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ABSTRACT

An experimental study of high concentration slurries in
horizontal pipes was performed. The experiments were conducted in

a test facility built for that purpose. Three different pipe diameters

(3 in., 4 in., and 5 in.) were used to scale-up results to 6 inch
pipe. The slurries consisted of two mixtures of tailings plus slag
obtained from INCO's Thompson mine. The fluid was water. Tests of

the mixtures were undertaken at 65% solids concentration by weight
and at 55%. Velocity, temperature, and concentration of solids
generally showed a direct relationship with energy loss, while pipe
diameter was inversely related. Plastic behavior due to high solids
concentration and colloidal dispersion increased the energy loss.
Statistical and theoretical models were examined for head-loss
gradient prediction in a range of mean velocities from 6 f.p.s. to

20 f.p.s.
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CHAPTER I

1.1 INTRODUCTION

The economic transportation of bulk solids is a major
transportation problem. Slurry pipelines containing a liquid-solid
mixture are one of the more recent solutions. Slurry pipelines have
received increasing attention since the 1950's, particularly in the
mining industry. The development of new materials in pumping and
pipelining systems has reduced the ton-mile cost of this method of
transportation. Despite the existence of competitive land-based systems
(such as roadways, railways and conveyor lines) the hydraulic transport
of solids will consequently become one of the most suitable bulk solid
transport alternatives in the near future, especially in remote areas.

The use of slurry pipelines is sometimes not considered
in design of bulk transport systems because the knowledge available
in technical literature typically refers to ideal slurries only. M.
Sasic and P. Marjanovic (1978) have compared several methods to
estimate the '"deposition velocity", or the velocity at which a bed
of particles begins to form, with different results for the same mixture.
Furthermore, the values of primary parameters, such as solids, were
mostly for sand with a smooth surface and uniform bulkiness. These
results very often cannot be applied to material acquired by crumbling
and grinding.

One method to 1lessen the gap between theory and practice
is to use the bulk solid material being considered for transport in
its anticipated granular form in a test facility. Although this action

reduces the range of generalization for theory, it can give better



results for specific practical applications.

At present, the University of Manitoba and INCO Mining Company
are undertaking a research project to study the behavior of mining
tailings at their Thompson Manitoba mines. The design and construction
of the facilities required, data collection and the data analysis

are presented in this work.

1.2 PROBLEM STATEMENT

The Manitoba Division of INCO (International Nickel Company)
is located in Thompson, approximately 400 miles north of Winnipeg.

The Division currently operates two underground mines:
Thompson Mine and Birchtree Mine, and an open pit at Pipe.
Hydraulically placed sandfill recovered from the mill tailings is
used for ground support in all stopes and pillars. Approximately
30% of the Thompson mine mill production is regained for backfill
operations but the actual amount of fill required is 52%.

In order to make up this shortage, tailings from the Pipe
open pit mill circuit must be used. However in one or two year’s time
a new auxiliary fill will be needed to sustain the mining cycle. For
that reason, INCO's Thompson mine is considering the use of slag (a
waste produced in the smelter) as a supplementary fill.

Since the backfill operation system primarily makes use
of gravity forces to deliver the material, it is of crucial importance
to study the behavior of the proposed mixture (i.e. slag plus tailings)
and ensure that the energy losses all along the lines can be predicted.
Main pipelines are six inch in diameter, while the auxiliary lines

to individual working places are four inches in diameter.



1.3 SCOPE OF THIS WORK

This study encompasses the design and construction of a
slurry test facility, and its use to derive predictive equations for
unit head loss for a tailings-slag mix.

The concepts and principles governing solid-liquid systems
are briefly presented in Chapter II. The non-Newtonian character
and rheological effects are emphasized.

Physical properties of the experimental material are presented
in Chapter III.

Chapter IV is devoted to a description of the facilities.
For a better illustration the reader is referred to Appendix F and
the blueprints at the end of the volume.

In Chapter V the procedures for a single experihental test
are explained.

Data reduction and derivation of hydraulic variables are
given in Chapter VI.

In Chapter VII the analysis and discussions of the
experimental results are contemplated. Presentation of figures and
discussions are arranged in historical sequence. Mathematical models
to express the energy loss in the system are also introduced in Chapter
VII. The use of English units in this study corresponds to the
operative mining units required by INCO Mine Ltd.

Finally, the experimental conclusions and recommendations

for further work are listed.



CHAPTER 11

LITERATURE REVIEW

2.1 SLURRY VARIABLES

An extensive theory of solid-liquid systems requires a
reasonable degree of knowledge of many variables and their relationships
when they interact.

The major discrete variables are the following:

- Particle properties: size, shape, size distribution,
density, electro-chemistry, and

attrition rate.

- Transporting medium: viscosity, density, temperature,
pH.
- Pipeline characteristics: diameter, material, slope, length

and roughness.

whereas the interaction is governed by:

The forces that act between particles

The hydrodynamic interactions between the particles and the fluid.

2.2 SLURRY PROPERTIES

2.2.1 Concentration and Density

Concentration and density in any solid-liquid system are
proportionally related. They depend upon the amount of solids for
a given volume of liquid and the densities of both phases.

Concentration of solids can be expressed in terms of weight
or volume. However, it is more convenient in.the industry to express

solid concentrations as a percentage of weight to obtain capacities



in tonnage throughput.

The density of a suspension in terms of its components is

given by:
_ 100
fa Cw _ 100 - Cw (2.1
_+________
Fs fl
where:

density of the mixture (slurry)

0O g O

density of solids

i
I

density of the transporting medium

C

- concentration of solids in weight percent

when dealing with Specific Gravity (SG) and water as the transporting

medium:
- SGg
56 SGg - _Cw (SGg-1) (2.2)
100
where:
SGm = specific gravity of mixture
SGS = specific gravity of solids

The relationship between specific gravity of the mixtures,
specific gravity of solids, concentration by weight, and concentration

by volume is as follows:

Cyw X SGp
Cy = —'S—G—S— (2.3)
where CV = concentration of solids by volume.

2.2.2 Viscosity

The coefficient of dynamic viscosity, which is generally
called simply 'viscosity", is the ratio of applied shearing stress

to rate of shear (sometimes called velocity gradient) for ideal



"viscous" bodies. (Bodies which exhibit flow as a function of the
stress.)

The best known ideal viscous body is the Newtonian fluid,
for which the viscosity p is a constant.

The so-called kinematic viscosity -V is equal to p divided
by the density.

The reciprocal of viscosity called fluidity & is also used
in rheological discussion.

When the presence of particles and their hydrodynamic
interactions affect the viscosity of the medium the behavior of the
suspension becomes non-Newtonian. Then, ap apparent viscosity, Moo
rather than a constant viscosity, p, can be defined. Apparent viscosity

(ua) is the ratio of total shearing stress to total rate of shear.

It is mainly employed for prediction and correlation of pipeline flow

data:
_ T
Ha = (du/dy) (2.4)
where:
T = shear stress
u = point velocity
y = pipe radius

My for a Newtonian fluid has a constant value and presents an horizontal

straight line when plotted against rate of shear, (Figure II.1).

2.2.3 Rheology

Rheology is the science of the deformation and flow of matter.

It is mainly concerned with the deformation of cohesive bodies, however,



FIGURE II.1

APPARENT  viscosiTY ( ;)

RATE OF SHEAR (i‘.&)
Y

APPARENT VISCOSITY VERSUS RATE OF SHWEAR

FOR  NON-NEWTONIAN FLUIDS




it has been expanded to include solid friction and the flow of
particulate substances.

Slurry rheology ié mainly concerned with the viscosity of
fluids. If a fluid exhibits a constant value of viscosity, the
Newtonian methodology can be applied to solve many problems, but for
several classes of fluids the viscosity is found to vary by many orders
of magnitude with changing rate of shear (Van Wazer, Lyons, Kim,
Colwell, 1963). Such materials are called non-Newtonian fluids and
can be classified in two groups:

- time-independent fluids

-~ time-dependent fluids

2.2.3.1 Time-independent fluids

Typical flow curves are presented in Figure II.2. The

straight line A represents Newtonian fluids in which p is a constant,

u = T . constant, (2.5)
du

(E—)

y

When the rate of shear increases faster than the shearing stress (curve

B) the fluid is called a pseudoplastic or shear-thinning liquid and

the most common model to describe its behavior is the Ostwald de Waele
or Power Law.

A fluid exhibiting a flow curve shaped like curve C is called
dilatant or shear-thickening and it is roughly approximated by a power
function.

Another important phenomenon connected with flow is the
existence of a yield value. Several materials will not flow at all

unless the shearing stress is increased beyond certain amounts called
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the yield value. Once this restriction has been exceeded, the rate
of shear may be proportional to the stress, If that is the case, the

material is called a plastic substance or a Bingham body (curve D).

Fluids exhibiting non-linearity of flow at stresses exceeding

the yield value are called yield pseudoplastic (curve E) or

yield-dilatant (curve F).

2.2.3.2 Time-dependent Fluids

The six curves presented above refer to equilibrium effects,
however, it is found that many fluids exhibit time-dependent flow
effects that can be either spontaneously reversible or irreversible.

With respect to reversible behavior certain materials become

more fluid with time wunder steady-state conditions, constant shear

rate and temperature (Wasp, Kenny, Gandhi, 1977). Such materials
are said to exhibit thixotropy, and are thixotropic. The opposite

reversible effect, with the material exhibiting increased resistance

to flow with time (while being subjected to steady-state shear) is

called rheopexy.

Considerable emphasis has been placed on thixotropic changes
upon going from one rate of shear to another when moderately long
periods of time are involved. Under such conditions, hysteresis is

observed in the flow curves (Figure II.3).

2.2.3.3 Factors Affecting Rheology

Generally, pure single-phase liquids will exhibit newtonian

behavior, even at high flow rates.
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A true yield value is always associated with emulsions or
slurries, in which one or more phases are dispersed as particles or
bubbles in a continuous phase. (Van Wazer, Lyons, Kim, Colwell, 1963.)

It is normally found that the flow characteristics of the
continuous phase determines the type of flow observed when the yield
value is exceeded. Thus a concentrated slurry in a Newtonian liquid
may exhibit Bingam-body properties.

Dilatant flow behavior, either with or without a yield value,
is associated with a suspension slurry, or perhaps an emulsion. It
is found that deflocculating agents, such as the polyphosphates or
highly charged organic polyelectrolytes, convert a slurry exhibiting
the properties of a Bingham-body to a dilatant fluid. Such
deflocculating agents act by plating out on the surface of the particles
to give a uniform high surface charge, all of one sign, hence a dilatant
fluid consists of a suspension of highly repellent particles (Van
Wazer, Besmertnuk, 1950).

Non-Newtoni n flow is found in colloidal systems and colloids
mixed with settling particles. The non-linear curves observed from
colloidal and other dispersed systems can be explained by interaction
between particles, interaction with the continuous phase, and particle
deformation.

A natural force of attraction exists between any two masses
(Van der Waals force). Random motion of colloids (Brownian movement ),
caused by bombardment of water molecules, tends to enhance this physical
force of attraction in pulling the particles together. However a
colloidal suspension will remain dispersed indefinitely if the forces

of repulsion exceed those of attraction (Hammer, 1977). Both the
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forces of repulsion and attraction between particles depend upon the
type of colloids in suspension, temperature, pH and chemical composition

of the water.

2.2.3.4 Zeta Potential and pH Value Effects

Several researchers have pointed out that the electro-chemical
nature of the particle surface is responsible for certain peculiarities
in non-Newtonian behavior (Horsley, Reizes, 1980; Elliott, Gliddon,
1970; Friend, Hunter, 1971; Mishra, Severson, Owens, 1970, etc.).
Colloidal particles can be classified as Hydrophobic or water repellant
and Hydrophilic ‘or water attracting. In either case the individual
particles have a large surface area relative to their weight, thus
gravity forces do not significantly influence their suspension.

