVIOUR
2.130 2.426 192.6 Velocity Observation
2.160 2.527 19.6 {m/s) (D = 46.0 mm)
1.744 2.037 192.6 1.08 Asymetric
1.747 1.507 19.2 1.38 Asymetric
1.755 1.963 19.5 1.70 Appears homogeneocus
1.752 2.272 12.5 2.01 Appears homogeneous
1.743 1.506 19.5 2.32 Appears homogenecus
1.384 1.933 19.5 2.59 Appears homogenecus
1.365 1.960 19.5 2.86 Appears homogeneous
1.361 1.818 12.5
1.363 1.895 19.5
1.365 1.921 192.6

* —425 pm Malvern Particle Size Analyser
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ALLLS

DATA FILE : M3540D&6

Test Facility _ UcT 40 mm NB
Test Date 27/05/71
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.66
Sclids Volumetric Concentration (4 37.93
Solids Mass Concentration (%) 62.61
Mean Slurry Temperature (°0) 19.6
Pipe Internal Diameter (mm) ' 490.90
Pipe Roughness (pm) &£0.0
Pipeline Slope Vertical down
Mixture Pressure - Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (eC) Size {(pm) % Passing % Retained
3.612 - 8.022 12.3 425.0 9.4 .8
3.610 - 8.375 179.4 261.6 4.3 5.1
3.615 - 7.990 19.4 160.4 80.3 14,0
3.624 - 8.011 19.5 112.8 68.8 11.5
3.268 - 92.432 19.6 84.3 58.0 10.8
3.267 - 9.279 19.7 64.6 50.1 7.9
3.271 - 9.032 19.7 50.2 44 .56 5.5
3.265 - 9.212 19.7 39.0 39.7 4.9
2.932 -10.627 19.7 30.3 36.0 3.7
2.932 -10.627 19.7 23.7 32.8 3.2
2.937 -10.546 19.7 18.5 29.5 3.2
2.928 -10.632 19.7 ‘ 14.5 26.6 3.0
2.925 —~-10.661 19.7 11.4 23.3 3.3
2.535 -11.800 19.7 9.1 19.4 3.9
2.534 -11.653 19.7 7.2 16.0 3.4
2.543 -12.041 19.7 5.8 13.0 3.0
2.336 -11.992 19.7 Pan - .2 13.2
2.162 -13.642 19.46
2.139 -13.475 19.6 OBSERVED FLOW BEHAVIOUR
2.130 -13.467 19.6 Velocity Observation
2.160 -13.616 19.6 (m/s) (D = 46.0 mm)
1.744 -14.312 19.6
1.747 -14.148 : 192.5
1.755 —14.485 19.5
1.752 -14.348 19.5
1.743 -14.404 19.5
1.384 -14.470 19.5
1.365 -14.667 19.5
1.361 -14.464 192.5
1.363 -14.603 19.5
1.365 —-14.629 19.46

* —-425 pm Malvern Particle Size Analyser
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A.113

DATA FILE : MS40ULSL

Test Facility UCT 40 mm NB
Test Date 27/05/21
Material Description MATERIAL S5
Material Relative Density 2.74
Slurry Relative Density 1.66
Solids Volumetric Concentration (%) 37.93
Solids Mass Concentration (%) b&2.61
Mean Slurry Temperature (°C)} 1?.6
Fipe Internal Diameter (mm) 40.90
Pipe Roughness (pm) 192.0
Fipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{(m/s) (kPa/m} (°C? Size {(um) % Passing % Retained
3.612 22.654 12.3 425.0 9.4 .6
3.610 22.359 19.4 261.6 94.3 S.1
3.615 21.898 19.4 160.4 80.3 14.0
3.624 22.659 19.5 112.8 68.8 11.5
3.268 20.922 19.6 84.3 58.0 10.8
3.267 21.223 19.7 b64.6 50.1 7.9
3.271 21.449 19.7 S0.2 44 .6 5.5
3.265 21.290 12.7 39.0 39.7 4.9
2.932 192.741 192.7 30.3 36.0 3.7
2.932 19.5%94 1i9.7 23.7 32.8 3.2
2.937 12.413 19.7 18.5 29.6 3.2
2.928 18.9215 19.7 14.5 26.6 3.0
2.925 18.826 19.7 i1.4 23.3 3.3
2.535 17.703 12.7 ?.1 12.4 3.9
2.334 17.106 19.7 7.2 16.0 3.4
2.543 17.73S 19.7 5.8 13.0 3.0
2.936 17.6546 19.7 Pan - .2 i3.2
1.747 15.385 12.5
1.755 15.354 19.5 _ OBSERVED FLDOW BEHAVIODUR
1.752 15.441 19.5 Velocity Dbservation
1.743 15.419 192.5 {(m/s) (D = 46.0 mm)
1.384 15.221 19.5
1.365 15.269 19.5
1.361 15.276 19.5
1.363 15.276 19.5
1.365 15.302 19.6

* —425 pm Malvern Particle Size Analyser
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A.115

DATA FILE : MS4CH74

Test Facility : UCT 40 mm NB
Test Date 27/03/71
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.74
Solids Volumetric Concentration (%) 42.53
Scolids Mass Concentration (%) 66.97
Mean Slurry Temperature (°C) 21.1
Pipe Internal Diameter (mm) 40.90
Pipe Roughness (um) 62.0
Fipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{(m/s) {kFPa/m) (°C) Size (pm) % Passing % Retained
3.668 8.738 20.2 425.0 99.3 .7
3.4668 8.431 20.3 261.6 92.2 -1
3.668 8.484 20.4 160.4 93.0 6.2
3.671 7.794 20.5 112.8 76.9 16.1
3.311 5.669 20.7 84.3 65.4 11.5
3.324 6.194 20.7 &64.6 57.9 7.9
3.340 6b.111 20.8 50.2 50.8 6.7
3.343 5.8352 20.8 39.0 44.9 3.9
2.848 4.968 20.9 30.3 40.7 4.2
2.850 4.793 21.0 23.7 36.9 3.8
2.863 5.050 21.0 18.5 33.3 3.6
2.858 4.916 21.0 14.5 29.9 3.4
2.866 4.879 21.0 11.4 26.2 3.7
2.537 4.649 21.1 7.1 21.6 4.6
2.522 4,580 21.1 7.2 17.7 3.9
2.917 4.380 21.2 5.8 14.3 3.4
2.099 4.121 21.2 Pan ~ .5 14.8
2.102 4.206 21.2
2.104 4,048 21.2 OBSERVED FLOW BEHAVIOUR
2.108 4,070 21.3 Velocity Observation
1.799 , 3.803 21.3 {m/s) (D = 46£.0 mm)
1.803 3.768 21.3 .37 Appears homogeneous
1.804 3.780 21.3 .86 Appears homogeneous
1.441 3.409 : 21.3 1.13 Appears homogeneous
1.420 3.398 21.3 1.42 Appears homogeneous
1.419 3.3%92 21.3 1.66 Appears homogeneocous
1.424 3.387 21.3 2.00 Appears homogeneous
1.099 3.122 21.4 2.26 Appears homogeneous
1.095 3.046 21.4 2.63 Appears homogeneous
1.079 3.083 21.4 2.20 Appears homogenecus
1.085 3.055 21.4
- 741 2.711 21.4
.713 2.700 21.4
- 721 2.732 21.4
.687 2.65% 21.4

* —425 pm Malvern FParticle Size Analyser
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A.117

‘DATA FILE : MS40D74

Test Facility UCT 40 mm NB
Test Date 27/05/91
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.74
Solids Volumetric Concentration (%) 42.53
Solids Mass Concentration (%) bH6.97
Mean Slurry Temperature (°C) 21.1
Fipe Internal Diameter {(mm) 40,90
Pipe Roughness (um) 60.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°L) Size (pm) % Passing % Retained
3.668 - 7.389 20.2 425.0 9.3 «7
3.668 -~ 7.933 20.3 261.6 9.2 . |
3.668 - 7.773 20.4 160.4 93.0 6.2
3.671 - 7.389 20.5 112.8 76.9 16.1
3.311 - 9.717 20.7 84.3 65.4 11.5
3.324 - 29.837 20.7 ' b4.6 S57.95 7.9
3.340 - 2.567 20.8 50.2 50.8 6.7
3.343 - 2.793 20.8 32.0 44 .9 5.9
2.848 -11.993 20.9 30.3 40.7 4.2
2.850 ~11.889 21.0 23.7 36.9 3.8
2.863 -12.041 _ 21.0 18.5 33.3 3.6
2.858 -12.005 21.0 14.5 29.9 3.4
2.866 —12.280 21.0 1t.4 26.2 3.7
2.537. —-12.604 21.1 2.1 21.6 4.6
2.522 -12.479 21.1 7.2 17.7 3.9
2.517 —-12.368 21.2 S.8 14.3 3.4
2.099 -12.953 21.2 Pan - .3 14.8
2.102 -12.925 21.2 :
2.104 -12.959 21.2 OBSERVED FLOW BEHAVIOUR
2.108 -12.917 21.3 Velocity Observation
1.799 -13.173 21.3 (m/s) (D = 46.0 mm)
1.803 -13.117 21.3
1.804 —-13.187 2:1.3
1.441 —-13.484 21.3
1.420 -13.500 21.3
1.419 -13.531 21.3
1.424 -13.430 21.3
1.099 -13.902 21.4
1.095 -13.734 21.4
1.079 -13.727 21.4
1.085 -13.578 21.4
-741 —-14.650 21.4
=712 -14.064 21.4
.721 -13.938 21.4
-687 -13.335 21.4

# —425 pm Malvern Particle Size Analyser
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A.119

DATA FILE : M340U74

Test Facility UCT 40 mm NB
Test Date 27/03/91
Material Description MATERIAL 5
Material Relative Density 2.74
Slurry Relative Density 1.74
Solids Volumetric Concentration (%) 42.53
Solids Mass Concentration (%) 66.97
Mean Slurry Temperature (°C) 21.1
Pipe Internal Diameter {(mm) 40,90
Pipe Roughness (pm) 12.0
Pipeline Slope _ Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis ¥
{m/s) (kPa/m) (°C) Size (pm) % Fassing Y% Retained
3.4668 25.446 20.2 425.0 79.3 .7
3.468 26.761 20.3 261.6 2.2 -1
3.4668 26.490 20.4 160.4 3.0 6.2
3.671 25.751 20.5 112.8 76.9 16.1
3.311 21.331 20.7 B84.3 65.4 11.5
3.324 21.518 20.7 . b&4.6 57.5 7.9
3.340 21.158 20.8 50.2 50.8 &£.7
3.343 20.811 20.8 39.0 44 .9 5.9
2.848 19.338 20.9 30.3 40.7 4.2
2.850 19.551 21.0 23.7 36.9 3.8
2.863 19.395 21.0 18.5 33.3 3.6
2.858 _ 19.587 21.0 14.5 29.9 3.4
2.866 - 19.801 21.0 11.4 26.2 3.7
2.537 18.863 21.1 7.1 21.6 4.6
2.522 18.793 21.1 7.2 17.7 3.9
2.517 18.785 21.2 5.8 14.3 3.4
2.099 17.543 21.2 Pan - .5 14.8
2.102 17.390 21.2
2.104 17.485 21.2 ' OBSERVED FLOW BEHAVICUR
2.108 17.416 21.3 Velocity Observation
1.799 16.978 21.3 {m/s) (D = 46.0 mm)
1.803 16.989 21.3 '
1.804 16.876 21.3
1.441 16.867 21.3
1.420 16.465 21.3
1.419 16.775 21.3
1.424 17.075 21.3
1.099 16.606 21.4
1.095 16.708 21.4
1.079 16.684 21.4
1.085 16.829 21.4
-741 16.548 21.4
.715 16.468 21.4
.721 16.504 21.4
-687 16.494 - 21.4

* —425 pm Malvern Particle Size Analyser



R

Jes——

[

B s e 8 e Ko AT L e
¥

(kPa/m)

Pressure Gradient

Percentage Passing

30

27

24

21

i8

15

100
90
80
70
60
50
40
30
20

10

A.120

Material 5

M540U74

I L}

I 1

T |

1.5 2.0 2.5 3.0 3.5 4,

Mixture Velocity (m/s)

Materia1v5

M540_74

1

I

I

lllllll

1 lIlJL]

L IIITIII

AT nl]"ﬂll

/
]

/

;

oy vl

1 IJJIIIII

1

IR

1 L1111

10

100 1000

Particle Size

(micrometres)