Hydrophilic colloids are stable because of their attraction
for dipole water molecules, rather than the slight charge that they
possess. Hydrophobic particles, having no affinity for water, are
dependent on electrical charge for their stability in suspension.
Individual particles are held by electrostatic repulsion forces
developed by positive ions adsorbed onto their surfaces from solution.
The magnitude of the repulsive force developed by the charged double
layer of ions attracted to a particle is referred to as zeta potential.

Horsley and Reizes (1980) have shown that the zeta potential
was a major parameter influencing head-loss gradients. Horsley (1982)
indicated that many slurries in industry consist of fine ‘particles
with a mean diameter of 1less than 50 pm. These slurries contain
considerable quantities of colloidal particles, in which the repulsive

forces are considered to be directly related to the zeta potential.
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Elliott and Gliddon (1970) have also found that small changes in zeta
potential affect the laminar head-loss gradient.

Friend, Hunter (1971) and Mishra (1970) have shown that
the yield stress and the coefficient of rigidity of colloidal solutions
depend, to some extent, on the zeta potential value.

Furthermore, it has been found that these electric charges
are strongly related to the concentration of suspended solids. Charge
strength can be explained by the fact that at higher concentrations
the mean distance among particles is less than at lower concentrations
with the result that higher repulsive forces are developed. Horsley
(1982) reported that there was no time-dependant changes 1in zeta
potential at solid concentrations below 28% by volume (known as low
concentrations).

On the other hand, the pH (Negative Log H+ ion concentration)
of water was also found responsible for changes in apparent viscosity
of some gold mine tailings (Marsden, D., 1962). Elliott and Gliddon
(1970) showed that pH changes substantially affected coal slurries
in pipe loop tests when concentrated coal slurries were being pumped.
This effect could be reversed by returning the pH to its original
value. The small amount of data available for this topic thus show

inconclusive and often contradictory results.

2.3 SLURRY FLOW CHARACTERISTICS

2.3.1 Homogeneous Flow

Homogeneous flow 1is encountered in slurries with high
concentrations of solids and fine particle size. They are also called

"non-settling" mixtures and frequently do not behave as Newtonian
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fluids but their homogeneity depends upon the velocity gradient.
Slurries with a range of concentration from 50 to 70% by weight are
normally homogeneous for small particle size or high velocity or both.
The solid particles are uniformly distributed and particle inertial
effects are negligible. 1Large particles may be suspended by the mass

of smaller particles overcoming the gravitational pull.

2.3.2 Heterogeneous Flow

Heterogeneous flow is wusually presented in slurries with
low solid concenttrations, low velocity; or coarse particle size. The
effects of particle inertia are significant. The solid particles
are not evenly distributed, hence these "settling" mixtures cannot
be treated as a single phase system except under circumstances of
high turbulence. Four different regimes are found in heterogeneous
flow (Govier, Charles, 1961):

- Pseudo-homogeneous flow in which the particles are fully

suspended.

- Saltating flow in which particles are transported by a

leaping motion.

- Sliding or rolling bed motion of particles.

- Stationary bed of solid deposits.

2.3.3 Non-Newtonian flow

In Chapter II typical flow curves were presented in which
non-Newtonian fluids were characterized by a non-linear relationship
between shear stress and rate of shear. In order to define the

non-Newtonian behavior the most acceptable approach is a power function,
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thus the following equation can be wused to solve for T in a

Pseudoplastic fluid.

T=K (i;.;.)n (2.6)

where:
n< 1.0
K = constant
In the case of a Bingham fluid:

d
T =Ty +n ('cl';‘) (2.7)

where:

yield value

Ty
1

Bingham fluids are normally ideal, so a combination of the

coefficient of rigidity

two former equations can be used to describe the behavior of a material

which exhibits non-linear flow.

T=T, +x (%;.)“ (2.8)

Non-Newtonian fluids can also be altered by two rheological
complexities, thixotropy and rheopexy. Thixotropy does not present
problems in pipe design, but the dilatant character of the rheopectic
fluids has to be considered.

A dilatant fluid assumes a concave~upward curve described
by the power function with the index n > 1.0 (Cheng, 1970).

T= g (-j—;f‘ (2.6)

2.3.3.1 Prediction of Friction Losses

Since the mnon-Newtonian behavior cannot be expressed in

terms of a characteristic ''viscosity'" the normal equations describing



17

pipeline flow are often unsuitable. Many theoretical and empirical
attempts to understand this matter have been undertaken in recent
decades.

In laminar flow, Buckingham (1921) was the first to make
a theoretical analysis for a Bingham plastic fluid. He derived the

analogue of Poiseuille's equation:

8v _Tw 4Ty 1 Ty
D N [ 37Tw 3 (TW) ] (2.9)
V = mean velocity of the suspension

D

diameter of the pipe
Tw = wall shear stress
Ty

If the fourth-power term is neglected, due to a small value

yield value

n

coefficient of rigidity

of yield stress, the equation solve directly for Tw:

T = Q(%Y) +-§-Ty (2.10)

The general equation can also be expressed in terms of

friction factor (Hedstrom, 1952):

4
f _He  (He)

1
R, 16 6Rm2  3£3 RmS

where:

e f£vp
Ry = modified Reynolds number = _i—
He = Hedstrom Number = D ftx

vn
. . R AP
f = conventional Fanning friction factor =
2 V2 Lp

For pseudoplastic fluids, theoretical analysis and

experimental data show that in a circular pipe:
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4n

-35—173—-—) (2.11)

\'/
Ty =k D <
where K and n are rheological constants (Govier, Charles, 1961).

Many workers prefer to generalize this approach assuming

a relationship similar to that of the power Law (Wasp, 1977)
]
Ty = x' EH® (2.12)

where K' and n' are not necessarily constants
4n n

t = e

K K ( 3n + 1 )

Fanning friction factor can also be expressed as:

&y’
g=% D _ 1o (2.13)
pv2 pn' yZ-n'f

2

where:

o< = K' 8n"'l

Metzner and Reed (1955) defined a "generalized Reynolds Number' as

Dn' VZ"II'f
Re* = e (2.14)
Hence, for all time-independent fluids
_16
f =5 (2.15)

In turbulent non-Newtonian flow there are no comparable
theoretical equations but extensive experiments indicate that for
smooth pipes the friction factor is a function of the modified and/or

generalized Reynolds Number.

2.3.4 Deposition Velocity

The deposition velocity of a solid-liquid system 1is the
velocity at which particles begin to settle. Solids tend to accumulate

in the pipe reducing the cross section available for liquid flow until,
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ultimately, they will block the pipe. A range of velocities from
4 to 5 fps is often used in the industry as the deposition velocity
value.

Despite the fact that blockage of the pipe is predicted
to occur at mixture velocities below 4.6 fps (Govier, Charles, 1961)
several workers have obtained pressure drop data for mixture velocities
as low as 2.5 fps for certain concentrations. Bonnington (1959) has
observed that substantial depositon of sand took place at velocities
only below 3.5 fps.

The deposition velocity is related to the fall velocity
of particles, the degree of turbulence, concentration of solids and
fines, electro-chemical interaction between particles and liquid,
and finally pipe diameter.

Backfill systems for mines depend on keeping velocities
above the deposition velocity. At INCO's Thompson mine the deposition

velocity was found at about 6.0 fps. (Stewart, G. personal comm.)



CHAPTER III

HYDRAULIC BACKFILL

3.1 HYDRAULIC BACKFILL OPERATION

Hydraulically placed mill tailings have been used as backfill
at a few mines for ‘several decades. The increased costs of labor
and materials in mining and the necessity for increasing the efficiency
of mining cycles have resulted in an expansion of the use of the
"h&draulic fill" method. This process is applied to fine-grained
material suspended in water and carried through pipes to the point
where it is discharged to fill a mined-out area to provide support
for unmined portions of an ore body. This technique permits nearly
complete recovery of the ore body in contrast to lower recovery for
stope or room and pillar methods.

The deficit of mill tailings for the hydraulic fill process
is normally made up by:

Alluvial sand along with any ground rock available.

Ground slag (silt size) has been used in many mines as a

pozzolan with good results.

Granulated slag (sand size) which is also mixed with tailings.

3.1.1 Advantages and Disadvantages of Hydraulic Fill

Advantages

The immediate use of waste material from mills and the

elimination of surface environmental impact make hydraulic fill

an attractive solution for mine tailings allocation. The cost of

material is wusually less than the cost of filling with waste rock.
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Sand and fine material form a tight filling, flowing into cracks and
irregularities in the wall rock. The hydraulic fill is a very rapid

process. Where gravity flow is used energy costs are minimal.

Disadvantages

The water used to transport the fill must be pumped out
again at an additional cost. If the tailings contain a large
proportion of slimes, both the draining and the fill solidification
become difficult after they are run into the mined-dut area. If the
wall or roof rocks are argillaceous the introduction of water in the
workings may cause softening of these rocks with consequent support

difficulties.

3.2 BASIC CHARACTERISTICS OF THE PROPOSED INCO SLURRIES

3.2.1 Constituent Materials

Tailings are the waste product of mine mills. They consist
of ground-up rock that remain after the mineral value has been removed
from the ore. The disposal of tailings is an additional cost for
the industry, consequently, the obejctive of all mine operators is
to dispose of the tailings as cheaply as possible, or preferably,
to find a better use for them.

The Thompson slag consists of melted silicates produced
during the smelting process. Extraction slags are formed from the
oxides among the gangue minerals which can be made fluid at a reasonable
temperature.

The addition of cement to backfill process began in 1967.

The cemented mixture is mainly used for floors, pillars and sills,
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and is thus only occasionally added to the slurry.

A flocculant agent was introduced to the fill process in
1972 (Alchem 85030), a high molecular weight anionic polymer in liquid
form. It supplies negative ions that attract the small slimes particles
to form large flocculated masses which settle rapidly and are more

readily retained in the fill mass.

3.2.2 Concentration

The concentration of solids plays an important role in the
hydraulic backfill. The backfill process requires a mixture with
the highest possible concentration of solids without losing its
fluidity. At INCO's mine, the operative concentration of 60 to 65%
by weight reduces the considerable volume of water to be pumped out
after the fill. It accelerates the filling time and prevents excessive
migration of cement and slimes over the surface of the load. In
addition, the compressive strength of the mixture when dry depends
upon this high range of concentrations. Studies made regarding this
matter have shown that a drop in densities from 65% to 60% by weight
results in a decrease of 50% in coﬁpressive strength of the mortar.
(Ashton, Haskins, 1980). For the purposes of this work the
concentrations to be studied are 55 and 65% by weight (approximately
30 and 40% by volume).

The quantity of slag in both concentrations is in the order
of 10% and 20% of the total weight of solids.

The use of slag as a supplementary fill is not a new idea.
Different mines throughout the world use ground slag to make up for

deficits. However, the benefits of using ground slag as a pozzolan
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do not help at Thompson mine because its mining methods require high
early strengths of cemented £fill, hence, the lower cost use of
granulated slag in the mixture was proposed.

In general, the addition of granulated slag to cemented
mill tailings results in an increase in compressive strength, but
an excess of 50% of the tailings will result in lower strengths than
the normal cemented mixture. The optimal value was found at around

25% of slag (Ashton, Haskins, 1980).

3.2.3 Particle Size Distribution

The grain size distribution of tailings depends wupon the
characteristics of the ore and the mill processes used to concentrate
and extract the metal values (Figure III.1). The size reduction of
the slag was obtained from '"quenching" water poured on hot slag to

crack it by thermal shock.

3.2.4 Basic Chemistry (Mineralogy)

Table III.1 1lists the chemical analysis of the fill sample
used in this work indicating a pyrrhotite content of 16%.

Distributions of weight, pyrrhotite and pyrrhotite surface
area for the total fill, magnetic fraction and non-magnetic fraction
are presented in Figure III.2. Although the -38 micron fraction makes
up only 4% of the total weight of fill, it contains over 12% of the

pyrrhotite and accounts for 54% of the total pyrrhotite surface area.
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Table ITI.1 CHEMICAL ANALYSIS OF THOMPSON BACKFILL SAMPLE

% Fe ¢otal 13.00
% Ni 0.195
% CU 0.012
% 8 6.46
% Pyrrhotite 16.00

3.2.5 Densities

Densities of the solids are presented in the following Table:

Table III.2 DENSITIES OF FILIL MATERIALS

Mill Tailings Moak Sand Slag
Specific gravity 3.0 2.7 3.5
Specific weight (1b/ft3) 187 168 218
Bulk density-dry (1b/ft3) 93 87-90 102

3.3 PILOT PLANT DESIGN FOR SLURRIES TEST

Most of the facilities to test slurries are based upon a
recirculating pipeline system. The creation of the suspension takes
place in a tank where the solid particles and the continuous medium
are mixed. The pump, used to circulate the slurry is normally below
the tank. An apparatus to test slurries will be described in greater

detail in the next chapter.



CHAPTER IV

DESCRIPTION OF THE RESEARCH APPARATUS

4.1 INITIAL STUDIES

In 1981, the University of Manitoba and INCO Mining Company
signed an agreement to initiate studies of slurry transport. The
major concern was to examine unit headlosses for proposed tailing
mixes in the mine pipelines. For that purpose, the construction of
a pilot plant was contemplated.

The system lay-out and instrumentation began the same year
based upon the experience of the Saskatchewan Research Council. Since
then, many changes have taken place due to the geometric limitations
in the Hydraulic Lab and as experience was gained. )

Originally, a set of pipes, 2, 3 and 4 inches in diameter
was  proposed, but the need to extrapolate to larger pipe
diameters suggested a replacement of the 2 inch for a 5 inch pipeline.
This was mnecessary as relative Reynolds Number effects would produce
faulty data in a 2 inch line (W. Schriek, pers. comm.) An open recircu-
lating loop was initially built, however, it provided inadequate
head for mixing the discharge jet. The '"closing" of the system plus
the contraction at the exit nozzle solved the problem.

The high rate of temperature-rise caused by the pipe wall
friction was controlled after the installation of a cooling-jacket.

The high concentration of solids in the pump scroll-case
proved to be a problem in its performance. The pressure inside the
casing forced the particles to enter the stuffing-box throat. The

abrasive action of the material resulted in heavy leakage through
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the pump throat, eroding seal rings, shaft packings and bushings.
A pressurized flushing arrangement in the stuffing~-box eliminated
the problem. This arrangement required kthe use of a booster pump,
a pressurized storage tank and a differential pressure relief valve.
Photos of the existing system are presented in Appendix F (Plates

12, 13).

4.2 RECIRCULATING PIPELINE

4.2.1 Principle

In a recirculating scheme, a booster pump forces the material
to flow through a pipeline circuit. The inlet of the pump is
immediately below the mixing tank and its discharge nozzle is connected
to the circuit. In an '"open" system the free-extremity of the line
ends in a deflector box with a free air surface. A hinged plate inside
the box déviates the flow either to the sampler or to the mixing tank,
whereas in a '"closed" system no free air surface occurs before the

free-extremity is submerged in the mixing tank.

4.2.2 Main-line

The main line consists of a steel pipe network where all
testing and measurement devices are installed. The single 3 inch
pipe discharging from the pump (Fig. IV.I) is divided into three
independent lines of 3, 4 and 5 inches in diameter. These lines run
horizontally away from the pump, ascend to a second level and make
their way back ending in a single 4 inch pipe in which two plug valves
are mounted to obtain external samples. Finally, a Y-connection

bifurcates the return line with both branches submerged in the mixing
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tank.

The nozzles attached to the free-ends, are circumferentially
tangential to the tank wall, and discharge clockwise jets on opposite
sides of the tank to produce the rotational agitation.

A 4 inch vertical pipeline outside the building has been
built for future studies. This loop rises approximately 47 feet above
the pump level.

The test section is encountered in the returning level of

the main line. Devices such as density gauge, thermo-couples, and
pressure taps are found in this segment. The length of each test
section was limited by the geometry of the Lab and the requirements
for "fully developed flow" in which the boundary layer has grown to
fill the whole pipe. 1In this region the velocity profile is constant.
(Wasp, et al. 1977). Lengths for the 3, 4 and 5 inch pipe are 21.30,
16.90 and 13.80 feet respectively.

Each branch of the main line has a 5 foot-long pipe made
of transparent plexiglass located immediately before the test section.
Through it, suspended material and particle motion can be observed.
The diameter is identical to the steel pipe and aligned with it by

flanges.

4.3 SHORT LOOP AND BY-PASS LINE

The short 1loop is a 3 inch pipe branched off the pump
discharge. It rises from the pump into the mixing tank and has its
discharge submerged. 1Its purpose is to suspend the material in the
mixing tank prior to start-up. The by-pass 1line, a 4 inch pipe,

connects the upper half of the mixing tank to the pump suction line.
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It serves to withdraw clear water from above the settled solids. Both
the short loop and the by-pass line are required for a safe starting

of the system.

4.4 PUMPS

4.4.1 Centrifugal Pump

Centrifugal pumps accomplish the generation of pressure
by the conversion of velocity head into static head. The rotary motion
of the impeller adds energy to the fluid in the form of a velocity
increase. This velocity increase is converted into static head in
the discharge section of the casing.

The unit used in the apparatus is a centrifugal rubber lined
pump Worthington model # 3R111 with a single end-suction (lateral
inlet) 4 inches in diameter and a discharge nozzle (outlet) 3 inches
in diameter. The casing is made of cast iron fitted with an abrasion
resistant rubber liner. The impeller is also manufactured in resistant
rubber which has a steel support skeleton.

The pump is driven by a Brown-Bovari D.C. electric motor
with variable speed. The pressure inside the scroll-case can reach

56 p.s.i. at 100% pump power.

4.4.2 Emergency Pump

The emergency pump consists of a vertical 4 inch submersible
pump (1% HP). It is installed inside the small sump near the apparatus..
A hermetically sealed motor, in line with the pump, drives a series
of impellers made of fibre glass. The shutoff head reaches 131 p.s.i.

The entrance in the slurry system is located two feet away from the
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centrifugal pump discharge. The emergency pump performs three tasks:
it injects pressurized water to prevent clogging along the lines. It
serves to dilute the mixture when necessary. It flushes the pipe

network for a new test program.

4.5 TANKS

4.5.1 Weighing Tank

The weighing tank is also a volumetric device to obtain
an external sample of the slurry flow. It consists of a cylindrical
container with conical shape at the bottom plus a valve at the end
(Plate 10). The whole unit hangs by three cables strung from load
cells. The slurry sample 1is put back into the mixing tank after

‘measuring its weight and volume.

4.5.2 Mixing Tank

This steel tank is also circular having 6 feet as a maximum
diameter (Plate 8). The solids loading and the mixing process take
place in this unit. The cylindrical wall has two outlets; an aperture
to the by-pass line and a drain for excess water. A vertical shaft
is centred inside the tank and holds circular gratings which eliminate

the vortex produced by rotational motion.

4.6 VALVES AND SAND-TRAPS

The system has a set of pinch-valves installed in the main
line and in the short loop. Pinch-valves are suitable for slurry

handling as they cannot be jammed by solids and abrasion is a minimal
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problem (Plate 6). Butter-fly valves are used in the by-pass 1line
and main drain (Plate 14).

A couple of plug-valves are mounted in the returning pipe.
Only one of them must be open at a time. When an external sample
is to be collected these valveé shift the normal flow to the sampler
tank (Figure IV.2, Plate 11).

The sand-traps are small cylinders connected to the pressure
taps. Their purpose is to 'catch" the solid particles in still water
thus preventing any contact between the manometer-liquid and the
solids (Plate 15).

Flushing water connections are also provided in these units,
so that the lines to the manometer can be cleared of solid particles

(Figure 1V.3).

4.7 MEASUREMENT DEVICES

Different devices to measure flow rate, velocity, pressure
drop, density and temperature are installed in the system. The function

of each piece of equipment is presented in this section.

4.7.1 Magnetic-Flowmeter

A magnetic Flowmeter is installed in the vertical section

of the apparatus (Plate 9). This unit consists of a tube with an
electrically insulated metal liner. The tube has an opposed pair
of metal electrodes. Electromagnetic coils are mounted external to

the metering tube in a protective casing.
When the coils are excited by an electrical current they

generate a magnetic field at right angles to the axis of the fluid
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passing through the tube. As the fluid passes across the magnetic
field an electrical potential develops around the electrodes which
is proportional to the volumetric flow rate. The voltage signal
generated is converted, in the magnetic flow transmitter, to either
a standardized current signal or an output cue. The flowmeter does

not present any restriction to the fluid flow.

4.7.2 Polysonic-Flowmeter

The polysonic flowmeter makes use of the Doppler frequency
shift of an wultrasonic signal reflected from discontinuities in a
fluid stream to obtain flow measurements. These discontinuities can
be suspended solids, bubbles or interfaces generated by turbulent
eddies in the flow.

The sensor is mounted on the ouside of the 3 inch pipe near
the pump (Plate 12). An ultrasonic beam from a piezoelectric crystal
is transmitted through the pipe wall into the fluid. Signals reflected
from flow disturbances are detected by a second piezoelectric crystal
located in the same sensor. Transmitted and reflected signals are
compared in an electrical circuit. The corresponding frequency shift

is proportional to the flow velocity.

4.7.3 Volumetric Sampler (i.e. mixing tank)

In the research apparatus provision has been made to obtain
flow rate measurements volumetrically (Plate 10). A temporary slurry
mass 1is diverted from the main line and collected in the weighing
tank. The shifting process takes place during 0.2 seconds, with sample

times up to 30 seconds.
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The volumetric sampler or weighing tank provides the volume
and weight of a momentary sample, hence the density and concentration

of solids are easily obtained.

4.7.4 U~-Tube Manometers

A U-Tube manometer is provided for each test section to
measure the pressure drop exerted on the interior wall over the entire
length of pipe (Figure IV.3). The manometer liquid used (either mercury
or meriam fluid) depends upon the amount of pressure drop and the

accuracy required for calculation.

4.7.5 Pressure Transducers

Another way to obtain the pressure drop is from miniature
pressure sensors. They consist of strain gages which combine a fully
active Wheatstone bridge with state of the art transducer design.
The semiconductor elements are bonded directly to the stainless steel
diaphragm thereby providing high frequency response coupled with low
sensitivity to extraneous vibrations. The semiconductor circuitry
is fully compensated for temperature changes in the environment. The
output is given in P.S.I. with a range of £ 5 psi.

\

4.7.6 Nuclear Density Gauge {Gamma-logger detector)

Measurements of specific gravity are obtained by a nuclear
gauge which makes use of a gamma radiation beam across the pipe. This
device consists of a source housing opposed to a detector case (Plate
15). As the material flowing in the pipe section becomes denser,

more and more of the radiation beam is being absorbed. The detector



38

converts the remaining radiation field into a proportional electric

current.

4.7.7 Cooling Jacket

Since the solid-liquid mixture is constantly recirculated
its temperature rises, mainly due to the friction against the internal
pipe wall. This effect is controlled by enclosing a section of each
line in a larger diameter concentric pipe (cooling jacket). A cold
water flow passes through the cooling jacket, with flow rate regulated

by an automatic valve responding to a thermo-couple (Plate 7).

4,7.8 Heating Elements

In order to accelerate the rate of temperature-rise when
needed, two heating elements are installed in the mixing tank and
provide 6,000 watts of heating. An example of the temperature-rise

is shown in Figure IV.4.