10000



A.121

DATA FILE : MG4OH76

-

Test Facility UCT 40 mm NB
Test Date 27/05/21
Material Description MATERIAL 5
Material Relative Density 2.74
Slurry Relative Density 1.7&6
Solids Volumetric Concentration (%) 43.48
Solids Mass Concentration (%) &8.00
Mean Slurry Temperature (°C) 25.2
Fipe Internal Diameter {(mm} 46,90
Pipe Roughness (pm) &2.0
Fipeline Slope Horizental
Mixture Pressure Slurry Particle Size Distribution
Velocity ~ Gradient Temp . Sieve and Malvern Size Analysis ¥
(m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.681 6.791. 24.6 425.0 99.4 .6,
3.709 7.776 24.7 261.6 ?7.3 2.1
3.672 6.580 24.7 160.4 86.8 10.5
3.701 7.445 24.8 112.8 71.4 15.4
3.724 7.506 24.8 84.3 99.9 11.5
3.733 7.498 24.9 64.6 52.5 7.4
3.221 5.9202 24.9 S0.2 46.3 6.2
3.202 6.091 25.0 392.0 40.7 5.6
3.190 6.057 25.0 30.3 36.8 3.9
3.197 &.009 25.0 23.7 33.5 3.3
3.192 6.036 25.1 18.5 30.3 3.2
2.207 5.345 25.2 14.5 27.3 3.0
2.905 S.484 25.2 11.4 24.0 3.3
2.898 5.689 25.2 ?.1 19.9 4.1
2.905 5.687 25.2 7.2 16.4 3.5
2.414 4,881 25.3 5.8 13.3 3.1
2.399 4.883 25.3 Pan - .3 13.6
2.397 4.936 25.3
2.393 4.851 25.3 OBSERVED FLOW BEHAVIOUR
1.984 4.452 25.4 Velocity Observation
1.969 4.394 25.4 (m/s) (D = 46.0 mm)
1.963 4.498 25.4 -24 Appears homogenecus
1.954 4.476 25.4 1.04 Appears homogenecus
1.606 4.167 25.4 1.24 Appears homogeneous
1.586 4.103 25.4 1.56 Appears homogenecus
1.575 4,077 25.4 1.90 Appears homogenecus
1.569 4.114 25.5 2.29 Appears homogenecus
1.317 3.840 25.5 2.33 Appears hemogeneocus
1.319 3.848 25.5 2.93 Appears homogeneous
1.324 3.849 25.5
1.316 3.836 25.5
. 360 2.805 25.5
.337 2.839 25.5
.291 2.704 25.5
479 2.992 25.5
. 453 3.040 25.5

* =425 pm Malvern PFarticle Size Analyser
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A.123

DATA FILE
Test Facility
Test Date
Material Description
Material Relative Density

Slurry Relative Density

Solids Volumetric Concentration (%)

Sclids Mass Concentration (%)
Mean Slurry Temperature {(°C)
FPipe Internal Diameter (mm)
Pipe Roughness (pm)

Pipeline Slope

MS540D76

UCT 40 mm NB
27/05/91
MATERIAL S

2.74

1.76

43.468

£8.00

25.2

44,90

&60.0
Vertical down

Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size fAnalysis *
(m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.681 - 9.155 24.6 425.0 9.4 .6
3.709 -~ 9.449 24.7 261.46 7.3 2.1
3.672 - 9.609 24.7 160.4 86.8 10.5
3.701 - 9.584 24.8 112.8 71.4 15.4
3.724 - 2.251 24.8 84.3 99.9 11.5
3.733 - 9.619 24.9 b4.b6 52.5 7.4
3.221 -11.189 24.9 S0.2 46.3 6.2
3.202 —-11.996 25.0 - 39.0 40.7 3.6
3.120 -11.326 25.0 30.3 36.8 3.9
3.197 -11.269 25.0 23.7 33.5 3.3
3.192 —11.345 25.1 18.5 30.3 3.2
2.907 -11.761 25.2 14.5 27.3 3.0
2.905 -12.041 25.2 11.4 24.0 3.3
2.898 -11.724 25.2 2.1 19.9 4.1
2.905 -11.563 25.2 7.2 16.4 3.5
2.414 -12.433 25.3 5.8 13.3 3.1
2.399 -12.263 25.3 Pan - .3 13.6
2.397 ~-12.290 25.3
2.393 -12.247 25.3 DBSERVED FLOW BEHAVIDUR
1.984 -12.507 25.4 Velocity Observation
1.969 -12.7353 25.4 (m/s) (D = 446.0 mm)
1.963 —-12.621 25.4
1.954 —12.566 25.4
1.606 -12.937 25.4
1.584 —-12.962 25.4
1.575 -12.932 25.4
1.569 -12.936 25.5
1.317 -13.204 25.5
1.319 -13.187 25.5
1.324 -13.202 25.5
1.316 -13.238 25.5
- 360 -14.229 25.5
.337 -14.233 25.5
-291 -14.347 25.5
=479 -14.126 25.5
- 455 -14.085 25.5

* —425 pm Malvern Particle 5ize Analyser
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Test Facility
Test Date

DATA FILE

Material Description

Material Relative Density

Slurry Relative Density
Solids Volumetric Concentration (%) 43.48
Solids Mass Concentration (%) 68.00

Mean Slurry Temperature (°C)
Fipe Internal Diameter (mm)

Pipe Roughness {(um)

Pipeline Slope

MS40U76
UCT 40 mm NB
27/05/91
MATERIAL S
2.74
1.76

25.2

40,90

12.0
Vertical up

Mixture
Velocit
(m/s)
3.681
3.709
3.672
3.701
3.724
3.733
3.221
3.202
3.120
3.1927
3.192
2.907
2.905
2.898
2.905
2.414
2.399
2.397
2.393
1.984
1.969
1.963
1.954
1.606
1.586
1.575
1.569
1.317
1.31%9
1.324
1.316

.360

.337
.271
479
495

Pressure
Yy Gradient
(kPa/m)
22.603
23.082
23.401
23.002
23.129
23.079
21.554
21.627
21.133
21.607
21.484
21.430
20.977
21.426
21.431
20.190
20.608
20.104
20.648
19.396
1i2.111
19.259
19.081
1i8.721
18.494
18.441
18.349
18.252
18.143
1i8.262
18.186
17.367
17.024
17.313
17.481
17.348

Slurry
Temp .
{(°C)
24.6
24.7
24.7
24.8
24.8
24.9
24.9
25.0
25.0
25.0
25.1
23.2
25.2
25.2
25.2
25.3
25.3
25.3
25.3
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.5
25.5
25.5
25.9
25.5
25.5
25.5
25.5
25.5
25.5

Farticle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % Passing % Retained
425.0 99.4 .6
261.6 97.3 2.1
160.4 86.8 10.5
i12.8 71.4 15.4

84.3 592.9 11.5
ba.b6 52.5 7.4
S50.2 4565.3 6.2
37.0 40.7 S5.6
30.3 36.8 3.9
23.7 33.5 3.3
18.5 30.3 3.2
14.5 27.3 3.0
11.4 24.0 3.3
9.1 192.9 4.1
7.2 16.4 3.5
5.8 13.3 3.1
Pan - .3 13.6
OBSERVED FLOW BEHAVIOUR
Velocity Observation
{m/s) (D = 46.0 mm)

* —425 pm Malvern Particle Size Aﬁalyser
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A.127

DATA FILE : M340HBO
Test Facility UCT 40 mm NE
Test Date 27/05/91
Material Description MATERIAL 5

Material Relative Density 2.74
Slurry Relative Density 1.80
Solids Volumetric Concentration (%) 45.98
Solids Mass Concentration (%) 69.99
Mean Slurry Temperature (°C) 27.0
Pipe Internal Diameter (mm) 40.90
Fipe Roughness (pm) ) 62.0

Fipeline Slope Horizontal

Mixture Pressure Slurry Particle Size Distribution
Veleccity Gradient Temp. Sieve and Malvern Size Analysis *
{(m/s) (kPa/m) (e) Size (pm) % Passing % Retained
3.931 12.957 25.6 425.0 99.1 -2
3.947 i2.618 25.8 261.6 98.9 -2
3.955 12.412 25.9 160.4 ?1.3 7.6
3.963 12.653 26.1 112.8 74.8 16.5
3.548 11.928 26.4 84.3 63.6 11.2
3.560 12.036 26.5 &4.6 S6.2 7.4
3.563 11.917 25.6 S0.2 49.9 6.7
3.570 11.877 26.7 39.0 44 .0 5.2
3.084 10.987 26.9 30.3 39.8 4.2
3.089 11.222 27.0 23.7 36.1 3.7
3.088 10.9932 27.1 18.5 32.6 3.5
3.082 10.983 27.2 14.5 29.3 3.3
2.564 10.310 27.3 11.4 25.6 3.7
2.337 10.087 27.4 ?.1 21.2 4.4
2.543 ?.975 27.5 7.2 17.4 3.8
2.539 10.040 27.5 5.8 14.1 3.3
1.992 8.936 27.5 Pan - .3 14.4
1.961 8.982 27.5
1.964 8.932 27.5 GESERVED FLOW BEHAVIOUR
1.931 8.9244 27.5 Velocity Observation
1.492 B8.168 27.4 (m/s) (D = 46.0 mm)
1.446 8.104 27.4 .41 Appears homogeneous
-1.416 7.825 27.4 .85 Appears homogeneous
1.392 8.162 27.3 1.15 Appears homogeneous
1.104 7.972 27.2 1.55 Appears homogeneous
1.073 7.558 27.2 2.02 Appears homogeneous
1.058 7.422 27.2 2.44 Appears homogeneous
1.035 7.386 27.2 2.81 Appears homogeneous
=343 6.635 27.1 3.12 Appears homogeneous
.919 6.622 27.1
.3503 6.529 27.0
496 b.616 27.0

* —423 pm Malvern Particle Size Analyser
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A.129

‘DATA FILE : MS540D80

Test Facility

UCT 40 mm NB

Test Date 27/05/91
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.80
Solids Volumetric Concentration (%) 45.98
Sclids Mass Concentration (%) 6%2.99
Mean Slurry Temperature (°0) 27.0
Pipe Internal Diameter (mm) 40 .90
Fipe Roughness (um) 60.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) {kPa/m) (o) Size (pm) % FPassing % Retained
3.931 - 4.900 25.6 425.0 9.1 .2
3.947 - 5.2e2 25.8 261.6 8.9 .2
3.953S - 4,907 25.9 160.4 ?1.3 7.6
3.963 - 4,754 26.1 112.8 74.8 16.3
3.548 - 5.932 24.4 84.3 63.6 11.2
3.560 ~ 5.635 26.5 &64.6 56.2 7.4
3.5&3 - 5.999 26.6 50.2 49.5 6.7
3.570 - 5.941 26.7 32.0 44 .0 3.5
3.084 - 6.570 26.%9 30.3 39.8 4.2
3.089 - 6.683 27.0 23.7 36.1 3.7
3.088 ~- 6.810 27.1 18.5 32.6 3.5
3.082 - 6.714 27.2 14.5 29.3 3.3
2.564 - 7.906 27.3 11.4 25.6 3.7
2.5337 - 7.648 27.4 7.1 21.2 4.4
2.343 - 7.700 27.5 7.2 17.4 3.8
2.539 - 7.651 27.5 5.8 14.1 3.3
1.992 - 8.522 27.5 Pan - .3 14.4
1.9261 — B.623 27.5
1.964 - B.602 27.5 DBSERVED FLOW BEHAVIDUR
1.931 - B8.429 27.5 Velocity Observation
1.492 - 9.263 27.4 (m/s) (D = 46.0 mm)
1.446 - 9.324 27.4
1.416 - 9.465 27.4
1.392 - 9.439 27.3
1.104 -10.238 27.2
1.073 -10.388 27.2
1.058 -10.362 27.2
1.035 -10.100 27.2
.343 -10.924 27.1
.319 -10.877 27.1
. =503 -10.983 27.0
496 -10.916 27.0

* —425 pm Malvern Particle Size Analyser
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A.131

DATA FILE : M340U8B0

Test Facility UCT 40 mm NB
Test Date 27/05/21
Material Description MATERIAL S
Material Relative Density 2.74
Slurry Relative Density 1.80
Splids Volumetric Concentration (%) 45.98
Solids Mass Concentration (%) 692.99
Mean Slurry Temperature (°C) 27.0
Pipe Internal Diameter (mm? 40.90
Pipe Roughness (pm) 12.0
FPipeline Slope Vertical up
Mixture Pressure Slurry FParticle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis %
{m/s) (kPa/m) (°C) Size {(pm) % Passing % Retained
3.931 29.467 25.6 425.0 99.1 -9
3.947 29.5046 25.8 261.6 8.9 .2
3.955 29.520 25.9 160.4 ?1.3 7.6
3.963 29.90& 26.1 112.8 74.8 16.5
3.548 28.527 26.4 84.3 63.6 11.2
3.560 28.431 26.5 b4.6 56.2 7.4
3.563 28.482 26.6 50.2 49.5 6.7
3.570 28.607 26.7 39.0 44 .0 5.5
3.084 28.353 26.9 30.3 39.8 4.2
3.089 28.010 27.0 : 23.7 36.1 3.7
3.088 27.729 27.1 18.5 32.6 3.5
3.082 27.879 27.2 14.5 29.3 3.3
2.964 27.001 27.3 11.4 25.6 3.7
2.937 26.806 27.4 7.1 21.2 4.4
2.943 27.431 ‘ 27.5 7.2 17.4 3.8
2.939 26.823 27.5 5.8 14.1 3.3
1.992 25.789 27.5 Pan - .3 14.4
1.961 26.033 27.5
1.964 25.838 » 27.5 OBSERVED FLOW BEHAVIOUR
1.931 25.943 27.5 Velecity Observation
1.492 24.976 27.4 {m/s) (D = 46.0 mm)
1.446 25.119 27.4
1.416 24 .680 27.4
1.392 24.731 27.3
1.104 23.604 27.2
1.073 24.065 27.2
1.058 24.404 27.2
1.035 24.032 27.2
-343 22.945 : 27.1
«.919 23.264 27.1
-303 23.119 27.0
496 23.11%9 v 27.0

* —425 pm Malvern Particle Size Analyser



G ke P g Tt

R R R

i et e e AL AT
H

Percentage Passing

(kPa/m)

Pressure Gradient

A.132 |
Material 5 M540U80

30

27

24

211

8L

15

| l l I I | l

.,-.h-
e

! L L 1 1 L 1 1

.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.