4.7.9 Thermo-Couples

The thermo-couples are probes attached externally to the
pipe wall. They transmit the pipe temperature to an electronic recorder
and computer.

The Temperature Control System monitors the temperature
of the slurry mixture. It compares temperature to temperature setting

and regulates flow through the cooling jacket if necessary.
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CHAPTER V

DATA COLLECTION PROCEDURES

5.1 STEPS TO INITIATE A SINGLE RUN

The methods of testing slurries in recirculating pipelines
and in mines are similar in principle. Solid particles and liquid
are loaded into the mixing tank to reach the effective concentration.
At this point, all valves are closed, the pump is off, and there is
no circulation through the pipe network. To initiate a run, a flushing
arrangement on the pump gland has to be opened. Flushing can be defined
as the introduction of liquid into the stuffing box of the pump at
a higher pressure than the stuffing box pressure. The liquid being
injected must flow into the box at a rate that is sufficiently high
to prevent any solid particles behind the impeller from entering the
stuffing box. The box also must have an outlet to drain the external
flush 1liquid, so that the amount of dilution will depend only upon
the restricted pressure differential between the flush 1liquid and
the product behind the impeller.

With the wvalve at the boftom of the mixing tank closed,
the by-pass line is opened, withdrawing clear water from above the
settled solids. This procedure will prevent clogging of the pump.
Then, the short loop is opened and the pump started with a small rate
of discharge. As mentioned earlier, the mixing process will take
place by rotational agitation which is the result of a jet discharging
from the nozzle at the free-end of the line.

When the mixture becomes fully suspended the valve at the

bottom of the tank is gradually opened. At the same time the by-pass
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line is closed. The flow rate is adjusted to obtain a better mixing.
While the circulation in the short loop is maintained, one

of the branches in the main line (previously primed) is set for testing

procedures. Finally, the circulation is shifted from the short loop

to the main line. Up to this step no measurements have been taker.

5.2 DATA ACQUISITION (MANUALLY)

Collection of data in each branch uses the same procedure.
A typical test begins once the temperature needed has been reached
and controlled. With the pump at its maximum power the highest flow
rate is procured.

The density of the mixture is then verified with the nuclear
gauge. Adjustments can be done by adding more solids or "liquid, or,
by shutting the entire system down to decant some water.

Flow velocities are recorded at one second intervals through
the sonic-meter and magnetic-flow meter in which 50 readings are
averaged with the assistance of the computer.

The pressure drop along the test section is measured in
the U~-tube manometer.

Once the above readings are completed the velocity is reduced
in steps until the deposition velocity is reached. In each step new
data are obtained.

There are two methods of reducing velocity: either lessening
the pump power or opening the short loop gradually. The latter provides
an additional mixing energy in the tank. Another way of obtaining
the flowrate, density and velocity of the mixture is carried out using

the volumetric tank. The plug-valves momentarily d
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into the sampler. The time of collection, weight, and volume of the
sample are recorded, then the material is allowed to return to the
system. Data reading and computations are tabulated for further

analysis and comparisons.

5.3 DATA ACQUISITION (ELECTRONICALLY)

A computer program similar to the one shown in Appendix
D has been prepared, which does not require a manual input of data.
The program is written to obtain the data via various interfaced input
devices. However, due to a recent recalibration of the instruments
the program is waiting to be updated. It will provide automatic results

and graphic representations.

5.4 SHUT-DOWN PROCEDURES

Shutting the system down is the reverse of the starting
process. Before shifting the flow from the main line to the short
loop the velocity of the suspension, which has normally reached the
criticalbvalue of the deposition velocity, has to be increased. The
danger of plugging the line will be thus eliminated. Two pinch-valves
are used to shift the circulation from the main line to the short
loop. Then the by-pass line is opened while the valve in the tank
is gradually closed, finally the pump and its flushing arrangement

are shut down.



CHAPTER VI

DATA REDUCTION

6.1 RAW DATA AND MANIPULATIONS

Raw data are wusually expressed in base units. A typical

array of data collection can be observed in the left side of the

computer print-out, Table VI.1.

variables

are stored

- The electric power to drive the pump is given in percentage

of its maximum.

The polysonic-flowmeter provides readings in 1litres per
second.

The Gamma-logger density gauge displays the specific gravity
of the suspension.

Pressure drop is measured in inches of manometer fluid.
Collecting and shifting time for an external sample are
given in seconds.

Volume of the sample in U.S. gallonms.

Weight of the sample in pounds.

The averaging scheme in the computer converts the Mag-meter
readings to feet per second.

Temperature is measured in degrees centigrade.

Once the raw data are obtained, derived and basic slurry

can be calculated either manually or by computer. The data

in Flexy-disks. The units used reflect the units used

by the sponsor, INCO Ltd.
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6.2 CALCULATION OF DERIVED VARIABLES

The derived variables are the result of converting the raw
inputs to hydraulic terms such as discharge, velocity and head-loss.
The right side of the computer print-out {(Table VI.1) shows the results.

Despite the fact that the velocity 1is obtained directly
from electronic devices, it is considered a derived variable because
its value can be computed from the volumetric sampler. As soon as
the volume is collected the discharge is calculated as follows:

= 60 x volume (U.S. gal.)

collecting time (sec.

where Q = Discharge G.P.M.
also

q = G.P.M. (0.0C2228) .

where q = Discharge c.f.s.

Velocity in each line is derived from the continuity equation.

Thus V =;q\

where:

A = cross section area of the testing pipe in £t2

V = velocity, F.P.S.

The head-losses are expressed in feet of slurry, feet of
water and feet of water per 100 feet of pipe. The following equations
are used when the carrier fluid is water.

- Feet of slurry:

H
Hg = _ME"(SGMF -1) (6.1)
5Gy

- Feet of water:

Hy = Hyvp (SGMF -1) (6.2)
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- Feet of water per 100 feet of pipe

100

L (6.3)

HL = H, x

where:
Hg = Head-loss, feet of slurry
Hy, = Head-loss, feet of water
HL = Head-loss, feet/100 feet of pipe
Hyr = pressure drop in U-manometer, feet.
SGy = specific gravity of the mixture (slurry)
SGyp = specific gravity of the manometer liquid.

L = length of pipe test section, feet

6.3 BASIC SLURRY VARIABLES

6.3.1 Concentration (C)

Concentration of solids is expressed in percentage by weight.
In practice, a specific gravity curve is used to determine the
concentration (Figure VI.2). The range of curves is based on the
solid components used for each sample.
The experiment contemplates two mixtures.
MIXTURE I: 90% tailings + 10% slag
Concentrations:
55% by weight (29% by volume)
65% by weight (38% by volume)
MIXTURE II: 80% tailings + 20% slag
Concentrations:
55% by weight (28% by volume)

65% by weight (37% by volume)
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6.3.2 Shear Stress (1)

The 1low range of velocities and the highly concentrated
slurries allow use of the formulation for laminar flow. Pipe roughness
is not usually important in this region (Harris, Quader, 1971).

Wall shear stress is:

w = 2“%% (6.4)
where:
Ty = wall shear stress, p.s.i.
D = pipe diameter, feet
AP = pressure difference, p.s.i.
L = length of pipe test section, feet.

(For derivation see Appendix C.)

6.3.3 Rate of Shear (du/dy) or velocity gradient

Rate of shear for laminar flow in a circular pipe is given

by the following equation (for derivation see Appendix C):

du _ 8V (6.5)
dy D
where:
V = velocity, F.P.S.
D = pipe diameter, feet
(du/dy) = rate of shear, sec”l

Due to the complexity of the velocity profile, laminar flow is assumed
for the purpose of obtaining an "apparent viscosity".

6.3.4 Apparent Viscosity (ug)

Ma = g7y X 144 (6.6)
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where:

T= shear stress, p.s.i.

du/dy = rate of shear, sec~l

1b.sec

Mgz = apparent viscosity
T ft2

A computer algorithm was developed to calculate most of

the derived and basic slurry variables based on these formulas.

6.4 COMPUTER PROGRAM AID

The program algorithm, written in BASIC language, is listed
in Appendix D. The '"user friendly" program facilitates the loading
process. Raw data and pipe diameter are the inputs. Calculations.
and printouts are immediately obtained (e.g. Table VI.1). A software
package (Visical) for the Apple computer was used to present the data

and calculate the slurry variables (see Appendix A).

6.5 PLOTTING TECHNIQUE

Figures B.l to B.41 in Appendix B show the plotted points.
Since the energy consumption expressed in head-loss per pipe length
was the main concern, the plotting technique has concentrated on
head-~loss as the major independent variable. The effects of the
dependent variables are discussed in the next chapter.

Connecting points one by one following the trends as possible,
permitted generation of interpolated values. Some - extrapolation was
also obfained (dotted line in graphs).

Apparent viscosity versus rate of shear was plotted to
identify the rheological behavior of the mixture (Figures B.18-B.27).

The sequence of figures permits the time-dependency of the
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mixture to be distinguished. Consistency of X-Y scales permits rapid

comparison.



CHAPTER VII

DATA ANALYSIS

7.1 PRESENTATION OF DATA PLOTS

7.1.1 Head-Loss vs. Velocity (Figures B.l to B.17, Appendix B)

Figures B.l1 to B.8 show the experimental results for the
90/10 (90% tailings + 10% slag) mix. Figures B.9 to B.17 present
the experimental results for the 80/20 mix. Figures B.1 and B.2 present
the early data obtained at 55% concentration for 90/10 in March, 1983.

Figures B.3 to B.5 present the data at 65% concentration
by weight for the 90/10 mix. These data were obtained in September.
However, during the period from March to September the mixture remained
in the system. Deficiencies in the apparatus such as ﬁbor mixing
energy, and errors in the density gauge did not provide reliability
for higher concentrations as the density measurements were in error
due to a leaking argon gas chamber in the detector. Finally a
concentration of 65% in 3" and 4" lines was reached. The maximum
for the 5" 1line was 63%. A jellied appearance was noticed in the
mixture with a very slow settling velocity. The resultsof these runs
produced extremely high head-losses. An attempt to reproduce the
data of March was then undertaken.

The mixture was diluted until the concentration reached
55%. Figures B.6 to B.8 show the attempted reproduction of the 55%
data in Figures B.l1 and B.2. The result was a clear difference
between the fresh material in March and the old material run later

in October. High head-losses and different curve shape indicated

that something took place in the slurry over this period of time.
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The deposition velocity was also different, being lower for the old

material. The fall velocity of particles, mainly for fines, was far
slower than before. These findings suggested an unmeasured variable
was affecting head-losses as the variable caused "ageing". To explain

the time-dependency in the mixture a closer study was required. Factors
which cause particles to remain stable despite passage of time are
sometimes explained by the phenomenon of the electrical double layer
consisting of the charged-particle surface and a surrounding sheath
éf ions of charge opposite to that of the particle surface. A
consequence of the electrical double layer around each particle in
water is to create regions of electrical potential in a bulk mixture
that nominally has a zero potential.

The system was emptied and a new slurry mix, 80/20, was
tested. Figures B.9 to B.17 show the experimental results. Figures
B.9 - B.1l represent the 55% concentration. If they are compared
with the results of the 90/10 mix in March the variability in head-loss
is almost similar. The deposition velocity was found at about 5 F.P.S.
A noticeable sliding bed at 6 F.P.S. was observed usually in the 3
inch 1line. Lower velocities than 5 F.P.S5. could be run but were
normally affected by a "queuing" problem at the foot of the vertical
pipe resulting in a bed formation which extended upstream as a test
proceeded. This problem was detected by an increase in slurry density.
The physical appearance of the mixture after the runs remained constant.

Before the addition of solids to reach the 65% concentration
some points were reproduced for the 55% 80/20 runs with negligible
discrepancies. The 65% runs are shown in figures B.12 to B.1l4. High

head-losses are observed. Most of the curves are concave downwards
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denoting plasticity at low velocities. The deposition velocity was
reduced to 3.5 F.P.S. It was impossible to distinguish any bed
formation in the solids. The mixture exhibited a different appearance
after the experiment. Fine particles were totally dispersed with
a longer settling time. However, several points were reproduced without
discordance.

Figures B.15 to B.l17 were obtained from the plots for the
80/20 mix. The results are separated by pipe diameter. From these
figures it is clear that temperature has an effect on head-loss. This
effect is more evident in smaller pipes. The importance of

concentration is also demonstrated by these figures.

7.1.2 Apparent Viscosity vs. Rate of Shear (Figures B.18 to B.27,

Appendix B)
To assist in design of predictive equations for headloss,

plots of apparent viscosity vs. rate of shear were made. Since the
behavior of the slurry cannot be expressed in terms of a 'viscosity",

apparent viscosity has been used as an indicator of '"thickness" between

mixtures.

It can be seen from Figure II.1, in Chapter II, that the
values of apparent viscosity for a yield-pseudoplastic fluid decreases
with increase of applied shear rate. In the experiment, at 65% solids
concentration by weight the yield-pseudoplastic pattern is observed
in all plots. At 55% concentration the plots suggest the existence
of a plastic material with nearly constant apparent viscosity. However,
once the material is affected by the "ageing'" ©process the apparent

viscosity increases with a decrease in shear rate.



54

7.2 BIVARIATE PLOTS

To assist in model design bivariate plots of the independant

variables with unit head-loss were generated.

7.2.1 Head-Loss vs. Pipe Diameter (Figures B.28 to B.31, Appendix B)

From interpolated and extrapolated points, curves of head-loss
vs. pipe diameter were generated. Figure B.28 clearly shows that
the data are in error for the 4" line for the 90/10 mix. The
exponential variability of head-loss is reversed due to a high value
in the 4 inch line. Once the source of error (a leak in a manometer
fitting) was eliminated the expected variation took place, Figure
B.29, B.30, B.31l. A family of curves for different velocities was
then plotted. High velocity information in the 5 inch line ;as derived

from an extrapolation for a velocity of 12 F.P.S. The variation of

clear water at 7 F.P.S. serves for comparison.

7.2.2 Head-Loss vs. Temperature (Figures B.32 to B.35, Appendix B)

Temperature was normally controlled by the cooling jacket.
Values of 25, 35 and 45 degrees centigrade were used in the experiment.
Unfortunately, lower temperatures were impossible to reach. Figures
B.32, B.33 are obtained from data for the 90/10 mix. An inverse
relationship between head-loss and temperature is noticed in most
cases. Only in the 3 inch line is the wvariation direct. For the
80/20 mix, which is considered more reliable, the direct relationship
is shown in all cases. Some discrepancies in Figures B.35.a and B.35.b
are referred to Fig. B.15 and B.16 respectively. The discrepancies

are likely produced by partial blockage of the poly-lines to the
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sand-traps by solids.

7.2.3 Head-Loss vs. Concentration (Figures B.36 to B.4l, Appendix B)

These figures show the effect of solids concentration. Points
for equal velocities were joined with a straight line. However, the

actual relationship may be nonlinear and discontinuous at a weight

concentration of 60%. Concentration effect was more noticeable in
smaller pipes. The bigger the pipe the less the variation. Figure
B.38 presents extrapolated values for 65% concentration. A certain

degree of divergence toward high concentrations is noted in the 5

inch line for both samples.

With all the data plots presented, discussion of the slurry

behavior shall be now undertaken.

7.3 DISCUSSIONS

7.3.1 Discussion of Data

Theoretical fluid curves were presented in Chapter II in
which a non-Newtonian fluid can be identified in a plot of apparent
viscosity vs. rate of shear (Fig. B.l). If we observe the actual
curves obtained in Figures B.18 to B.25 it is clear that the slurry
behavior is non-Newtonian within the range of our major variables.

The plasticity at 65% concentration by weight is consistent in every

plot. It resembles the behavior of a yield-pseudoplastic fluid. On
the other hand, at 55% concentration the plasticity is neither
persistent mnor clear. It can be related to a pseudoplastic fluid
or to a fluid nearly Newtonian. However, the plasticity increases

with slurry ageing as continuous bombardment of particles either in
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the mixing tank or in the centrifugal pump occurs. It seems that
what was a pseudoplastic fluid has turned into a yield-pseudoplastic
fluid (Figs. B.19, B.23, B.26).

Another important finding is that the apparent viscosity
tends toward a constant value at high rates of shear (e.g. 350 sec-l)
regardless of concentration and time-dependency. It appears
that high shear disrupts the electro-chemical bonds generated by a
high zeta-potential. Plasticity is thus to be considered only at
low range of velocities (e.g. 4 to 12 F.P.S.). The concave downward
shape in a plot of Head-loss vs. Velocity may also indicate the presence
of a plastic fluid. Most of the figures at 65% concentration by weight
show this peculiarity.

Zeta potential may also play a role in changing HL for
the 55% concentration after an extended time period. The most likely
phenomenon is a change in =zeta-potential of the colloidal matter.
In 1982 an Australian researcher (Horsley) concluded that in laminar
slurry flow a change in head-loss gradient at constant concentration
of solids and constant velocity and temperature can be explained in
terms of zeta potential. Furthermoré he pointed out that for solid
concentrations exceeding a minimum value of 28% by volume the yield
stress and the plastic viscosity are a function of zeta potential.
In the turbulent flow regime the zeta potential had no detectable
effect on the head-loss gradient.

Considering the present slurry tests, at a 55% concentration
by weight (29% by volume), the mixture was in the upper limit of what
is Horsley's 1low solid concentration slurry. Additionally, the

percentage of fine particles (d5g9 < 50 um) was high (Fig. III.1).
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The percent fines slightly increased after continuous
recirculation through the system. Hence the surface/volume ratio
of the fines was increased. But what really became the major component
in this change was the fact that after the first run of 55% in March
there were many attempts to obtain a value of 65% concentration due
to the faulty gamma-logger. More solids were added and mixed. Not
until the month of September was the 65% concentration reached after
the gamma logger was fixed. By the time this occurred the effects
of zeta potential were already in the mixture. The collodial matter
remained dispersed even when the slurry was diluted below a 55%
concentration by weight. Therefore, the entire set of data for the
90/10 mix taken in September/October were affected by these electrical
repulsive forces. Although somewhat conjectural as a zeta probe was
not available, this scenario appears likely.

There are still two questions to be answered. The first
is how rapidly the =zeta potential affects the head-loss gradient in
a recirculating system. Or at least, how long does it take to become
a significant parameter. The second is where do the electric charges
increase, in the line, in the pump, in the mixing tank, or throughout
the system. The increase could be the result of continuous friction
between particles and the internal pipe wall, or friction between
particles exerted by the pump and mixers. To answer these questions
an experiment will be undertaken in the Hydraulics Lab. It will consist
of constant measurement of zeta potential for different samples. In
the meantime, the results will be correlated with the response in

the fluid viscosity. This experiment is described in Appendix E.
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As a result of this discussion, and in line with the interests
of INCO Ltd., model building will concentrate on the 80/20 mix.

Considering the effect of pipe diameter, figures B.9 to
B.17 show that the slopesofvthe curves become steeper with a reduction
in pipe diameter. Friction is high in smaller pipes. Fig. B.30 and
B.31 provide a closer view of this non-linear relationship. Another
factor in this variation may be the ratio dgg/D (particle size/pipe
diameter) in which d5p becomes more important in small pipes.

The temperature effect can be observed in Figs. B.34 and
B.35. There is a slight but definite increment of head-loss when
temperature rises. To explain this phenomenon in a high concentration
slurry, consider that the higher the temperature the less wviscous
the carrier fluid, therefore, fall velocity of particles increases
with a resulting reduction in homogeneity of the suspension. Friction
and colision between solids occurs more often. This effect is more
evident in smaller pipes where particle size plays an important role
(Figs. B.34, B.35). Figures B.15 to B.17 show that temperature has

a smaller effect on the head-loss in bigger pipes.

The effect of concentration is obvious. An increase in
concentration will result in higher head-losses. Apparent viscosity
thus increases. Pipe diameter interacts with solids concentration

to make the variation in headloss more pronounced in small pipes (Figs.
B.39, B.40, B.41).

The deposition velocity was found to be lower for the 65%
concentration, as the increase in viscosity with a larger concentration

reduced fall velocity. This effect was even more remarkable after

the dispersion of fines due to zeta potential.
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A persistent irregularity noted as a "lump" in curves
head-loss vs. velocity (Figs. B.12, B.13, B.1l4) has also been observed
by Shook, Schriek, Smith, Haas, Husband (1973). Several explanations
for this anomaly in high concentration slurries exist. As velocity
decreases an interface between suspended and bedload solids is developed
increasing the roughness between the two layers. Saltation or
repetitive leaping motion may occur in the interface. Another reason
might be that the percentage of <cross-section area with 1low
concentration decreases with an increase in velocity gradient. The
momentum transfer from the slow velocity region may produce asymmetric
distribution of velocity in the entire pipe cross section and higher
head-1losses.

Given these discussions and findings, prediction of the
variability in head-loss for a 6-inch pipe become feasible within
the range of variables used. Figures B.30 and B.31 clearly indicate
that the use of a 5" line rather than a 2" 1line produced better
information for a scale-up extrapolation. However, the 5" pipe
velocities could only reach 8 fps. It was impossible to obtain higher
velocities due to the restricted power of the pump.

Anomalies and systematic errors will be discussed in the

next section.

7.3.2 Discussion of Errors

The errors observed in the data may be the result of bias

in the apparatus, systematic errors, un-reliability of devices and
the limited knowledge of slurries.

The density measurements from the nuclear density gauge,



60

if the concentration is low, can always be verified in the weight
tank. But for high concentrations (greater than 55% by weight) the
presence of a 'queuing" phenomenon along the pipe produced erroneous
concentrations & determined by the weight tank for the same mixture.
This discrepancy required reliance on the nuclear gauge only for high
concentrations. The =zeta-potential effect was a systematic error
impossible to control. Partially plugged 1lines or leakage in
connections and sand-traps can also be sources of error.

Figure B.l to B.5 show a systematic error in the 4 inch
line, caused by a leak in the U-Manometer. Figure B.28 presents the
same defect. Changes in zeta-potential affected the 90/10 mix as’
previously noted (Figs. B.3 to B.8).

Figure B.12 shows a discrepancy in the trend o; 3 and 4
inch line losses. Figure B.16 more clearly shows this anomaly. Since
the U-Manometers were thoroughly examined for the 80/20 mix, the only
explanation for this error seems to be a leak in the air-release valve
of the upstream sand-trap in which low pressure was exerted at high
velocities of the slurry.

It is evident that after this assessment the only data to

statistically examine is that for the 80/20 mix.

7.4 STATISTICAL MODEL BUILDING AND ALTERNATIVES

7.4.1 Choice of Bivariate Models

For dealing with plastic or pseudoplastic fluids, theory
and practice (Chapter II) suggest the use of a power model to explain
the non-Newtonian behavior. An  alternative approach using
non-dimensional parameters, which would not require the assumption

of symmetrical flow, has not been used here but should be tried in

future work.
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The power model requires the relation between shear stress
and velocity gradient in the form:

T=x (ﬁ%)n

Nevertheless, in practical application the energy loss,
which dictates pump sizes, is normally expressed in head-loss gradient.
To study this parameter the following mathematical models will consider

head-loss as the only dependent variable.

. , T. DAP _ Dgphf
Substituting 4L 4L
in e b.f = .——4 ﬂ n

we obtain: I K (Dgf) ( D)
where: hf o Head-loss (%) or gradient

L

K = constant

D = diameter, feet

V = mean velocity, F.P.S.

n = exponent

g = gravity force

g

Based on the last formula a bivariate model was built for

density

the 80/20 mix at 65% concentration. To apply the Multiple Regression

technique on head-loss the logarithm of variables was used.