Mixture Veldcity (m/s)

Material 5 : MS540_80

100
80
80
70
G0
50
40
30
20

i0

L ll|ll||l | lllrllll l/l—f""l‘l'llllT1 I I
s

;

4

/’

x/%

v

ool -y el Loyl N

T T

1 1 1111

10 100 1000
Particle Size (micrometres)

10000



i A.133

. DATA FILE : M1BOH75

Test Facility ! ’ UCT 8C mm NB
Test Date 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.75
Solids Volumetrnic Concentration (%) 43.35
Sclids Mass Concentratioen (%) &7.63
Mean Slurry Temperature (?0) 22.6
Pipe Internal Diameter (mm) 73.70
Pipe Roughness {(pm) 132.0
Fipeline Slope Horizental
Mixture Pressure  Slurry Particle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size Analysis *
{m/s) {kPa/m? ! (°C) Size (am) % Passing % Retained
3.371 3.350 21.7 600.0 5.5 4.5
3.381 2.774 ; 21.8 425.0 ?1.9 3.6
3.383 3.3279 , 22.1 362.0 86.0 5.9
3.384 3.361 ‘ 22.3 270.0 72.8 13.2
3.092 2.744 ? 22.5 201.0 51.1 21.7
3.097 2.674 22.6 149.0 31.2 19.9
3.0%1 2.842 22.6 111.0 1.9 11.3
3.098 2.911 ! 22.7 82.7 11.6 8.3
2.799 2.308 22.8 b1.6 2.3 2.3
2.805 2.262 22.8 45.8 6.4 2.9
2.803 2.280 : 22.8 34.1 5.3 1.1
2.804 ' 2.399 22.8 25.4 S.1 .2
2.171 1.644 ; 22.9 i8.9 4.4 -7
2.179 1.485 § 22.9 14.1 3.9 .5
2.165 2.008 : 22.9 10.5 3.5 iy
2.174 1.904 : 22.8 7.8 3.0 -9
1.561 1.023 1 22.7 Pan - .3 3.3
1.566 1.187 22.7 :
1.362 1.469 : 22.7 OBSERVED FLOW BEHAVIOQUR
1.568 2.128 ! 22.6 Velocity Observation
1.563 1.3575 . 22.6 {m/s) (D= 71.0 mm)
.245 2.185 | 22.5 1.02 40% Stationary bed
.958 2.843 ' e2.5 1.68 Sliding particles
. 262 3.382 22.4 2.34 Asymetric
.956 4.088 ' 22.4 3.02 Asymetric
-76S5 2.795 22.3 3.34 Appears homogeneous
: 3.64 Appears homogeneocus

* =425 pm Malvern Particle Size Analyser
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Test Facility
Test Date

Material Description
Material Relative Density
Slurry Relative Density
Solids Volumetric Concentration (%) 43.06
Soclids Mass Concentration (%) 67.37
Mean Slurry Temperature
Pipe Internal Diameter (mm)
Pipe Roughness {(pm)

Pipeline Slope

A.137

DATA FILE :

{°C)

M180U7S
UCT 80 mm NB
21/11/90
Material 1.
2.73
1.75

22.6

73.70
. 18.0
Vertical up

Mixture
Velocity
{m/s)
3.371
3.381
3.383
3.384
3.092
3.097
3.091
3.098
2.799
2.805
2.803
2.804
2.171
2.179
2.165
2.174
1.561
1.566
1.562
1.568
1.563
. 245
.258
9262
. 936
. 265

Pressure
Gradient
{kPa/m)
19.886
19.986
19.816
19.547
12.405
19.443
19.298
19.390
19.050
18.952
192.045
18.940
18.482
18.349
18.362
i8.414
17.693
17.768
17.733
17.782
17.763
17.473
17.349
17.369
17.367
17.350

Slurry
Temp.
(°C)
21.7
21.8
22.1
22.3
22.5
22.6
22.6
22.7
2.8
2a2.8
22.8
22.8
22.9
22.9
22.9
22.8
22.7
22.7
22.7
22.6
22.6
22.5
22.3
22.4
22.4
22.3

Particle Size Distribution
Sieve and Malvern Size Analysis %
Size (pm) % Passing % Retained

600.0 95.5 4.5
425.0 1.9 3.6
3&62.0 86.0 5.9
270.0 72.8 13.2
201.0 S51.1 21.7
149.0 31.2 19.9
111.0 19.9 11.3
82.7 11.6 8.3
61.6 2.3 2.3
45.8 6.4 2.2
34.1 5.3 1.1
23.4 5.1 .2
i8.9 4.4 .7
14.1 3.9 ]
10.5 3.5 .4
7.8 3.0 -9
Fan - .3 3.3

OBSERVED FLOW BEHAVIOUR
Velocity Observation
{m/s) (b= 71.0 mm)

* —435 pm Malvern Particle Size Analyser
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A.139

DATA FILE = M180H77

Test Facility UCT 80 mm NB

Test Date 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.77
Solids Veolumetric Concentration (%) 44.468
Sclids Mass Concentration (%) 6£8.80

Mean Slurry Temperature (°C) 246.4
Pipe Internal Diameter (mm) 73.70
Pipe Roughness (pm) 132.40
FPipeline Slope Horizontal

Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) {°C) Size (um) % Passing % Retained
3.704 4.044 22.4 &00.0 ?5.5 4.5
3.714 4.368 22.46 425.0 ?1.9 3.6
3.749 3.492 24.4 362.0 86.0 5.9
3.747 3.9460 24.6 270.0 72.8 13.2
3.751 3.046 24 .7 201.0 51.1 21.7
3.763 3.954 24.8 149.0 31.2 19.9
3.105 2.5642 25.1 1i11.0 19.9 11.3
3.098 2.639 23.1 82.7 11.6 8.3
3.111 2.840 25.1 61.6 ?.3 2.3
3.105 2.413 25.1 45.8 6.4 2.9
2.473 2.229 25.2 34.1 5.3 1.1
2.490 2.237 25.1 25.4 S.1 -2
2.492 2.101 25.1 18.9 4.4 -7
2.489 1.706 25.1 14.1 3.9 -5
1.840 2.098 24.9 10.5 3.5 -4
1.852 1.783 24.9 7.8 3.0 S
1.843 1.582 24.8 Pan - .3 3.3
1.844 2.524 24.7
1.233 2.721 24.6 OBSERVED FLOW BEHAVIOUR
1.248 2.811 24.5 Velocity Observation
1.247 1.987 24.4 {m/s) (D = 71.0 mm)
1.246 2.296 24.4 .43 70% Stationary bed
=970 2.599 24.2 1.05 350% Stationary bed
. 974 3.008 24.0 1.34 30% Stationary bed
.978 2.820 23.8 1.99 Sliding particles
.978 2.980 23.8 2.68 Asymetric
. 624 4 .000 23.7 3.34 Appears homogeneous
-9502 2.917 23.7 4.01 Appears homogeneous
-436 3.029 23.6
. 398 2.828 23.5
330 2.600 23.5

* —425 um Malvern Particle Size Analyser
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A.141

DATA FILE = M180D77

Test Facility

Test Date

Material Description
Material Relative Density
Slurry Relative Density

UCT 80 mm NB
21/11/90
-~ Material 1
2.73
1.77

Solids Volumetric Cencentration (%) 44.68
Sclids Mass Concentration (%} &8.80

Mean Slurry Temperature (°0)
Pipe Internal Diameter (mm)
Pipe Rcoughness (pam)
Pipeline Slope

24.5
73.70
260
Vertical down

Mixture
Velocit
{m/s)
3.749
3.747
3.751
3.763
3.105
3.098
3.111
3.103
2.473
2.490
2.492
2.489
1.840
1.852
1.845
1.844
1.233
1.248
1.247
1.246
970
=274
.278
.778
- H24h
.S02
436
. 3798
. 330

Particle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % Passing %4 Retained
600.0 5.5 4.5
425.0 1.9 3.6
362.0 86.0 S.9
270.0 72.8 13.2
201.0 St1.1 21.7
149.0 31.2 19.9.
111.0 19.9 11.3

82.7 11.6 8.3
bl.6 2.3 2.3
45.8 b.b 2.9
34.1 5.3 1.1
25.4 5.1 .2
18.9 4.4 -7
14.1 3.9 -9
10.5 3.5 .4
7.8 3.0 S
Pan - .3 3.3

OBSERVED FLOW BEHAVIOUR
Velocity Observation
{(m/s) (D = 71.0 mm)

Pressure Slurry
Yy Gradient Temp.
(kPa/m) (°C)
- —-12.318 24.4
-12.759 24.6
-12.612 24.7
-12.727 24.8
—-14.48%9 25.1
-14.194 25.1
-14.599 25.1
-14.251 25.1
-15.482 23.2
-15.494 25.1
—-15.486 : 25.1
-15.477 25.1
-15.946 24.9
-15.984 24.9
—-15.948 24.8
-153.975 24.7
-16.470 24.6
—16.301 24.3
-16.172 24.4
-16.249 24.4
-16.352 24.2
—-16.405 24.0
-~16.320 23.8
-16.354 23.8
-16.896 23.7
-17.020 23.7
-16.965 23.6
-17.091 23.5
-16.930 23.5

* —425 pm Malvern Particle Size Analyéer
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Test Facility
Test Date

Material Description
Material Relative Density
Slurry Relative Density
Solids Volumetric Concentration (%) 44.&8
Solids Mass Concentration (%) &8.80
Mean Slurry Temperature
Fipe Internal Diameter (mm)
Pipe Roughness (am)

Fipeline Slope

A.143

DATA FILE :

()

M180U77
UCT 80 mm NB -
21/11/90
Material 1
2.73
1.77

24.4

73.70

18.0
Vertical up

Mixture
Velocity
{m/s)
3.704
3.714
3.749
3.747
3.751
3.7463
3.105
3.098
3.111
3.105
2.475
2.4%0
2.492
2.489
1.840
1.852
1.84S5
1.844
1.233
1.248
1.247
1.246
270
274
. 278
.278
-624
. 302
436
-.398
.330

Pressure
Gradient
(kPa/m)
20.890
20.481
21.136
20.593
21.434
20.710
192.985
19.917
20.065
20.043
18.92%
19.171
19.0379
18.940
18.406
18.181
18.253
18.259
17.931
17.972
17.922
17.925
17.84%9
17.874
17.834
17.804
17.802
17.820
17.719
17.816
17.895

Slurry
- Temp.
{2C)
22.4
22.6
24.4
24.6
24.7
24.8
25.1
25.1
25.1
25.1
25.2
25.1
25.1
295.1
24.9
24.9
24.8
24.7
24.6
24.5
24.4
24.4
24.2
24.0
23.8
23.8
23.7
23.7
23.6
23.5
23.5

Particle Size Distribution
" Sieve and Malvern Size finalysis #

Size (pm) % Passing % Retained
&00.0 5.5 4.5
425.0 ?1.9 3.6
362.0 86.0 5.9
270.0 72.8 13.2
201.0 S1.1 21.7
149.0 31.2 19.9
111.0 19.9 11.3

82.7 11.6 8.3
61.6 2.3 2.3
45.8 6.4 2.9
34.1 5.3 1.1

- B25.4 5.1 -2
18.9 4.4 -7
14.1 3.9 -5
10.5 3.5 4
7.8 3.0 -3
Pan - .3 3.3

OBSERVED FL.OW BEHAVIOUR
Velocity Observation
(m/s) (D = 71.0 mm)

* —-425 pm Malvern Particle Size Analyser
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A. 143

DATA FILE : MiBoHB2

Test Facility UCT 8C mm NB

Test Date 21/11/90
Material Description Material 1
" Material Relative Density 2.73
Slurry Relative Density 1.82
Solids Volumetric Concentration (%) 47.17
Solids Mass Concentration (%) 70.91
Mean Slurry Temperature (°0) 25.1
Pipe Internal Diameter (mm) 73.70
Pipe Roughness {(um) 132.0
Pipeline Slope Horizontal .
~ Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern S5ize Analysis #*
(m/s) (kPa/m) (°eC) Size (pm) % Passing % Retained
3.750 4,622 24.4 &00.0 5.5 4.5
3.755 4.468 24.7 425.0 1.9 3.6
3.76%9 3.960 24.9 362.0 B6.0 5.9
3.773 4.564 25.1 270.0 72.8 13.2
3.779 3.795 25.3 201.0 S51.1 21.7
3.071 3.721 25.7 149.0 31.2 19.9
3.075 3.203 25.8 111.0 19.9 11.3
‘3.073 3.401 25.8 82.7 11.6 8.3
3.077 3.310 25.8 6i.6 2.3 2.3
2.470 3.081 25.9 45.8 6.4 2.9
2.470 2.585 25.9 34.1 5.3 1.1
2.473 2.702 25.8 25.4 5.1 .2
2.473 2.5608 25.8 i8.9 4.4 -7
1.8%21 2.142 25.7 14.1 3.9 <9
1.884 1.948 25.7 10.5 ‘3.5 -4
1.893 1.907 25.6 7.8 3.0 -3
1.896 2.263 25.6 Pan .3 3.3
1.277 3.327 25.4
1.286 2.361 25.4 OBSERVED FLOW BEHAVIOUR
1.280 2.697 25.3 Velocity Observation
1.283 2.947 25.2 {m/s) (D= 71.0 mm)
1.287 2.660 25.2 .38 350% Stationary bed
.238 2.800 25.0 1.02 8liding particles
. 254 2.354 25.0 1.38 6Sliding particles
.241 3.244 24.9 2.04 Asymetric
. 932 2.470 24.8 2.66 Asymetric
- 244 2.602 24.8 3.32 Appears homogeneous
- 730 2.970 24.7 4.05 Appears homogeneous
.ol2 2.008 24.6
411 2.602 24.5
.336 2.725 24.5 ’
.339 2.908 24.4
-273 3.3569 24.4
.222 3.266 24.3
.192 3.5935 24.3

* —-425 pm Malvern Particle Size Analyser
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A.147

DATA FILE : MiB80D82 '

Test Facility UCT 80 mm NB
Test Date 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density i.82
Solids Volumetric Concentration (4) 47.17
Seclids Mass Concentration (%) 70.21
Mean Slurry Temperature (°C) 25.2
Fipe Internal Diameter {(mm) 73.70
Pipe Roughness {pm) F6.0
Fipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) {kPa/m) (°C) Size {(pm) % Passing % Retained
3.750 -14.169 24.4 &600.0 5.5 4.5
3.755 ~14.0058 24.7 425.0 ?1.9 3.6
3.769 -14.037 24.9 362.0 86.0 5.7
3.773 -13.811 25.1 270.Q 72.8 13.2
3.779 -13.825 25.3 201.0 S1.1 21.7
3.071 —14.842 25.7 149.0 31.2 19.9
3.073 -14.672 25.8 111.0 19.9 11.3
. 3.075 -14.896 25.8 82.7 11.6 8.3
3.077 —14.664 25.8 61.6 9.3 2.3
2.470 -15.279 . 25.9 45.8 6.4 2.9
2.470 -15.257 25.9 34.1 5.3 1.1
2.473 —-15.265 25.8 25.4 5.1 . -2
2.473 -15.2463 25.8 18.2 4.4 -7
1.891 -15.691 25.7 1i4.1 3.9 -3
1.884 -15.764 25.7 10.5 3.5 iy
1.893 -15.654 25.6 7.8 3.0 .5
1.896 -15.808 25.6 Pan - .3 3.3
1.277 -16.338 25.4
1.286 -16.039 25.4 OBSERVED FLOW BEHAVIOUR
1.280 —-16.065 25.3 Velocity Observation
1.283 -16.137 ' 25.2 {m/s) (D= 71.0 mm)
1.287 —-15.965 25.2 :
.238 -17.170 25.0
- 954 -17.033 25.0
.41 -16.946 24.9
. 252 ~-156.869 24.8
<244 -146.778 24.8
. 930 —-146.699 24.7
.312 -146.593 24.6
<411 -16.474 24.5
.273 -17.115 24.4
.222 . —17.202 24.3
.192 -17.2435 24.3

* —425 pm Malvern Particle Size Analyser
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A.149

DATA FILE : M180UB2 j
Test Facility UCT 80 mm NB

Test Date 21/711/90
Material Description Material 1+
Material Relative Density 2.73
Slurry Relative Density 1.82
Solids Volumetric Concentration (X)) 47.17
Solids Mass Concentration (%) 70.91
Mean Slurry Temperature (°C) 25.1
Pipe Internal Diameter (mm) 73.70
Pipe Roughness {(pm) i8.0
Pipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Bradient Temp. Sieve and Malvern Size Analysis *
(m/s) {kPa/m) (°C) Size {(pm) % Passing % Retained
3.730 20.923 24.4% 600.0 95.5 4.5
3.755 20.612 24.7 425.0 ?1.9 ‘3.6
3.769 21.331 24.9 362.0 » 86.0 5.9
3.773 21.040 25.1 270.0 72.8 13.2
3.779 21.949 25.3 201.0 S51.1 21.7
3.071 19.830 25.7 149.0 31.2 12.9
3.07S 19.978 £25.8 111.0 12.9 11.3
3.075 19.960 25.8 82.7 11.6 8.3
3.077 20.110 25.8 b1.6 2.3 2.3
2.470 192.500 25.9 45.8 6.4 2.9
2.470 19.436 25.9 34.1 5.3 1.1
2.473 19.374 25.8 25.4 5.1 .2
2.473 12.471 25.8 18.9 4.4 .7
1.891 12.038 25.7 1.1 3.9 -5
1.884 12.037 25.7 10.5 3.5 -4
1.893 . 12.101 25.6 7.8 3.0 .5
1.896 12.140 25.6 Pan - .3 3.3
1.277 18.768 25.4
1.286 18.664 25.4 OBSERVED FLOW BEHAVIQUR
1.280 18.733 25.3 Velocity Observation
1.283 18.744 25.2 (m/s) (D = 71.0 mm)
1.287 18.747 25.2
.738 18.3560 235.0
. 254 18.577 25.0
.241 18.549 24.9
252 18.543 24.8
244 18.5%4 24.8
. 230 18.5%95 24.7
.312 18.491 24.6
411 18.558 24.5
.356 18.499 24.5
.339 18.53%7 24.4
275 12.049 24.4
. 222 12.632 24.3
.192 12.941 24.3

# ~425 pm Malvern Particle Size Analyser
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" A.151

DATA FILE
Test Facility

M180OHBS

" UCT 80 mm NB

Test Date 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.85
Solids Volumetric Concentration (4) 42.31
Sclids Mass Concentration (%) 72 .64
Mean Slurry Temperature (°C) 25.6
Pipe Internal Diameter (mm} 73.70
Pipe Roughness (pm) 132.0
Pipeline Slope Horizontal
Mixture Fressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size fAnalysis *
{m/s)} (kPa/m) (eC) Size (um) % Passing % Retained
3.418 5.265 24.1 &£00.0 95.5 4.5
3.432 5.195 24.3 425.0 ?1.9 3.6
3.438 5.206 24.6 362.0 86.0 5.9
3.451 5.349 24.8 270.0 72.8 13.2
3.081 4.708 25.5 201.0 51.1 21.7
3.079 4.660 25.6 149.0 31.2 i9.9
3.084 4.116 25.7 111.0 19.9 11.3
3.088 4.395 25.8 82.7 11.6 8.3
2.464 3.649 26.1 61.6 ?.3 2.3
2.460 3.629 26.2 45.8 6.4 2.9
2.462 3.751 26.2 34.1 5.3 1.1
2.467 3.671 26.2 25.4 5.1 .2
2.467 3.898 25.2 18.9 4.4 .7
1.875 2.496 26.2 14,1 3.9 <3
1.872 2.7212 25.2 10.5 3.5 iy
1.874 2.833 26.2 7.8 3.0 -3
1.874 2.688 26.1 Pan - .3 3.3
1.267 2.276 26.0
1.263 2.382 26.0 OBSERVED FLOW BEHAVIOUR
1.261 2.120 25.9 Velocity Observation
1.262 1.972 25.9 {m/s) (D= 71.0 mm)
642 2.312 25.7 .16 60% Stationary bed
. 668 2.376 25.6 .71 Asymetric
661 2.072 25.6 1.36 Asymetric
- 648 2.178 25.5 2.02 Appears homogeneous
.648 2.812 25.5 2.65 Appears homogenecus
-194 2.136 25.2 3.32 Appears homogeneous
.137 2.016 25.1 3.70 Appears homogeneous
.106 2.607 25.1
.08S 2.645 25.1

* =425 pm Malvern Particle Size Analyser
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A.153

'DATA FILE : M180DSS

Test Facility

UCT 80 mm NB

Test Date } 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.85
Selids Veolumetric Concentration (%) 492.31
Swlids Mass Concentration (%) 72.64
Mean Slurry Temperature (20} 25.6
Fipe Internal Diamster (mm) 73.70
Pipe Roughness (um) 26.0
FPipeline Slope Vertical down
Mixture Pressure - Slurry Particle Size Distribution
Velocity Bradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) ! {°) Size {(pm) % Passing % Retained
3.418 -13.088 24.1 600.0 5.5 4.5
3.432 -13.18%9 | 24.3 425.0 ?1.9 3.6
3.438 -13.131 - 24.6 3&62.0 86.0 5.9
3.451 -12.930 24.8 270.0 72.8 13.2
3.081 -13.432 25.5 201.0 S1.1 21.7
3.079 —-13.673 25.6 149.0 31.2 1i?.9
3.084 -13.51%9 , 25.7 111.0 1i9.9 11.3
3.088 -13.625 ' 25.8 82.7 11.6 8.3
2.464 -14.412 26.1 &61.6 2.3 2.3
2.460 —-14.491 26.2 45.8 6.4 2.9
2.462 -14.457 2s6.2 34.1 5.3 1.1
2.467 -14.715 26.2 25.4 5.1 -2
2.467 -14.719 26.2 18.9 4.4 .7
1.875 -15.091 , 26.2 14.1 3.9 e
1.872 —15.042 i 26.2 10.5 3.5 -4
1.874 -15.132 ‘ 26.2 7.8 3.0 -3
1.874 -15.102 26.1 Pan - .3 3.3
1.267 -15.625 i 26.0 :
1.263 -15.582 26.0 OBSERVED FLOW BEHAVIOUR
1.261 -15.722 25.9 Velocity Observation
1.262 ~-15.621 25.9 {m/s) (D = 71.0 mm)
642 -15.221 25.7
. 668 -146.396 25.6
661 -16.0487 25.6
.648 ~-15.921 25.5
.648 -15.813 25.5
.194 -17.374 25.2
-137 —-18.960 25.1
-1056 -18.702 25.1
.085 -17.5256 : 25.1
o

* —425 pm Malvern Particle

Size Analyser
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A.155

DATA FILE : M1BOUBS

Test Facility UCT 80 mm NB

Test Date 21/11/%2¢C
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.85
Solids Volumetric Concentration (4) 49.31
Solids Mass Concentraticn (%) 72.464
Mean Slurry Temperature {°C) 23.6
Fipe Internal Diameter {mm) 73.70
18.0

Pipe Roughness (pm)

Pipeline Slope Vertical up

Mixture Fressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern S5ize Analysis ¥
{m/s} (kPa/m} (°C) Size {(pm) % Passing ¥ Retained
3.418 21.900 24.1 600.0 95.5 4.5
3.432 22.393 24.3 425.0 ?1.9 3.6
3.438 21.877 24.6 362.0 86.0 5.9
3.451 22.180 24.8 270.0 72.8 13.2
3.081 21.733 25.5 201.0 51.1 21.7
3.079 21.290 25.6 149.0 31.2 19.9
3.084 21.892 25.7 111.0 19.9 11.3
3.088 22.013 25.8 82.7 11.6 8.3
2.464 20.783 26.1 61.46 ?.3 2.3
2.460 20.828 2&6.2 45.8 &.4 2.9
2.462 20.718 26.2 34.1 5.3 1.1
2.467 20.833 246.2 25.4 5.1 .2
2.467 21.009 26.2 18.9 4.4 -7
1.875 20.262 26.2 14.1 3.9 <3
1.872 20.357 26.2 10.35 3.5 -4
1.874 20.347 g26.2 7.8 3.0 3
1.874 20.256 26.1 Pan - .3 3.3
1.267 192.8246 26.0 -
1.263 19.826 26.0 DOBSERVED FLOW BEHAVIOUR
1.261 19.824 25.9 Velocity ODbservation
1.262 19.814 25.9 {(m/s) (D = 71.0 mm)
642 19.547 23.7
-668 19.446 25.6
.861 19.443 25.6
. 648 19.38%9 23.5
. 648 19.451 23.5
. 194 18.952 25.2
.137 18.910 25.1
<106 18.894 25.1
-.085 18.848 25.1

* ~425 pm Malvern Particle Size Analyser
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A.157