Model-a:

8v
hey = + L 4 v+ 2 Ln (—)+ e
Ln (_L..) Fo Fl n (Dgp) F N o

The statistical results of the regression are shown in Table VII.1
The final equation for Model-a was:

Ln (hTfl = 2.138 + 0.523 Ln (—2)+ 0.441 1n (&Y (1)

Dg D
However, in this work the carrier fluid is water with a negligible

change in specific weight in the range of temperatures used. The
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Head-loss can also be expressed by simplifying the right-side of

Model~a. Then:

h —-—
S f_(D’V)

The next section will elaborate this approach.

7.9.2 Presentation of Bivariate Models

An analogue of Model-a was run for variables D (diameter)
and V (velocity).

The 80/20 mix equation for 65% concentration by weight is
given by Model-b:

Ln(%@ =Fo+ﬁ11m(b)+P2Ln(v)+e°

The log equation is:

Ln (¥>= 1.620 - 0.961 Ln(D) + 0.440 LN(V) (2)
The exponential Eq. hy _ 5 053 yO0.44 (2")
L p0.961

Results of the regression are presented in Table VII.2. Figure VII.1
shows a family of curves for equation (2). Evidently, curves for
model-a are equal to model-b.

The same approach for determination of head-loss was used
for the mixture at a 55% concentration resulting in the following
log equation (Table VII.3)

Ln (E£)= - 0.272 - 0.790 Ln(D) + 1.037 Ln(V) (3)

Exponentially expressed

h

Fh

= 0.762 55037 (3")

e
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Figure VII.2 shows the curves for equation (3).

In models "a" and "b" temperature includes the range from
25°C to 45°C. The regression techniques have normalized this range
to a value which tends toward 35°C. However, it was noted in the
data discussion section that changes in temperature affected the
head-loss variability. For that reason a three-variable model was

built.

7.4.3 Presentation of Trivariate Model

The wvariables to be considered are: D (diameter), V
(velocity) and T (Temperature).
Model-c
The 3 independent variable equation is:
Ln (%ﬁ) =Po +£1 In (D) +P2 Ln (V) +F3 Ln (T) +&,
The 80/20 mix at Cw = 65% results in the multiple regression equation
shown on Table VII.4.

The log equation is defined by

Ln (Pf)= 1.051 - 0.967 Ln(D) + 0.428 Ln(V) + 0.166 Ln(T)  (4)
L

or

hf = 2-861 V0.428 T0.166 (41)
L p0.967

For 55% concentration the statistical results are in Table VII.5.
A log equation is:

Ln (ELE) = -1.549 -0.817 Ln(D) + 1.018 Ln(V) + 0.366 Ln(T) (5)

or the exponential expression is:
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v1.018 ¢ 0.366 (5
p0.817

hf=0.212
L

Curves in Figures VII.3, VII.4 and VII.5 represent the changes of
head-loss explained by the three observed variables. Figure VII.6
shows a prediction of head-loss for a 6 inch pipeline based on equations
(4) and (5).

Despite the 1lack of information for intermediate values
of concentration an attempt to include concentration in the model

was also considered.

7.4.4. Multivariate Model

Assuming that concentration effects might be an additional
factor, affected by an exponent, the following model was proposed:

Model-d:

L (RE) =Po +j51 Ln(D) +J32 Ln(V) +f£3 Ln(T) +py4 Ln(C) + &,
L

The regression results for all data for the 80/20 mix are shown in

Table VII.6. These data result in the following log equation:

1n ("f) = -20.426 -1.043 Ln(D) + 0.643 La(V) + 0.258 Ln(T) +

" 4.944 Ln(C) (6)
Figure VII.7 and VII.8 show the curves of Head-loss vs. velocity,
based on Eq. (6), with concentration held at 65% and 55% respectively.

The temperature is assumed to be 25°C in both cases. Curves and

statistic results are compared and discussed in the next section.
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7.4.5 Discussion of Models

Summary of Models

hf = 4 8y
Model-a: _é £ [Dgp > D]

Cw = 65%  Eq: hf = 5,138 (—)0.523 (8Yy0.441
I Dgp D

Model-b: he _ o (p oy
L

Cw = 65%  Eq: Pf = 5.053 v0.44
L 50.961
Cw = 55%  Eq: Pf =0.762 v1.037
L 50.79

Model-c: hg = ¢ (D, v, T)

L
0.428 10.166
Cw = 6570 Eq. h = v T
~£ = 2.861 0,967
Cw = 55% Eq. hf = 0212 y1.018 10.366
I p0.817
Model-~d: El_f = f (D, V, T, C)
L
Eq. hf = 71,3 x 10°9 v0.643 70.258 4.944
L pl.043

On comparing the predicted curves for each model with the actual plotted
data it appears that Model-d does not follow the trend of points.
At a 65% concentration by weight the curve has been twisted giving
higher vglues of head-loss at high velocities and lower values at
low velocities. The reverse of this effect is presented at the 55%

concentration. Despite the fact that concentration is highly

significant for prediction of head-loss as shown in the statistical
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results (Table VII.6), with F value = 1663, the sequential sum of
squares (Type I 8S) does not present an incremental improvement in
error. Additionally, the variance in the residual plot is not constant
but increases with head-1loss. It appears that Model-d needs extra
linear terms. Therefore Model~-d is inadequate.

Model-b and Model-c show a good correlation with actual
data. The residuals are evenly scattered. Errors are random.
Residuals in Model-c are reduced with less deviation from the zero line
than Model-b. The total F-values are highly significant. The R-square
is slightly higher in Model-c than Model-b. The effect of temperature
considered in the models proved that within the range of variables
used in the experiment, Model-c is the best predictive one. Curves
and actual data have the same trend. Figures VII.9 and VII.10 show
plotted points of total actual data for the 80/20 mix in which the
two concentrations are compared. The points are represented by a
number which indicate the diameter, in inches, of the pipe used. The
concave-downwards shape at 65% concentration denotes plasticity while
at 55% concentration the trend is almost linear passing through the
origin. An imaginary extrapolation toward the Y-axis suggests the
existence of a '"yield value" in the mixture at 65% concentration by
weight.

The multiple regression technique used in the model building
has been applied only with head-loss as a dependant variable, therefore
caution is to be taken with regard to algebraic solution for the rest

of the variables.



DEPENDENT VARIABLE: tHL

SOURCE
MODEL
ERROR
CORRECTED TOTAL

SOURCE

LDIA
LRS

PARAMETER
INTERCEPT

LDIA
LRS

LDIA

4
Ln (fﬁg_)

LRS LN (%Z

DF

87
89

DF

ESTIMATE

2.13817258
0.52306097
0.44067443

TABLE VII.1

SAS 13:19 SUNDAY, FEBRUARY 5,

GENERAL LINEAR MODELS PROCEDURE

SUM OF SQUARES MEAN SQUARE F VALUE PR > F R-SQUARE

10.41831733 5.20915866 1073.25 0.0001 0.961048
0.42226634 0.00485364 ROOT MSE
10.84058367 0.06966804
TYPE I SS F VALUE PR > F DF TYPE III SS F VALUE
8.11723468 1672.40 0.0001 1 0.43613390 89.86
2.30108265 474.09 0.0001 1 2.30108265 474.09
T FOR HO: PR > |T| STD ERROR OF
PARAMETER=0 ESTIMATE
11.66 0.0001 © 0.18334785
9.48 0.0001 0.05517928
21.77 0.0001 0.02023883

Equation (1):

hfy _ b 8y
Ln (L 2.138 + 0.523 Ln (Dg ) + 0.441 Ln (—D—)+eo

1984 « 23

C.V.
1.8423

LHL MEAN
3.58687408

PR > F

0.0001
0.0001

7
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DEPENDENT VARIABLE: LHL

SOURCE DF
MODEL 2
ERROR 87
CORRECTED TOTAL 89
SOURCE DF

LoI1aA 1

LVEL 1
PARAMETER ESTIMATE
INTERCEPT 1.61974898
LDIA -0.96121127
LVEL 0.44084252
LDIA = Ln (D)

LVEL = In (V)

SUM OF SQUARES
10.40531209
0.42588992

10.83120201

TYPE I SS

8.10285841
2.30245367

T FOR HO:
PARAMETER=0

37. 16
~22.96
21.69

TABLE VII.2

SAS

MEAN SQUARE

5.20265604
0.004895289
F VALUE PR > F
1655.24 0.0001
470.34 0.0001
PR > |T]
0.0001
0.0001
0.0001

Equation (2)

GENERAL LINEAR MODELS PROCEDURE

F VALUE

1062.79

DF

STD ERROR OF

ESTIMATE

0.04359120
0.04186167
0.02032718

12:03.SATURDAY, FEEBRUARY 18, 1984 3

PR > F
0.0001
ROOT MSE

0.06996632

TYPE III SS

2.58096899
2.30245367

R-SQUARE

0.960679

F VALUE

527.24
470.34

c.v.
1.9507
LHL MEAN

3.58673622

PR > F

0.0001
0.0001

n (35 = 1.620 - 0.961 Ln (D) + 0.440 In (V) +e,

LL
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DEPENDENT VARIABLE: LHL

SOURCE DF
MODEL 2
ERROR 93
CORRECTED TOTAL 95
SOURCE DF

LDIA 1

LVEL 1
PARAMETER

INTERCEPT -0.27216794
LDIA -0.79041164
LVEL 1.03751084
LDIA = Ln (D)

LVEL = Ln (V)

ESTIMATE

SUM OF SQUARES
26.92780891
1.38480768

28.31271760

TYPE T SS

20.57339398
6.35441594

T FOR HO:
PARAMETER=0

-3.63
-8.53
20.66

TABLE VIT.3

SAS

GENERAL LINEAR MODELS PROCEDURE

MEAN SQUARE F VALUE
13.46390496 904 .13
0.01489148

F VALUE PR > F DF
1381.55 0.0001 1
426.71 0.0001 1
PR > |1} STD ERROR OF
ESTIMATE
0.0005 0.07487879
0.0001 0.08270158
0.0001 0.05022544

Equation (3):

In (ELQ = -0.272 -0.790 Ln

11:43 SATURDAY, FEBRUARY {8, 1984 3 -

PR > F R-SQUARE c.v.
©0.0001 0.951085 4.2806
ROOT MSE LHL MEAN
0.12203065 2.85075429
TYPE 111 SS F VALUE PR > F
1.08260552 72.70 0.0001
6.35441594 426.714 0.0001

(D) + 1.037 In (V) + &,

6L



RESID

0.

-0.

-0.

-0.

~0.