DATA FILE : M180OHB9

Test Facility LHCT 80 mm NB
Test Date 21/11/90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.89
Solids Velumetric Concentration (%) 51.27
Sclids Mass Concentration (%) 74.18
Mean Slurry Temperature (°0C) 27.2
Pipe Internal Diameter (mm) 73.70
Pipe Roughness (pm) 132.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. '} Sieve and Malvern Size Analysis ¥
{m/s) (kPa/m) (°g) Size (pm) % Passing % Retained
2.712 7.182 295.5 600.0 5.5 4.5
2.9236 6.901 25.8 425.0 ?1.9 3.6
2.958 7.010 246.2 362.0 86.0 5.9
2.969 6.866 26.5 270.0 72.8 13.2
2.491 6.313 27.2 201.0 S1.1 21.7
2.489 5.729 27.4 149.0 31.2 19.9
2.486 6£.196 27.5 111.0 12.9 11.3
2.494 . 5.899 27.6 82.7 11.6 8.3
1.876 4,504 27.8 61.6 9.3 2.3
1.868 4.534 27.9 45.8 6.4 2.9
1.866 4.429 27.9 34.1 5.3 1.1
1.870 4,455 27.9 - 25.4 5.1 .2
1.200 2.917 27.8 18.9 4.4 -7
1.179 3.141 27.7 14.1 3.9 . .S
1.178 2.892 . 27.6 10.5 3.5 . 4b
1.162 3.273 27.6 7.8 3.0 S
.5643 2.428 27.4 Pan - .3 3.3
.643 2.537 27.3
.5637 2.469 27.3 OBSERVED FLOW BEHAVIOUR
.636 2.325 27.2 Velocity Observation
-.639 2.325 - 27.2 (m/s) {D = 71.0 mm)
.312 1.992 27.0 .26 Asymetric
.281 2.126 26.9 .69 Asymetric
-.256 2.238 26.9 1.27 Appears homogenecus
241 2.223 26.9 2.02 Appears homogeneous
.229 2.516 25.8 2.68 Appears homogeneous
.224 1.995 26.8 3.17 Appears homogenecus

* —425 pm Malvern Particle Size Analyser
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A.1359

DATA FILE : M180D89

Test Facility | UCT 80 mm NB

Test Date 21/11/%90
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.89
Solids Volumetric Concentration (%) 51.27
Sclids Mass Concentration (%) 74.18
Mean Slurry Temperature (°C} 27.2
Fipe Internal Diameter {(mm) 73.70
6.0

Pipe Rocughness (um)

Fipeline Slope

Vertical down

Mixture Fressure = Slurry Particle Size Distribution
Velocity Gradient ' Temp . Sieve and Malvern Si=ze Analysis #*
(m/s) (kPa/m) (¢C) Size (pm) % Passing Retained
2.912 -11.668 25.5 &£00.0 5.5 4.5
2.936 -11.712 25.8 425.0 ?1.9 3.6
2.958 —-11.855 26.2 362.0 86.0 5.9
2.969 -11.864 26.5 270.0 72.8 13.2
2.491 -12.599 27.2 201.0 S51.1 21.7
2.489 -12.764 27.4 149.0 31.2 12.9
2.486 -12.964 27.5 111.0 12.9 11.3
2.494 -12.5%94 27.6 82.7 11.6 8.3
1.876 -13.825 27.8 &61.6 2.3 2.3
1.868 —-13.855 27.9 45.8 6.4 2.9
1.866 -13.885 27.9 34.1 5.3 1.1
1.870 -13.974 27.9 25.4 3.1 .2
1.200 -15.017 27.8 18.9 G.4 -7
1.179 -15.013 27.7 14.1 3.9 -5
1.178 -14.918 27.& 10.5 3.5 -4
1.162 -15.004 27.6 7.8 3.0 .5
. 643 -15.913 27.4 Fan .3 3.3
643 -15.857 27.3
. 637 -15.985 27.3 OBSERVED FLOW BEHAVIOUR
.636 -15.902 27.2 Velocity Observation
.639 -15.933 27.2 (m/s) (D = 71.0 mm)
.312 ~15.790 27.0
-.281 —-15.742 26.9
256 -15.602 26.9
.241 -15.600 26.9
-229 -15.5%4 26.8
.224 —-15.585 26.8

* =425 pm Malvern Particle Size Analyser
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A.161

DATA FILE M180UB%
Test Facility UCT 80 mm NB
Test Date 21/11/790
Material Description Material 1
Material Relative Density 2.73
Slurry Relative Density 1.89
Solids Volumetric Concentration (%) 351.27
Solids Mass Concentration (%) 74.18
Mean Slurry Temperature (°C) 27.2
Pipe Internal Diameter (mm) 73.70
Pipe Roughness (um) 18.0

Pipeline Slope

Vertical up

Mixture
Velocity
{m/s)
2.212
2.936
2.958
2.969
2.491
2.489
2.48646
2.494
1.876
1.868
1.866
1.870
1.200
1.179
1.178
1.162
.643
.643
. 637
.636
. 639
.312
.281
.236
<241
.229
.224

Pressure
Gradient
(kPa/m}
23.9547
23.939
23.567
23.677
22.734
23.477
22.699
23.309
22.314
22.363
22.386
22.224
21.485
21.409
21.435
21.477
20.5661
20.617
20.602
20.527
20.559
19.972
20.056
20.035
20.100
20.136
20.063

Slurry
Temp.
(°C)
25.5
25.8
26.2
26.5
27.2
27.4
27.5
27.6
27.8
27.9
27.9
27.9
27.8
27.7
27.6
27.6
27.4
27.3
27.3
27.2
27.2
27.0
26.9
26.9
26.9
26.8
26.8

Particle Size Distribution
Sieve and Malvern Size Analysis ¥
Size (pm) % Passing % Retained

&00.0 5.5 5.5
425.0 21.9 3.6
362.0 B&.0 5.9
270.0 72.8 13.2
201.0 S1.1 21.7
149.0 31.2 ie.9
111.0 19.9 11.3
82.7 11.6 8.3
61.6 2.3 2.3
45.8 6.4 2.9
34.1 5.3 1.1
295.4 5.1 .2
18.9 4.4 .7
14,1 3.9 -5
10.5 3.5 .4
7.8 3.0 .3
Pan - .3 3.3

OBSERVED FLOW BEHAVIOUR
Velecity Observation
{m/s) (D = 71.0 mm)

* —4235 pm Malvern Particle Size Analyser
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A.163

DATA FILE : MI1iB8OH%2

Test Facility UCT 80 mm NBE
Test Date ' 21/11/90
Material Descripticon Material 1
Material Relative Density 2.73
Slurry Relative Density 1.92
Solids Volumetric Concentration (%) GS2.95
Sclids Mass Concentraticn (%) 75.44
Mean Slurry Temperature {(°C) 29.2
FPipe Internal Diameter (mm) 73.70
Pipe Roughness (pm? 132.0
Fipeline Slope Herizontal
Mixture FPressure Slurry FParticle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size Analysis *
{m/s) (kPa/m) (°C) Size (pm) % Passing %4 Retained
2.8046 8.015 28.0 600.0 95.5 4.5
2.814 B.054 28.4 425.0 1.9 3.6
2.830 8.246 28.7 362.0 86.0 5.9
2.839 7.984 29.0 270.0 72.8 13.2
2.456 6.615 22.5 201.0 S1.1 21.7
2.465 6.716 29.6 149.0 31.2 19.9
2.456 7.313 29.7 111.0 i?.9 11.3
2.440 6.931 29.7 82.7 11.6 8.3
1.832 5.018 22.9 - b1.6 ?.3 2.3
1.845 4.956 29.9 45.8 6.4 2.9
1.843 5.197 29.9 34.1 5.3 1.1
1.840 4.977 29.8 23.4 5.1 -2
1.235 3.693 - 29.7 18.9 4.4 -7
1.231 3.813 29.7 14.1 3.9 -5
1.23%9 3.782 29.6 10.5 3.5 -4
1.217 3.957 29.5 7.8 3.0 S
630 2.644 27.2 Pan - .3 3.3
- 6235 . 2.887 2.2
=615 2.882 29.1 OBSERVED FLOW BEHAVIOUR
-611 2.807 29.0 Velocity Observation
. 304 2.161 28.7 {m/s) (D= 71.0 mm)
.291 2.243 28.6 .31 Appears homogeneous
.266 2.353 28.6 .67 Appears homogeneous
.257 2.106 28.5 1.33 Appears homogeneous
.250 2.456 28.5 1.98 Appears homogenecus
2.64 Appears homogeneocus
3.04 Appears homogeneous

* =425 pm Malvern Farticle Size Analyser
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A.167

DATA FILE : Mi180D92

Test Facility

Test Date

Material Description
Material Relative Density
Slurry Relative Density

UCT 80 mm NE
21/711/90
Material 1
2.73
1.92

~ Solids Volumetric Concentration (%) 52.95
Solids Mass Cencentration (%) 73.44

Mean Slurry Temperature {(°C)
Pipe Internal Diameter (mm)
Pipe Roughness (um)

Pipeline Slope

29.2
73.70
6.0
Vertical down

Mixture Pressure Slurry
Velocity Gradient Temp.
(m/s) {kPa/m) (eC)
2.806 —-11.282 28.0
2.814 -11.256 28.4
2.830 - -11.357 28.7
2.839 -11.144 29.0
2.456 -12.347 29.5
2.445 —11.868 29.6
2.456 -12.099 29.7
2.440 -11.721 29.7
1.839 -13.292 ' 29.9
1.845 ~-13.264 29.9
1.843 —-13.3%94 29.9
1.840 -13.322 ' 29.8
1.235 —-14.343 29.7
1.231 -14,711 29.7
1.239 —14.456 29.6
1.217 -14.361 29.5
-.630 -15.360 29.2
-685 -15.439 29.2
.6135 -15.453 29.1
.611 -15.467 29.0
-304 —14.703 28.7
271 -14.737 28.6
266 -14.892 28.6
.257 " —~14.830 28.5
-.250 —-14.826 28.5

~ Particle Size Distribution
Sieve and Malvern Size Analysis *

Size (pm) % Passing % Retained
&00.0 5.5 4.5
425.0 ?1.9 3.6
362.0 86.0 5.9
270.0 72.8 13.2
201.0 51.1 21.7
149.0 31.2 19.9
111.0 19.9 11.3

82.7 11.6 8.3
61.6 ?.3 2.3
45.8 6.4 2.9
34.1 5.3 1.1
25.4 S.1 -2
18.9 4.4 .7
14,1 3.9 ]
10.5 3.5 ol
7.8 3.0 -9
Pan - .3 3.3

OBSERVED FLOW BEHAVIOUR
Velocity Observation
{(m/s) (D = 71.0 mm)

* —423 pm Malvern Particle Size Analyser
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A.169

Test Facility
Test Date
Material Description

Material Relative Density
Slurry Relative Density

Sclids Volumetric Concentration
Selids Mass Concentration (%)
Mean Slurry Temperature (20)
Pipe Internal Diameter (mm?
Pipe Roughness (pm?

Fipeline Slope

DATA FILE : M3SABOHG3

UCT 80 mm NB
228/11/90
Material oA
2.73
1.63
(%)Y 346.30
&0.87
22.7
73.70
132.0
Horizaontal

Mixture Fressure Slurry ~Particle Size Distribution
Veloccity Gradient Temp. Sieve and Malvern Size fAnalysis #*

(m/s) (kFPa/m)} (eC) Size (um) % Passing % Retained
3.671 3.122 23.0 425.0 8.5 1.5
3.694 3.282 23.1 300.0 26.9 1.6
3.697 2.939 23.1 150.0 87.3 ?.6
3.670 3.194 23.1 87.2 70.8 16.5
3.670 3.181 23.2 3.5 56.1 14.7
3.089 2.248 23.3 37.6 S51.2 4.9
3.087 2.384, 23.3 28.1 45.0 &.2
3.085 2.368 23.2 21.5 40.5 4.5
3.080 2.336 23.2 16.7 37.2 3.3
2.471 1.407 23.2 13.0 32.8 4.4
2.470 1.303 23.2 10.1 27.8 5.0
2.470 1.685 23.1 7.9 23.1 4.7
2.460 1.691 23.1 6.2 17.9 5.2
2.464 1.773 23.1 4.8 14.8 3.1
1.885 1.040 22.9 3.8 10.0 4.8
1.883 1.037 22.9 3.0 S.1 4.9
1.883 1.197 22.9 2.4 3.7 1.4
1.924 042 22.8 1.9 2.4 1.3
1.248 1.922 22.7 Pan - .1 2.5
1.250 2.742 22.7
1.252 - 703 22.7 OBSERVED FLOW BEHAVIOUR
1.250 1.326 22.6 Velocity Observation
1.248 1.317 22.6 {(m/s) (b = 71.0 mm)

.638 - 702 22.5 .15 30% Stationary bed

. 637 -775 22.5 .70 Some sliding particles

-.658 .217 22.4 1.35 Appears homogenecus

.62 =793 22.4 2.03 Appears homogeneous

. 663 - 483 22.3 2.66 Appears homogensous

661 717 £2.3 3.33 Appears homogeneous

-.229 -496 2.2 3.98 Appears homogeneous

-180 «437 e2.2

-.158 -457 22.1

.128 -396 22.1

.122 445 22.1

. 104 < 460 22.1

-071 -427 22.0

* —150 pm Malvern Farticle Size Analyser




" Percentage Passing

(kPa/m)

Pressure Gradient

10

100

90

B8O

70

60

50

40

30

20

10

A.170

Material B5A

M3 AB0HB3.

1

+
1 l

H-H

1 1

1.0

1.5 2.0 2.5 3.0 3.5 4.
Mixture Velocity (m/s)

Material B5A

M5AB80_63

1 1

I l[lll]

lllllll

1 Illlrlll

| Llllll‘lll

| llllll

1 L LJJI[II

|

1

T

LR

| I I

10

100 1000

Particle Size

{micrometres)

10000



AL

DATA FILE : MSABOD&3

Test Facility UCT 80 mm NE
Test Date 22/11/90
Material Description Material 5A
Material Relative Density 2.73
Slurry Relative Density 1.63
Solids Volumetric Concentration (%) 36.30
Solids Mass Concentraticn (%) 60,87
Mean Slurry Temperature {(°(C) 22.7
Fipe Internal Diameter (mm) 73.70
Pipe Roughness (um) 26.0
Fipeline Siope Vertical down
Mixture " Pressure Slurry Particle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size fAAnalysis *
(m/s) {kFa/m) (°C) Size (pm) % Passing % Retained
3.5691% -11.205 23.0 425.0 28.5 1.5
3.6%94 ~11.861 23.1 300.0 6.9 1.6
3.699 —-11.805 22.1 150.0 87.3 2.6
3.6%0 -11.830 23.1 87.2 70.8 16.5
3.6%20 -11.838 23.2 53.5 S6.1 14.7
3.089 -12.201 23.3 37.6 51.2 4.9
3.087 -12.942 23.3 28.1 45.0 6.2
3.085 -12.917 23.2 21.5 40.5 4.5
3.080 -12.901 23.2 16.7 37.2 3.3
2.471 -13.986 23.2 13.0 32.8 4.4
2.470 -14.047 23.2 10,1 27.8 5.0
2.470 —-13.862 23.1 7.9 23.1 4.7
2.460 -13.997 23.1 6.2 17.9 5.2
2.464 -14.123 - 23.1 4.8 i4.8 3.1
1.885S -14.867 22.9 3.8 10.0 4.8
1.883 -14.233 22.9 3.0 S.1 4.9
1.883 —-14.644 22.9 2.4 3.7 1.4
1.924 -14.251 22.8 1.9 2.4 1.3
1.248 -15.457 22.7 Pan - .1 2.5
1.250 -15.39S 22.7
1.252 -15.195 22.7 OBSERVED FLOW BEHAVIOUR
1.250 -14.950 22.6 Velocity Observation
1.248 -15.266 22.6 {m/s) (D = 71.0 mm)
-638 ~-15.585 22.3
.637 —15.640 22.5
. 658 -15.711 22.4
662 -15.538 22.4
663 -15.397 22.3
661 -15.357 22.3
.229 -15.676 22.2
.180 -15.610 22.2
.158 -15.633 22.1
.128 -15.630 22.1
-122 -15.4661 22.1
<104 —-15.6%6 22.1
.071 -15.4635 22.0

*# —150 pm Malvern Particle Size Analyser
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A.173

] DATA FILE :
Test Facility ‘

Test Date

Material Description
Material Relative Density
Slurry Relative Density

Sclids Volumetric Concentration (4)

Solids Mass Concentration (%)
Mean Slurry Temperature (°C)
Fipe Internal Diameter (mm)
Fipe Roughness {(pm)

Fipeline Slope

MZABOUL3

UCT 80 mm NB
22/11/70
Material SA
2.73
1.63
36.30
60,87
Ca2.7
73.70
18.0
Vertical up

Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern S5ize Analysis %
{m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.671 19.037 23.0 495.0 98.5 1.5
3.694 19.056 23.1 300.0 96.9 1.6
3.699 19.270 23.1 150.0 87.3 ?.6
3.690 19.337 23.1 B87.2 70.8 16.5
3.690 19.140 23.2 53.5 56.1 14.7
3.089 18.2465 23.3 37.6 51.2 4.9
3.087 1g.282 23.3 28.1 45.0 6.2
3.085 18.242 23.2 21.5 40.5 4.5
3.080 18.333 23.2 16.7 37.2 3.3
2.471 17.544 23.2 13.0 32.8 4.4
2.470 17.565 23.2 10.1 27.8 5.0
2.470 17.396 23.1 7.9 23.1 4.7
2.4560 17.511 23.1 6.2 17.9 5.2
2.464 17.549 23.1 4.8 . 14.8 3.1
1.885 16.881 22.9 3.8 10.0 4.8
1.883 16.902 22.9 3.0 5.1 4.9
1.883 16.823 22.9 2.4 3.7 1.4
1.924 16.950 22.8 1.9 2.4 1.3
1.248 16.464 22.7 Pan - .1 2.5
1.250 16.421 22.7
1.252 16.463 22.7 DBSERVED FLOW BEHAVIOUR
1.250 16.461 22.6 Velocity Observation
1.248 16.470 22.6 (m/s) (D = 71.0 mm)
.5638 16.393 22.5
-637 16.373 22.5
. 658 16.360 22.4
. 662 16.354 22.4
.663 16.364 22.3
661 16.346 22.3
.229 16.250 22.2
. 180 16.302 22.2
.158 16.275 22.1
.128 16.296 22.1
122 16.282 22.1
<104 16.281 ee.1
.071 16.284 22.0

* —150 pm Malvern Particle Size Analyser
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A.175"

DATA FILE : MSAB0HGLL

Test Facility UCT 80 mm NB
Test Date ' 22/11/90
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.66
Sclids Volumetric Concentration (4) 38.27
Soclids Mass Concentration (%) 62.86
Mean Slurry Temperature (°C) 23.5
Fipe Internal Diameter {(mm} 73.70
Pipe Rcocughness (pm) 132.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Farticle Size Distribution
Velocity Gradient Temp . Sieve and Malvern Size fAinalysis #*
{m/s) (kPa/m) (°C) Size {(pm) % Passing % Retained
3.6920 3.339 24.0 425.0 ?8.5 1.5
3.672 3.238 24.1 300.0 6.9 1.6
3.675 3.267 24.1 150.0 87.3 2.6
3.684 - 3.3%94 24.1 B7.2 70.8 16.5
3.084 2.430 24.1 53.5 56.1 14.7
3.082 2.417 24.1 37.6 51.2 4.9
3.079 2.3722 24.1 8.1 45.0 6.2
2.480 1.746 24.0 21.5 40.5 4.5
2.477 1.719 24.0 16.7 37.2 3.3
2.485 1.567 23.9 13.0 32.8 4.4
2.485 1.591 23.9 10.1 27.8 5.0
1.867 1.500 23.8 7.9 23.1 4.7
1.869 .245 23.7 6.2 17.9 5.2
1.8567 .879 23.7 4.8 14.8 3.1
1.866 . 766 23.6 3.8 10.0 4.8
1.868 1.333 23.6 3.0 5.1 4.9
1.247 1.489 23.4 2.4 3.7 1.4
1.247 -330 23.4 1.9 2.4 1.3
1.243 1.488 23.3 Pan - .1 2.5
1.240 2.179 23.3
-626 1.502 23.2 ~ OBSERVED FLOW BEHAVIOUR
. 622 -6%0 23.1 Velocity Observation
.613 - 447 23.1 (m/s) (D= 71.0 mm)
.610 661 23.0 .14 Some sliding particles
. 604 .817 23.0 .67 Some sliding particles
-152 - o220 22.9 ' 1.34 Appears homogenecus
.138 487 22.92 2.02 Appears homogeneocus
.127 . o227 22.8 2.67 Appears homogeneous
-.108 .a28 22.8 3.32 Appears homogeneocus
094 . S49 22.8 3.97 Appears homogeneocus

* —150 pm Malvern Particle Size Analyser
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A 177

DATA FILE
Test Facility

MSABODGS

UCT 80 mm NB

Test Date 22/11/90
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.66
Solids Veolumetric Concentration (4) 38.27
Salids Mass Concentration (%) 62.86
Mean Slurry Temperature (°C) 23.5
Pipe Internal Diameter {(mm) 73.70
Pipe Roughness {(pm) 6.0
Fipeline Slope Vertical down
Mixture FPressure Slurry FParticle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (°C) Size (pm) % Passing % Retained
3.690 —11.945 24.0 425.0 98.5 1.5
3.672 -11.946 24.1 300.0 6.9 1.6
3.675 -11.974 24.1 150.0 87.3 2.6
3.684 -11.939 24.1 87.2 70.8 16.5
3.084 -13.087 24.1 53.5 S56.1 14.7
3.082 -13.097 24.1 37.6 51.2 4.9
3.079 -13.064 24.1 28.1 45.0 6.2
2.480 -14.226 24.0 21.5 40.5 4.5
2.477 -14.208 24.0 16.7 37.2 3.3
2.485 -14.396 23.9 13.0 32.8 4.4
2-.485 -14.354 23.9 10.1 27.8 5.0
1.867 -15.382 23.8 7.9 23.1 4.7
1.86% -14.857 23.7 6.2 17.9 5.2
1.867 -14.481 23.7 4.8 14.8 3.1
1.866 -15.239 23.6 3.8 10.0 4.8
1.8468 -15.402 23.6 3.0 S.1 4.9
1.247 -15.290 23.4 2.4 3.7 1.4
1.247 -15.029 23.4 1.9 2.4 1.3
1.243 -15.387 23.3 Fan - .1 2.5
1.240 -15.745 23.3
. 626 —-16.055 23.2 OBSERVED FLOW BEHAVIOUR
622 -15.655 23.1 Velocity Observation
.613 -15.615 23.1 {m/s) (D= 71.0 mm)
610 -15.571 23.0
. 604 -15.654 23.0
. 152 -15.684 22.9
.138 -15.735 22.9
.127 -15.715 22.8
.108 -15.6%94 22.8
. 094 -15.796 22.8
jal

¥ —150 pm Malvern Particle Size Analyser
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A.179

DATA FILE : M5ABOULS6

Test Facility UCT 80 mm NB
Test Date 22/11/90
Material Description Material 5A
Material Relative Density : 2.73
Slurry Relative Density 1.66
Sclids Volumetric Concentration (%) 38.27
Solids Mass Concentration (%) 62.86
Mean Slurry Temperature (°0) 23.5
Pipe Internal Diameter {(mm) 73.70
Pipe Roughriess {(pm) 18.90
Fipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis #*
{(m/s) (kPa/m)} (eC) Size {(pm) % Passing % Retained
3.6720 12.810 24.0 425.0 8.5 : 1.5
3.672 12.576 24.1 300.0 ?6.9 1.6
3.675 19.737 24.1 150.0 87.3 2.6
3.684 19.710 24.1 87.2 70.8 16.3
3.084 18.736 24.1 53.5 56.1 14.7
3.082 18.696 24.1 37.6 51.2 4.9
3.079 18.775 24.1 28.1 45.0 6.2
2.480 17.212 24.0 21.5 40.5 4.5
2.477 17.924 24.0 16.7 37.2 3.3
2.485 17.831 23.9 13.0 32.8 4.4
2.485 17.211 23.9 10.1 £7.8 5.0
1.867 17.24% 23.8 7.9 23.1 4.7
1.862 17.226 23.7 6.2 17.9 5.2
1.867 17.202 23.7 4.8 14.8 3.1
1.866 17.151 23.6 3.8 10.0 4.8
1.868 17.194 23.6 3.0 5.1 4.9
1.247 17.027 23.4 2.4 3.7 1.4
1.247 16.993 23.4 1.9 2.4 1.3
1.243 17.030 23.3 Pan - <1 2.5
1.240 17.035 23.3
626 16.914 23.2 OBSERVED FLOW BEHAVIOUR
.622 16.210 23.1 Velocity Observation
.613 16.920 23.1 {m/s) {D = 71.0 mm)
610 16.888 23.0
. 604 16.898 23.0
.152 16.761 22.9
.138 16.783 22.9
.127 16.844 22.8
. 108 16.827 22.8 :
094 16.810 22.8 }

* —-150 pm Malvern Particle Size Analyser
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A.181

DATA FILE :
Test Facility
Test Date
Material Description
Material Relative Density
Slurry Relative Density

Splids Volumetric Concentration (%)
(%)

Solids Mass Concentration
Mean Slurry Temperature (°0)
Fipe Internal Diameter {(mm)
Fipe Roughness (um) ’
Pipeline Slope

MSABOH72

UET 80 mm NB
22/11/90
Material SA
2.73
1.72
41.50
65.95
24.7
73.70
132.90
Vertical

Mixture Pressure Slurry
Yelocity Gradient Temp.
{m/s) {kPa/m) (°C)
4.086 4.9460 24.7
4.099 3.977 24.9
4.084 4 .369 25.0
3.4699 3.4628 25.1
3.4699 3.485 25.2
3.696 3.565 25.2
2.673 3.631 25.2
3.0467 2.421 25.2
2.057 2.211 25.2
3.070 2.375 25.2
2.447 1.997 25.2
2.450 1.853 25.1
2.445 2.278 25.1
2.448 1.792 25.0
1.859 2.173 24.9
1.864 1.461 24.9
1.862 2.469 24.8
1.256 2.626 24.6
1.256 . 702 24.6
1.256 1.147 24.5
1.247 1.063 24.5
. 640 1.057 24.3
-623 1.443 24.3
. 600 1.287 24.2
-175 -936 24.1
.158 .895 24.0
142 -999 24.0
-133 .845 24.0