25

.20

.10

.05

0S5

10

15

.20

25

.30

.38

RESINUALS FOR EQUATION (3)

a

SAS 11:43 SATURDAY, FEBRUARY 18, 1984
PLOT OF RESID*LHL LEGEND: A = 1 OBS, B = 2 0BS, ETC.
| A
+
A
+ A
A A
A A
A A
+ A A A
A
A A
+ A A
A A A
A A
A A
+ A A
A A A A
A A A
A A
+ A
AA A A A
A B AA
A A A A
+ A A
A AAAA A A
A A
+ A A
A
AA
+ A A A
A
A
+
+ A
+ A
+
e ommmm e B D ettt o —— tmmmmmme Hommmmm o e e e L R Fommm R e +--
2.0 2.2 .4 3.0 3.2 3.4 3.6 3.8 4.0 4.2
LHL

08



DEPENDENT VARIABLE:

SOURCE
MODEL
ERROR

CORRECTED TOTAL

SOURCE

LDIA
LVEL
LTEM

PARAMETER

INTERCEPT
LDIA
LVEL
LTEM

LHL

DF

86

89

OF

ESTIMATE

1.05131722
-0.96760344
0.42873649
0.16581698

L DIA = Ln (D)

L VEL = Ln (V)

L TEM = Ln (T)

TABLE VII.4

SAS ’ 12:43.SATURDAY, FEBRUARY 18,

GENERAL LINEAR MODELS PROCEDURE

SUM OF SQUARES MEAN SQUARE F VALUE PR > F R-SQUARE
10.544253968 3.51475323 1053.4+ 0.0001 0.973508
0.286384232 0.00333654 ROOT MSE
10.831202014 0.05776278

TYPE I SS F VALUE PR > F DF TYPE III SS F VALUE
8.10285841 2428.52 0.0001 1 2.61326391¢ 783.23
2.30245367 690.07 0.0001 1 2.15085671 644 .64
0.13884760 41.64 0.0001% 1 0.13884760 41.64
T FOR HO: PR > |T] STD ERROR OF

PARAMETER=0 ESTIMATE
11.05 0.0001 0.09515286
-27.99 0.0001 0.03457434
25.38 Q.0001 0.01688623
6.45 0.0001 0.02569517

Equation (4)

Tn (3 = 1.051 - 0.967 Ln (D) + 0.428 Ln (V) + 0.166 Ln (T) + <,

1984 3

C.v.
1.6105
LHL MEAN

3.58673622

PR > F

0.0001
0.000+1
0.0001

18
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TABLE VII.5

SAS 12:26 SATURDAY, FEBRUARY 18, 1984 3
GENERAL LINEAR MODELS PROCEDURE
DEPENDENT VARIABLE: LHL

SCURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PR > F R-SQUARE cC.v.
MODEL 3 27.65381451 8.21793817 1287.06 0.0001t 0.976728 2.9686
ERROR 92 0.65890309 0.00716199 ROOT MSE LHL MEAN
CORRECTED TOTAL 95 28.31271760 0.08462854 2.85075429
SOURCE DF TYPE I SS F VALUE PR > F DF TYPE 111 SS F VALUE PR > F
LDIA 1 20.57339398 2872.58 0.0001 1 1.15600846 161.41 0.6001
LVEL 1 6.35441594 887.24 0.0001 1 6.09464966 850.97 0.0001
LTEM 1 0.72600459 101.37 0.0001 1 0.72600459 101.37 0.0001

T FOR HO: PR > |T| STD ERROR OF
PARAMETER ESTIMATE PARAMETER=0 ESTIMATE
INTERCEPT -1.54817570 -11.30 0.0001 0.13705407
LDIA -0.81748199 -12.70 0.0001 0.0643449¢6
LVEL 1.01770258 29.17 0.0001 0.03488698
LTEM 0.36670941 10.07 0.0001 0.03642246
L DIA = Ln (D) Equation (5)
L VEL = Ln (V)

f
In (&) = - 1.549 - 0.817 Ln (D) + 1.018 Ln (V) + 0.366 Ln (T) +&,

L TEM = In (T) L

€8
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DEPENDENT VARIABLE:

SOURCE
MODEL

ERROR

CORRECTED TOTAL

SOURCE

LDIA
LVEL
LTEM
LCON

PARAMETER

INTERCEPT
LDIA
LVEL
LTEM
LCON

It

L DIA

L VEL

L TEM

L CON

Ln

Ln

Ln

Ln

(p)
(V)
(T
(c)

LHL
DF SUM OF SQUARES
4 61.07014849
181 3.23518832
185 64.30533681
DF TYPE I SS
1 27.84227325
1 2.25506736
: 1.24570499

29.72710289

T FOR HO:
ESTIMATE PARAMETER=0O
-20.42654960 ~39.55
~-1.04333088 -16.91
0.64320068 20.30
0.25826952 6.25
4.94365473 40.78

Equation (6)

h
Ln (—Lf—) = -20.426 - 1.043 Ln(D) + 0.643 Ln(V) + 0.258 Ln(T) + 4.944 Ln(C) +€&,

SAS

GENERAL LINEAR MODELS PROCEDURE

MEAN SQUARE

15.26753712

F VALUE

854.18

DF

- b -

STD ERROR OF

0.01787397

F VALUE PR > F

1557.70 0.0001

126. 16 0.0001

69.69 0.0001

1663. 15 0.0001
PR > |T}
0.0001
0.0001
0.0001
0.0001
0.0001

ESTIMATE

0.51652755
0.06169193
0.03167839
0.04133598
0.12122225

11:35 MONDAY, FEBRUARY

PR > F
0.0001
ROOT MSE

0.13369356

TYPE I11 SS

5. 11220709
7.36864775
0.69776754
29.72710289

R-SQUARE

0.949690

F VALUE

286.01
412.26

39.04
1663. 15

€,

1984 » 7

c.v.
4.1690
LHL MEAN

3.20687458

PR > F

0.0001
0.0001
0.00014
0.0001

68
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8.1

CHAPTER VIII

CONCLUSIONS & RECOMMENDATIONS

CONCLUSIONS

The solid-liquid mixture at 65% concentration by weight
exhibits a yield-pseudoplastic behavior when velocity varies
from 4 to 20 F.P.S.

The mixture at 55% concentration of solids behaves 1like
a pseudoplastic or nearly-Newtonian fluid.

Plasticity of the mixture, hence the head-loss gradient,
is affected by the electrokinetic potential (zeta-potential)
between the solid surface and the free liquid.

The zeta-potential effect does not alter the mixture behavior
at low concentrations (Cy, < 55%).

The apparent viscosity of the suspension tends toward a
constant value at high rate of shear (350 sec~l) regardless
of the concentration of solids tested and the zeta potential

effect.

The deposition velocity has been found at about 4.0 F.P.S.
in the 65% mixture and 5.0 F.P.S. in the 55% mixture in
the slurry facility. Values even lower than those were
observed after the fines dispersion due to changes in
zeta-potential. Mine values may be higher.

Head-loss gradient varies proportionally with concentration
of solids. This effect is more noticeable in small pipes
where the particle size becomes significant.

Head-loss is directly proportional to temperature-rise, being

more remarkable in small pipes. With increasing temperature
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the Brownian motion and particles colision increase. In
small diameter pipes fall velocity phenomenon dominates
concentration gradient.

Once fines are completely dispersed, an increase in zeta
potential no longer increases head-loss. Once the 1limit

is reached head-loss varies inversely with temperature.

Pipe diameter has an inverse relationship with Head-loss
gradient.

The statistical trivariate model (Model-C) in which Head-loss
is explained by pipe diameter, velocity and temperature
is the best predictive model based on the range of variables

used in the experiment,

8.2 RECOMMENDATIONS

8.2.1

1.

8.2.2

Research Apparatus

Circuit modifications and lay-out improvements are
recommended. Inclined pipes, longer test sections,
elimination of '"queuing" phenomenon near the test section,
an increase in pumping capacity and the use of a timer to
record pump operation are specifically recommended.

Calibration and recalilbration of the facilities including

measurement devices must be a constant task.

Slurries

Studies of particle degradation and particle size distribution
should be analyzed for future experiments.

Deposition velocities and bed formation may be examined
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for slurries with different concentration of solids.

Runs at low temperatures (e.g. 10-15°C) should be undertaken
to verify the effects on Head-loss gradient found in this
work.

The abrasive action of solid-liquid mixture exerted on pipes
and bends should also be studied.

The time-dependancy of the mixture found in this work has
proved that for a new slurry the rheological behavior has
to be examined before any transportation test.

Slurries with different concentration of solids should be
studied to find the optimal composition of the mixture.

Since measurements of the zeta-potential (electro-kinetic
potential) are normally difficult to evaluate maximum and
minimum values should be studied (zeta-potential is very
sensitive to concentrations and valence of the ioms in
solution).

The stability of particles based on zeta-potential suggests
an examination of the time required for development of an
adverse zeta potential be determined.

The use of an appropriate flocculant to avoid fine particle
dispersion should be considered.

The zeta-potential value is found to respond to the pH value
of water, mainly 1in flotation and magnetic separations
(Metallurgical process), therefore water quality is another
item suggested for further studies. The wuse of an ion

exchange water softener might be considered.
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a : 45°c
o : 38°C
16 o : 25°C.
CONCENTRATION: Cy, = 85%
OCTORER, 1983
14 o .
3
12 o®
A A
A o]
10 4
° 4 o
a ° o
8 0
A o ¢
[¢]
A nA qa
6 a 0g? ©
a a
L
2
0 | ] 1 ] ] ]
0 50 100 150 200 250 300

RATE  oF

sheAaR (sec™') FIGURE B.23
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(=2l

it
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12

10

ApPARENT  ViscosiTy (Ib sec/ ft*) x\0

PIPE DIAMETER : 4 N
SAMPLE : BOY TAILINGS

20% SLAG
TEMPERATURE:

a a ® 4B°C

m o : dB°C

® o : 25°¢
CONCENTRATION: Cuw
A B e :e,5°/°

.‘ A 4 oo :55%
- NOVEMBER K 1983
o
&
° n A " A
A
. (] A
]
® . aly AA
[ J
e
®
a a a A 4 a abd
o AnAu OA a a uon o% ° °
[+] o] ° ° °
00
] i ] | ] ]
50 100 150 200 250 300

RATE o©OF ShREAR (sec™) FIGURE B.24
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viscos\T> (Ib. sec / ft*) 10

APPARENT

PIPE DIAMETERR : B N,
20k SAMPLE : 0% TAIUNES
10% sLAG
18l TEMPERATURE :
o : 40°%
g : 3A5°C
16— o : 26°C
CONCENTRATION: Cw =59Y%
e MARCH , 1983
121
10
8.__
0%0 0660 2% 000 o
6_.
1'_ Opg O P ==} o oo 2]
2-— o o o fe) o 0
0 ] ] | ] | ]
0 50 100 150 200 250 300
RATE OF SHEAR (sec ') FIGURE B.25
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viscosiTy (Ib.sec/ ft%) xi0™®

APPARENT

N
Q

>

ey
[<2)

—_
ol

—_
(24

S

PIPE DiamMETER : 5 N
SAMPLE. : 907 TAILINGS
0% sSLaG
TEMPERATURE:
a a I 48°C
® o DS
¢ 0 : p25°c
CONCENTRATION: Cuw
a o 539
. 4 b o :855%
SEPTEMBER -OCTOBER , 1983

50 100

150 200

RATE OF sSHEAR

250 300

( sec™) FIGURE B.26
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APPARENT wiscosTy (Ib.sec/ ft*) =0

[ped
(@]

—
[0+

—
(o))

—
I~

—
N

-t
O

PiIPE DIAMETER : 5 IN,
SAMPLE : BOY TAIWLINGS

20% SLAG
TEMPERATURE:
o A A & - AS5°C
" A s o : 3B°c
* - e o : 25°
A
o d CONCENTRATION: Cw
®oed” a8 ¢ :¢5Y
* m “ a o ° . 55%
NOVEMBER, 1983,
A
o ?SUAA
[o] A
Caoddn o  aaaa
o Ongo o
] ] ] f : i |
50 100 150 200 250 © 300
RATE oOF shEAR (sec™) FIGURE B.27
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HEAD-Loss ( ft /100 ft) HEAD-Loss ( ft /100 ft)

HEAD-Loss ( H /100 ft)

40
301
20+

e - -l

70

50—

10

w
&
13,3 ==

PIPE  DIAMETER, .

70

20+

10}

TEPS

4 EPS

] ]

.

3 T4 5
DIAMETER, , IN,

SAMPLEE: 90/10

Cu = 65% (3.4")

Cw = 63 25 (5"
TEMPERATURE : 25°C
VEL.: 4,5,6,7 EPS,
SEPTEMBER, 1983

b
SAamMPLE - 90/10
Cw=865% (3" 4")
Cw=63%(5")
TEMPERATURE :38°C
VEL. :14,85, 6,7 Fes.
SEPTEMBER,|983

C
SAMPLE : 90/10
Cw = 652 (3,47
Cw = 63% (5")
TEMPERATURE. : 45°C
VEL.:4,5,6,7 F.PS,
SEPTEMBER,1983

FIGURE B.28

NOTE . ERROR bue To LEARING

ManomeTER (E)
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HEAD-Loss ( ft /100 Ft)

HEaD-Loss (& /100 Ft)

HEAD-Loss ( ¥ /oo ft)

70
60

sor-

3 4 5

P\PE DIAMETER, IN.