Particle Size Distribution
Sieve and Malvern Size Analysis *

Size {(um) % Passing % Retained
425.0 8.5 1.5
300.0 96.9 1.6
150.0 87.3 9.6

g7.2 70.8 16.5
53.5 Sb6.1 14.7
37.6 S51.2 4.9
28.1 45.90 6.2
21.5 40.5 4.5
16.7 37.2 3.3
13.0 32.8 4.4
10.1 27.8 5.0
7.9 23.1 4.7
6.2 17.9 5.2
4.8 14.8 3.1
3.8 10.0 4.8
3.0 5.1 4.9
2.4 3.7 1.4
1.9 2.4 1.3
Pan - 1 2.5

OBSERVED FLOW BEHAVIOUR

Velocity Observation
{m/s) (D = 71.0 mm)
.15 Asymetric
.67 Asymetric
1.36 Appears homogensous
2.01 Appears homogeneous
2.64 Appears homogeneous
3.30 Appears homogenecus
2.99 Appears homogeneous
4.41 Appears homogeneous

* =130 pm Malvern Particle Size Analyser
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A.183

DATA FILE : MSABOD7Z

Test Facility

Test Date

Material Description
Material Relative Density
Slurry Relative Density

Solids Volumetiric Concentration (%)

Solids Mass Concentration (%)
Mean Slurry Temperature (°C)
Pipe Intermnal Diameter (mm)
Pipe Roughness {um)

Pipeline Slope

UCT B0 mm NB
22/11/90
Material SA

2.73

1.72

41.50

65.95

24.7

73.70

Q6.0
Vertical down

Farticle Size Distribution

Sieve and Malvern Size Analysis *
Retained

1.5

P
o B o Y B o s ) Y o [ o ¢ [ o (R o Nl s N R
MWHO9O=NNNNOPFPLDUOMNODIWNO D

Observation
71.0 mm)

Mixture Pressure Slurry
Velocity Gradient Temp.
{m/s) (kPa/m) (°C) Size {(pm)} % Passing
4.086 -11.567 24.7 425.0 28.5
4.097 -12.088 24.9 300.0 26.9
4.084 -11.695 25.0 150.0 87.3
3.697 -11.88%9 25.1 87.2 70.8
3.6979 -11.937 25.2 53.9 S6.1
3.696 —11.863 25.2 37.6 51.2
3.693 -11.925 25.2 28.1 45.0
3.067 -13.451 25.2 21.5 40.5
3.057 -13.449 25.2 16.7 37.2
3.070 -13.502 25.2 13.0 32.8
2.447 -15.039 25.2 10.1 27.8
2.450 14 .444 25.1 7.9 23.1
2.445 -15.073 25.1 6.2 17.9
2.448 -14.777 25.0 4.8 14.8
1.859 -15.494 24.9 3.8 10.0
1.864 -15.090 24.9 3.0 S.1
1.862 -15.494 24.8 2.4 3.7
1.256 -15.419 24.6 1.9 2.4
1.256 -14.896 24.6 Pan - .1
1.2356 —-15.416 24.5
1.247 -15.434 24.5 OBSERVED FLOW BEHAVIDUR
- 640 -15.249 24.3 Velocity
.623 -15.397 24.3 {m/s) (D =
. 600 -15.559 24.2
-175 -15.824 24.1
.158 -15.810 24.0
142 -15.822 24.0
.133 -15.810 24.0

* —150 pm Malvern Particle Size Analyser
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A.183

DATA FILE =
Test Facility

MSAB0U72

UCT 80 mm NB

Test Date 22/11/90
Material Description Material 3A
Material Relative Density 2.73
Slurry Relative Density 1.72
Solids Volumetric Concentration (%) 41.50
Sclids Mass Concentration (%) 55.95
Mean Slurry Temperature (°C) 24.7
Pipe Internal Diameter (mm) 73.70
Pipe Roughness {(uam} 18.0
Pipeline Slope Vertical up
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (€ Size (pm) % Passing % Retained
4.086 7.810 24.7 495.0 8.5 1.5
4.099 21.173 24.9 300.0 26.9 1.6
4,084 21.359 25.0 150.0 87.3 9.6
3.699 20.427 25.1 87.2 70.8 16.5
3.699 20.351 25.2 53.5 56.1 14.7
3.696 20.475 25.2 37.6 S1.2 4.9
3.693 20.442 25.2 28.1 45.0 6.2
3.067 19.260 25.2 21.5 40.5 4.5
3.057 12.133 25.2 16.7 37.2 3.3
3.070 192.197 25.2 13.0 32.8 4.4
2.447 18.366 25.2 10.1 27.8 5.0
2.450 18.436 25.1 7.9 23.1 4.7
2.445 18.418 25.1 6.2 17.9 5.2
2.448 18.363 25.0 4.8 14.8 3.1
1.859 18.147 24.9 3.8 10.0 4.8
1.864 18.156 24.9 3.0 5.1 4.9
1.862 18.173 24.8 2.4 3.7 1.4
1.256 18.041 24.6 1.9 2.4 1.3
1.256 18.024 24.6 Fan S | 2.5
1.256 18.025 24.5
1.247 18.073 24.5 OBSERVED FLOW BEHAVIOUR
. 640 17.845 24.3 Veleocity Observation
.623 17.882 24.3 (m/s) (D = 71.0 mm)
. 600 17.881 24.2
175 17.715 24.1
-158 17.744 24.0
.142 17.756 24.0
.133 17.770 24.0

¥ —150 pm Malvern Particle Size Analyser
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A.187

DATA FILE : MSABOH7S
Test Facility UCT 80 mm NB
Test Date 22/11/90
Material 5A

Material Description

Material Relative Density 2.73
Slurry Relative Density 1.75
Solids Volumetric COﬂcentratlon (%) 43.58
Solids Mass Concentration (%) 67.84
Mean Slurry Temperature (°C) 25.0
Pipe Internal Diameter (mm) 73.70
Pipe Roughness {pm) 132.0
Pipeline Slope Horizontal
Mixture Pressure Slurry Particle Size Distribution '
Velocity Gradient Temp . Sieve and Malvern Size Analysis %
{m/s) (kPa/m) (eC) Size (pm) % Passing % Retained
3.653 3.673 24.9 425.0 ?8.8 1.2
3.621 3.179 25.0 300.0 ?7.6 1.2
3.4688 3.645 25.1 150.0 89.0 8.6
3.604 3.326 25.2 87.2 70.9 18.1
3.068 2.714 25.4 53.5 S7.3 13.6
3.066 2.887 25.4 37.6 50.7 b.b6
3.068 2.884 28.4 28.1 45.8 4.9
3.066 2.847 25.4 21.5 41.4 4.4
2.475 2.519 25.3 16.7 37.0 4.4
2.483 2.435 25.3 13.0 32.7 4.3
2.488 2.124 23.2 10.1 28.2 4.5
2.482 2.544 25.2 7.9 22.9 5.3
1.837 2.18%9 25.1 b.2 17.6 5.3
1.838 1.965 25.0 4.8 13.4 4.2
1.850 1.498 25.0 3.8 ?.3 4.1
1.240 1.518 24.8 3.0 5.7 3.6
1.274 1.551 24.8 2.4 3.7 2.0
1.261 2.115 24.7 1.9 2.3 1.4
1.253 2.170 24.7 FPan .0 2.3
.b16 1.699 24.5
.601 1.529 24.5 OBSERVED FLOW BEHAVIOUR
- 393 1.824 24.4 Velocity Observation
. 0S7 1.406 24.3 {(m/s) (D = 71.0 mm)
. 055 1.407 24.2 .05 Asymetric
046 1.396 24.2 .65 Asymetric
043 1.305 24.2 1.35% Appears homogeneous
=040 1.285 24.2 1.98 Appears homogenecus
.030 1.292 24.2 2.67 Appears homogeneous
3.31 Appears homogeneous .
3.21 Appears homogeneous y

* —150 pm Malvern Particle 5ize Analyser
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A.189

DATA FILE : MSAB0OD7S

Test Facility UCT 80 mm NE
Test Date 22/11/90
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.75
Solids Volumetric Concentration (%) 43.58
Salids Mass Concentration (%) &£7.84
Mean Slurry Temperature (°C) 25.0
FPipe Internal Diameter {(mm) 73.70
Pipe Roughness (pm) 25.0
Pipeline Slope Vertical down
Mixture Pressure Slurry Particle Size DPistribution
Velocity Bradient Temp. Sieve and Malvern S5ize Analysis #
(m/s) (kPa/m) (o) Size (pm) % Fassing % Retained
3.653 -12.253 24.9 425.0 28.8 1.2
3.621 -12.206 25.0 300.0 7.6 1.2
3.688 -12.130 25.1 150.0 89.0 8.6
3.604 -12.413 25.2 87.2 70.9 18.1
3.068 -13.8%94 25.4 53.5 57.3 13.6
3.066 -13.888 25.4 37.6 50.7 6.6
3.068 —14.008 28.4 £28.1 4=.8 4.9
3.066 -13.994 25.4 21.5 41.4 4.4
2.473 —-14,.305 25.3 16.7 37.0 4.4
2.483 -14.327 25.3 13.0 32.7 4.3
2.488 -14.226 25.2 10.1 28.2 4.5
2.482 -14.396 25.2 7.9 22.9 5.3
1.837 —-14 655 25.1 6.2 17.6 5.3
1.838 —-14.620 25.0 4.8 13.4 4.2
1.850 -14.626 25.0 3.8 2.3 4.1
1.240 -14,.926 24.8 3.0 5.7 3.6
1.274 -15.153 24.8 2.4 3.7 2.0
1.261 -13.009 24.7 1.9 2.3 1.4
1.253 -15.409 24.7 Pan .0 2.3
616 -15.436 24.5
. 601 -15.263 24.5 OBSERVED FLOW BEHAVIOUR
.593 -15.413 24.4 Velocity Observation
.057 -15.636 24.3 {m/s) (D = 71.0 mm)
. 035 -15.632 24.2
046 -15.671 24.2
043 - —15.4682 24.2
- 040 -15.678 24.2
.030 -15.726 . 24.2

* —150 pm Malvern Particle Size Analyser

e
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A.191

DATA FILE : M3ABOU7S

Test Facility~

" Test Date

Material Description
Material Relative Density
Slurry Relative Density

Sclide Volumetric Concentration (%)

Solids Mass Concentration (%)
Mean Slurry Temperature (°C)
Fipe Internal Diameter {(mm)
Pipe Roughness (pm)

Pipeline Slope

UCT 80 mm NB
22/11/20
Material 54

2.73

1.75
43.58
&7.84

25.0

73.70

18.0
Vertical up

Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
(m/s) (kPa/m) (°C) Size (pgm) % Passing % Retained
3.633 20.423 24.9 425.0 8.8 1.2
3.621 20.695 25.0 300.0 ?7.6 1.2
3.688 21.202 25.1 150.0 89.0 8.6
3.604 20.283 25.2 87.2 70.9 18.1
3.068 19.658 25.4 53.5 57.3 13.6
3.0466 - 19.4467 25.4 37.6 50.7 b.6
3.068 19.5354 28.4 £8.1 45.8 4.9
3.066 12.502 25.4 21.5 41.4 4.4
2.475 12.310 £25.3 16.7 37.0 4.4
2.483 192.293 25.3 13.90 32.7 4.3
2.488 1?.212 2c.2 10.1 28.2 4.5
2.482 12.332 25.2 7.9 22.9 5.3
1.837 19.0869 25.1 6.2 17.6 5.3
1.838 192.063 25.0 4.8 13.4 4.2
1.850 12.088 25.0 3.8 2.3 4.1
1.240 18.949 24.8 3.0 5.7 3.6
1.274 18.953 24.8 2.4 3.7 2.0
1.261 18.928 24.7 1.9 2.3 1.4
1.253 18.905 24.7 Pan .0 2.3
-616 18.700 24.5 -
-601 18.698 24.5 OBSERVED FLOW BEHAVIOUR
. 595 18.710 24.4 Velocity Observation
.057 18.424 24.3 {(m/s) (D = 71.0 mm)
-.055 18.388 24.2
0446 18.373 24.2
-043 18.378 24.2
040 18.427 24.2
.030 1B.425% 24.2

# —150 pm Malvern FParticle Size Analyser




s s T RS St 5 aan v

i e e s 2o ol AT

Pressure Gradient

Percentage Passing

(kPa/m)

100

25

23

21

19

17

15

A.192

Mixture Velocity (m/s)

Material BHA

M3SAB0_7/5

Material B5A - M5A8B80U75

+ -
+
&
¥
+
* * + -
1 1 1 1 ! | |
.5 1.0 1.5 2.0 2.9 3.0 3.5 4.0

a0

80 |-

70

60

50

40

30

20

10 |-

I

ll]llll

lllllll

! Illlllll

Lol

Ll llllf]

1 II[[III

=

1

LA

Ll 11l

10

100 1000
{(micrometres)

Particle Size

10000



A.193

DATA FILE : MSABOHT77

LUCT 80 mm NB
22/11/90
Material SA

Test Facility
Test Date
Material Description

Material Relative Density 2.73
Slurry Relative Density 1.77
Solids Volumetric Concentration (%) 44.51
Sclids Mass Concentration (% 68.65

Mean Slurvy Temperature (?C) 25.6
Pipe Internal Diameter (mm) 73.70
Fipe Roughness {(pm) 122.0
FPipeline Slope Horizontal

Mixture Pressure Slurry Particle Size Distribution
Valocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) {(kPa/m) (eC) Size (pm) % Passing % Retained
3.583 3.767 25.6 425.0 F8.8 1.2
3.573 3.861 25.8 300.0 F7.6 1.2
3.637 3.639 25.9 150.0 89.0 8.6
3.637 3.568 26.0 87.2 70.9 18.1
3.063 3.415 26.3 53.5 57.3 13.6
3.076 3.383 26.3 37.6 S0.7 6.6
3.065 2.413 2.3 28.1 45.8 4.9
2.468 2.991 26.3 21.5 41.4 4.4
2.480 3.084 26.2 16.7 37.0 4.4
2.473 3.043 26.2 13.0 32.7 4.3
1.862 2.654 25.9 10.1 28.2 4.5
1.864 2.702 23.9 7.9 22.9 5.3
1.864 2.682 25.8 6.2 17.6 5.3
1.866 2.785 25.8 4.8 13.4 4.2
1.240 2.434 25.6 3.8 9.3 4.1
1.220 2.460 25.5 3.0 5.7 3.6
1.217 2.316 25.5 2.4 3.7 2.0
1.187 2.529 25.4 1.9 2.3 1.4
614 2.271 25.2 Pan -0 2.3
-937 2.194 25.2
-390 2.124 25.1 OBSERVED FLOW BEHAVIQOUR
.570 2.175 25.0 Velocity Observation
097 1.919 24.9 {m/s) (b = 71.0 mm)
- 092 2.288 24.9 .10 Asymetric
-090 1.961 24.9 .65 Asymetric _
-083 2.111 24.9 1.32 Appears homogeneous
2.01 Appears homogeneous
2.66 Appears homogeneocus
3.31 Appears homogenecus
2.88 Appears homogeneocus

* —150 pm Malvern Particle Size'ﬁnalyser
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A.195

DATA FILE : MSABOD77

Test Facility UCT 80 mm NB
Test Date 22/11/90
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.77 E -
Sclids Volumetiric Concentration (%)  44.51
Sclids Mass Concentration (%) &8.65
Mean Slurry Temperature (°C}) 25.6
Fipe Internal Diameter (mm) 73.70
Fipe Roughness (um} 5.0
Fipeline Slape Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velecity Gradient - Temp . Sieve and Malvern Size finalysis #*
{m/s) (kPa/m) (°C) Size {(pm) % Passing % Retained
3.583 -13.113 25.6 425.0 8.8 1.2
3.573 -13.079 25.8 300.0 7.6 1.2
3.637 —-12.765 25.9 150.0 89.0 8.6
3.637 —-12.808 26.0 87.2 70.9 18.1
3.063 —-13.441 26.3 53.5 57.3 13.6
3.076 —-13.360 26.3 37.6 S50.7 6.6
3.065 -13.3%92 26.3 28.1 45.8 4.9
2.468 -13.778 26.3 21.5 41.4 4.4
2.480 -13.823 26.2 16.7 37.0 4.4
2.473 -13.848 26.2 13.0 32.7 4.3
1.862 -14_.0354 25.9 10.1 28.2 4.5
1.864 -14.216 25.9 7.9 22.9 5.3
1.864 —-14.168 25.8 6.2 17.6 5.3
1.866 -14.153 25.8 4.8 13.4 4.2
1.240 -14.344 25.6 3.8 2.3 4.1
1.220 -14 509 25.5 3.0 5.7 3.6
1.217 -15.738 25.5 2.4 3.7 2.0
1.187 -15.050 25.4 1.9 2.3 1.4
.b14 -14.609 23.2 Pan -0 2.3
.597 -14,750 25.2
-390 ~14.652 25.1 " OBSERVED FLOW BEHAVIOUR
- 370 —-14.645 25.0 Velocity Observation
097 -15.261 24.9 {m/s) (D = 71.0 mm)
.092 -15.229 24.9
090 -15.272 24.9
.083 —-15.396 24.9

# —150 um

Malvern Particle Size Analyser
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A.197

DATA FILE : MSABOU77

Test Facility

Test Date

Material Description
Material Relative Density
Slurry Relative Density

Solids Volumetric Concentration (%)

Solids Mass Concentration (4)
Mean Slurry Temperature (°C?
FPipe Internal Diameter {(mm}
Fipe Roughness {(uam) ’
Fipeline Slope

UCT 80 mm NB
22/11/90
Material SA

2.73

1.77

44 .51

68.465

25.6

73.70

18.0
Vertical up

Mixture Pressure Slurry FParticle Size Distribution
Velocity Gradient Temp. S5ieve and Malvern Size Analysis *
{m/s) {kFPa/m} () Size (pm) % Passing % Retained
3.583 20.598 25.6 425.0 98.8 1.2
3.573 20.772 25.8 300.0 7.6 1.2
3.637 20.716 25.9 150.90 B2?.0 B.6
3.637 20.558 26.0 B87.2 70.9 18.1
3.063 20.410 26.3 53.5 57.3 13.6
3.076 20.211 26.3 37.6 S50.7 6.6
3.065 20.388 26.3 28.1 45.8 4.9
2.468 20.232 26.3 21.5 41.4 4.4
2.480 20.101 26.2 16.7 37.0 4.4
2.473 20.123 26.2 13.0 32.7 4.3
1.862 19.929 25.9 10.1 28.2 4.5
1.864 19.923 25.9 7.9 22.9 5.3
1.864 19.254 25.8 6.2 17.6 5.3
‘1.866 12.935 25.8 4.8 13.4 4.2
1.240 12.761 25.6 3.8 2.3 4.1
1.220 19.718 25.5 3.0 5.7 3.6
1.217 1e.722 25.5 2.4 3.7 2.0
1.187 19.791 25.4 1.9 2.3 1.4
614 19.484 25.2 Fan .0 2.3
597 19.518 25.2
.590 19.55 25.1 OBSERVED FLDW BEHAVIOUR
- 370 19.550 25.0 Velocity Observation
. 097 1?.816 24.9 (m/s) (b = 71.0 mm)
.092 12.205 24.9
. 090 19.19¢ 24.9
. 083 19.230 24.9

# —1530 pm Malvern Particle Size Analyser
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A.199

DATA FILE : MSABOHB1

Test Facility - UCT 80 mm NBR
Test Date 22/11 /90
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.81
Solids Volumetric Concentration (4) 46.71
Salids Mass Concentration (%) 70.32
Mean Slurry Temperature (2C) 26.3
Fipe Internal Diameter {(mm) 73.70
FPipe Roughness {(pm) 132.0
Fipeline Slope Horizontal
Mixture Pressure Slurry FParticle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis %
{m/s? {(kPa/m) {o°C) Size {(pm) % Passing % Retained
3.5&1 5.1%0 26.1 425.0 ?8.8 1.2
3.601 5.184 26.2 300.0 27.6 1.2
3.627 5.178 26.4 150.0 82.0 8.6
3.487 5.172 26.5 87.2 70.9 18.1
3.526 5.167 26.6 53.5 57.3 13.6
3.132 5.156 26.8 ' 37.6 S50.7 6.6
3.124 5.153 26.8 28.1 45.8 4.9
3.159 5.148 26.9 21.5 41.4 4.4
2.468 5.138 26.8 16.7 37.0 4.4
2.469 5.135 26.8 13.0 32.7 4.3
2.464 5.132 26.8 10.1 28.2 4.5
2.463 5.128 26.7 7.9 22.9 5.3
2.464 S5.185 26.7 6.2 17.6 5.3
1.840 S5.121 26.6 4.8 13.4 4.2
1.864 5.116 26.5 3.8 2.3 4.1
1.857 5.113 26.5 3.0 5.7 3.6
1.257 5.106 26.3 2.4 3.7 2.0
1.184 5.104 26.2 1.9 2.3 1.4
1.089 5.102 26.2 Pan -0 2.3
1.073 5.100 26.1
627 5.096 26.0 OBSERVED FLDOW BEHAVIOUR
-636 5.094 25.9 Velocity Observation
. 632 5.091 25.9 {(m/s) (D= 71.0 mm)
.130 5.08B6 25.8 .09 Appears homogeneous
. 098 5.084 25.7 .68 Appears homogeneous
.083 5.083 25.7 1.19 Appears homogeneous
.074 5.080 25,7 1.99 Appears homogenecus
.053 5.078 25.7 2.66 Appears homogeneous
3.39 Appears homogeneous
3.88 Appears homogeneous

* —150 pm

Malvern Particle Size Analyser
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i A.201

|
DATA FILE : M3SAB0DB1
Test Facility | UCT 80 mm NEBE
Test Date 22/11/30
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.81
Solids Volumetric Concentration (%) 46.71
Sclids Mass Concentration (%) 70.52
Mean Slurry Temperature {°() 26.3
Fipe Internal Diamster (mm) 73.70
Fipe Roughness {um?} 246.0
FPipeline Slope Vertical down
Mixture Pressure Slurry Particle Size Distribution
Velocity Gradient Temp. Sieve and Malvern Size Analysis *
{m/s) (kPa/m) {°C) Size {um) % Passing % Retained
3.561 -12.022 26.1 425.0 8.8 1.2
3.601 -12.422 26.2 300.0 7.6 1.2
3.627 -12.211 26.4 150.0 892.0 - B.b6
3.487 —-11.851 26.5 87.2 70.9 i8.1
3.526 -12.395 26.6 53.5 57.3 13.6
3.132 -12.747 26.8 37.6 50.7 6.6
3.124 -12.755 f 26.8 28.1 45.8 4.9
3.1359 -12.653 ! 26.9 21.5 41.4 4.4
2.468 -13.148 26.8 16.7 37.0 4.4
2.469 -13.152 26.8 13.0 32.7 4.3
2.464 -13.215 26.8 10.1 28.2 4.5
2.463 -13.117 26.7 7.9 22.9 3.3
2.464 -13.186 26.7 6.2 17.6 5.3
1.840 -13.671 26.6 4.8 13.4 4.2
1.864 -13.548 26.5 3.8 2.3 4.1
1.857 - —-13.595 26.5 3.0 5.7 3.6
1.257 -14.074 26.3 2.4 3.7 2.0
1.184 -13.9240 26.2 1.9 2.3 1.4
1.089 -13.986 26.2 Pan .0 2.3
1.073 —-14.,018 26.1
. 627 —-14.224 26.0 OBSERVED FLOW BEHAVIOUR
-636 ~14.254 25.9 Velocity Observation
.632 -14.233 25.9 {m/s) (b = 71.0 mm)
.130 -14.009 25.8
.098 ~14.043 25.7
-083 -13.850 25.7
074 -15.293 25.7
.053 -15.421 | 25.7

* —150 pm Malvern Parti¢1e

i

Size Analyser
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A.203

DATA FILE : MSABOUBI

Test Facility UCT 80 mm NE
Test Date 22/11/20
Material Description Material SA
Material Relative Density 2.73
Slurry Relative Density 1.81
Sclids Volumetric Concentration (A) 46.71
Solids Mass Concentration (%} 70.52
Mean Slurry Temperature {(°0) 25.3
Fipe Internal Diamster {(mm) 73.70
Pipeg Reughness {(pm) 18.0 "
Pipe}ine Slope Vertical up
Mixture Pressure Slurry Farticle S5ize Distribution
Velocity Gradient Temp . Sieve and Malvern Size Analysis *
{m/s) {kPa/m) ) Size {(um) % Passing % Retained
3.561 21.919 26.1 425.0 78.8 1.2
3.601 21.530 - 26.2 300.0 ?7.6 1.2
3.627 21.4678 26.4 150.0 89.0 B.6
3.487 22.451 26.5 87.2 70.9 18.1
3.526 21.503 26.6 53.5 57.3 13.6
3.132 - 21.520 26.8 37.6 50.7 6.6
3.124 21.566 26.8 28.1 45.8 4.9
3.159 21.55 26.9 21.5 41.4 4.4
2.468 21.119 26.8 16.7 37.0 4.4
2.469 21.141 26.8 13.0 32.7 4.3
2.464 21.156 26.8 10.1 8.2 4.5
2.463 21.228 26.7 7.9 22.% 5.3
2.464 21.157 26.7 6.2 17.6 5.3
1.840 20.965 26.6 4.8 13.4 4.2
1.864 20.935 26.5 3.8 2.3 4.1
1.857 20.987 26.5 3.0 5.7 3.6
1.257 20.738 26.3 2.4 3.7 2.0
1.184 20.740 26.2 1.9 2.3 1.4
1.089 20.767 26.2 - Pan .0 2.3
1.073 20.658 26.1
627 20.400 26.0 OBSERVED FLOW BEHAVIOUR
.636 20.429 25.9 Velacity Observation
.632 20.402 25.7 {m/s) (D = 71.0 mm)
.130 19.970 ‘ 25.8
.098 19.232 . 23.7
.083 i.873 ° - 25.7
.074 19.967 25.7
. 033 20.083 25.7

* =150 pm Malvern Particle Size Analyser
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