70

30

| | 1

3 4 5
PIPE DIAMETER, (N,

704

50

Lor-

30r-

20
10

-~
-

el Ees

-~

3 4 5
PIPe DlamETER , IN.

a

SAMPLE : 90/\0

Cw = 58 %
TEMPERATURE : 25°C
VEL.: 4.5 &,7,12 FPS.
OCTOBER, 1983

b
SampPLE - 90/10
Cw =85
TEMPERATURE :36°C
VEL. 14,5, 6,7,12 ¢.Ps.
OCTOBER, 1983

<
SAMPLE - 90/i10
Cw=z=55%
TEMPERATURE : 45°C
VEL.:1 4,5 6,7,12 F.PS,
OCTOBER ,1983

FIGURE B.29
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HEAD-Loss ( ft /100 Ft)

HEap-loss ( ft /100 Ft)

HEAD-Loss ( ft /oo ft)

70
60r-
501~
Or
301
20} \\._“
- -2 vos,
10 %ﬁ‘ JvaTmn w7 resy
A
PIPE DIAMETER, IN.
7
60
50t
&0
0F \
ok -\‘:\z Fes,
ol '%:'4\:.9.5.
ot : . : é ’
PIPE DIAMETER, 1y
70
60
50
W
30 \~
o - e res.
il &
ol p : é é ’

PIPE  DilAMETER, IN.

a
SAMPLE . 80,/20
Cw =B85 %Y
TEMPERATURE : 25°c

VEL. : 4,5,6,7,12 FPS.

NOVEMBER, 1983,

b

SAaMPLE : 80/20

Cw =55%
TEMPERATURE .as°c
VEL. . 4,5,6,7, 12 EPS,
NOVEMBER, 1983,

L3

SAMPLE : 80/20

Cw = 55%
TEMPERATURE : 45°C
VEL .. 4,5,6,7,12 FPS,
NOVEMBER, 1983,

FIGURE B.30
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HEAD-1 0SS ( ft /100 ft) HEAD-1oss (Mt /ioo H)

HEAD-Loss ( Fe /100 }t)

70
60

-

T -------- 2

6 7

70
60
50
40
30
20

10

-

PP

DIAMETER | N,

70
60
50
L0
30
20

10

PiPE

4 5
DIAMETER , IN.

2

SAMPLE : B0 /20
Cw = 65 %
TEMPERATURE : 25°C

VEL. : 4,5 ,6,7,12 FPS.

NOVEMBER, 1983,

b
SAMPLE ; 80/20
Cw = 65 %
TEMPERATURE :35°C
VEL. 14, 5,6.,7,\12 FPs
NOVEMBER, 1983,

<
SAmPLE : 80/20
Cw =65%
TEMPERATURE : 45°C
VEL.:4,5,6,7, 12 RRS,
NOVEMBER, 1983

FIGURE B.31
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HEao-Loss (F /oo ft) HEAD-Loss ( ft /100 Ft)

HEAD-Loss ( ft /100 Ft)

80
70T‘ :—\\\15 Ees.
A \5 .
501
40
30
20
I ! | }
10 55 45 35 5 15
TEMPERATURE (°C)
80
70 - 12 Ees,
5Evs,
50~ ——
40
30
20—
10 ] 1 | 1
55 45 3 25 15
TEMPERATURE  (°C)
80
701~
60
501
40— T Ees,
h~/
30 T
20l - e 4 F.Cs,
1 ] ! ] ]
’ 55 45 35 25 15

TEMPERATURE (°C)

2
SAMPLE : 30 /0
Cw =65 %
DIAMETER = 3 1IN,
VEL.:S5,7,9,12,15 F.PS.
SEPTEMBER, 1983

b

SAMPLE : 90/
w=65%
DIAMETER = 4N,
VEL.1S5,7,9,12 FPS,
SEPTEMBER 1983

L
SAMPLE : 90/i0
Cw = 63%
DIAMETER 2 5 IN,
VEL.: 4,5,6,7 F.RPs,
SEPTEMBER 1983

FIGURE B.32
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wEaDILoss (/100 Ft) HEAD-L0ss ( H /100 Ft)

HEAD-Loss ( ft /100 ft)

80
70
60

50—

30

104

55

45 35 5 15
TEMPERATURE (°c)

80
70

60—

WO

20~
10

1RF.RS,

—
:;'_,"r—————_—s £.e5.

| | ] ]

45 K 2} 25 15
TENPERATURE (°C)

80

60—

50+

30—

T ReSs,
._'T—-f——’_/_;_-—————-—-a F.Ps,
1 | ] !

55

45 3 25 15
TEMPERATURE. (%)

a

SamPLE : 90./10
Cw = 5% ¥
DIAMETER = 3 IN.

VEL.:5,7, 9,12 15 FPS.

OCTOBER, 1983

L]

SAMPLE : 90/i0
Cw=55%
DIAMETER = 4 \N.
VEL.15,7,9,12 EPS.
OCTOBER, 12983,

£

SAMPLE : 30/i0
Cw =585%
DIAMETER = 5 N,
VEL.: 4,5 ¢,7 FPs
OCTOBER, 1983,

FIGURE B.33
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HeEaD-Loss  (ft /100 Ft) HEAD-Loss (#t /0o ft)

HEAD-Loss ( H /oo ft)

7
60
501
) B Fes,
kly o
20+ \\\
’0— \\5 £0s.
i ] i |
55 45 35 25 15
TEMPERATURE (°¢)
7
60
5CF
TAY,
30
20 Qtz Ees,
—_—
10 \s BPsS.
0 | ] { ]
55 45 35 25 15
TEMPERATURE C'C.)
70
60
50—
40—
30—
20
10~ == Wi
0 | I | 1
55 45 35 25 5

TemPERATURE (8C)

a
SAMPLE : 80,20
Cw = 85 ¥

DIAMETER = 3 IN.

VEL.:5,7,9,12,15 €PS.

NOVEMBER, 1883,

b

SAMPLE : 80/20
Cw e B5%
DIAMETER = 4 IN.

VEL..5,7,9,12 FRs,

NOVEMBER, 1983

<

SAMPLE : B0/|10
Cw =55 %
DIAMETER 1 5 IN.
VEL.: 4,5,6,7 F.Ps,
NOVEMBER, 1983,

FIGURE B.34
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HEAD-Loss ( §t /oo Ft)

(/100 Ft)

HEAD-LO0sS

HEAD-Loss ( /100 )

70
60 %wms.
501 —
ok \'__/uws,
D
30
20
101~
0 (. ] ! |
55 L5 35 25 15
TEMPERATURE (°c)
70
60
50
L0k 2\\9
“\geas.
[ T
20—
10r-
o ! | 1 !
55 45 35 25 15
TEMPERATURE (°C)
70
601
501
L0+
30 T ————— TR,
_—
20+ T ks,
10—
0 ] ] } ]
55 45 35 25 15

TEMPERATURE (°c)

!&kr1PL§§: 80 /20

Cw = 65 %

DIAMETER » 3 IN.

VEL ..5,7,9,12,15 FPS
NOVEMBER, |93,

b

SamPLE: 80/20

Cuw = 65%
DIAMETER = 4IN.
VEL:5,7,9,12 ERs.
NOVEMBER, 1983,

£

SAMPLE : BO/|0
Cw = 65 %

DI AMETER : B N,
VEL.:4,5,67 FPs,
NOVEMBER, |83,

FIGURE B.35

NOTE.. DiscRePrancy (D)
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weabp-Loss ( §t /100 Ft)

HEAB-LO0ss ( ft /00 ft)

HEAaD-Loss ( 't /100 ft)

80

70—

60

301

8 O3,

€ FPs

A

.

] |

10

[34)
(2]
o

5 60 70
CONCENTRATION BY WEIGHT (%)

75

80
70

501~

4O

20

iS5 F.PS.

5 f.e.5,

A\

1 |

50

[32] N
w
[<1] TR
o

60 70
CONCENTRATION BY WEIGKRT (%)

75

80

60

50—

30

ISEPsS,

& RS,

AY

| i

50

$L—.

55 60 70
CONCENTRATION By weEienT (%)

75

8
SAMPLE : 900
DIAMETER = 3 IN,
TEMPERATURE = 25 ¢
VEL.:5,7,9,12,15 ERS,
OCTOBER, 1983,

b
SAMPLE: 90/i10
DiIaMETER = 3 N,
TEMPERATURE =35 °C
VEL.:8,7,9 12,15 F.PS.
OCTOBER,1983,

k3
SAWMPLE : 90/0
DIAMETER =3 IN,
TEMPERATURE =45 °%
VEL.:B,7,9 12,5 FPg
OCTOBER, 1983

FIGURE B.36
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HEAD-1oss ( ft /100 Ft)

HEAD-Loss ( }t /100 ft)

HEAD-Loss ( ft /100 ft)

80

01

50
40
30

20—

Q2 F.PS.

6 F.@s.

80

70

601

50

40

301~

20

10

50

CONCENTRATION BY WEIGHT (%)

80

700~
60—
SO
40
30—

-

w2 BPS,

5 Ees,

10

CONCENTRATION

w

By weieht (%)

a
sameLe : 90/
DIAMETER = 4 IN.
TEMPERATURE = 25 %
VEL.: 8,7, 9,12 ERg,
OCTOBER, 1983

b
SAamMPLE: 90/10
DIAMETER = 4 IN.
TEMPERATURE = 35 °c
VvEL.5,7,9,12 F.Ps.
OcTOBER,IQAQR,

<
SAMPLE : 90/
OIAMETER = 4 N,
TEMPERATURE =45°%
VEL .. 5,7 9,12 F.ps.
ocTOoBERR, 1983

FIGURE B.37



HEApP-Loss ( ft /100 ft) HEAaD-Loss ( ft /ioo ft)

HEAD-lLoss { Ft /100 ft)

80
70+
60t
50
L0 __,-1' IAAN
30 o
20__ ~-=4 F.PS .
10 ] | 1 ] i

50 55 60 65 70 75

CONCENTRATION BY WEIGHT (%)
80
70
60
50
&0
__-TRES

T / -
20k / 4 F.RS

50 5% 60 65 70 75

CONCENTRATION BY WEIeHT (%)

80
0K
601
501
“or R
30_ /_,._
0 ,é:_q ePs
1 1 i 1 1 |

50 55 60 65 70 75

CONCENTRATION BY WEIGHT (%)

a
SamMPLE.: 90/10
DIAMETER = B N,
TEMPERATURE = 25 °c
VEL .1 4,5 6,7 EPs.
OCTOBER,\083,

L]

SAMPLE: 90/10
DIAMETER = D IN,
TEMPERATURE = 35°¢C
VEL.:4,5, 6,7 £Ps
OCCTOBER,I383

£
sSamPLE :90/0
DIAMETER = 5 N,

TEMPERATURE =45°C
VEL .. 4, 5,6,7 EPsS.

OCTOBER, 1983,

FIGURE B,38
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HEaD-Loss (H /100 ft) HeaD-Loss ( H /100 Ft)

HEAD-Loss (Ft /o0 1t)

70,
60 15 BPS,
50— _
Lol s Ees.
30—
20—
10+
I ! ] ]
50 55 60 65 70 75
CONCENTRATION BY WEIGRT (%)
7
g C.0S.
60—
SO
40" 5 F.RS.
30+
20
10
| | J ]
50 55 60 65 70 75
CONCENTRATION BY WEieHT (%)
7
s F.ps.
60—
50—
‘o 5 \S.C.5,
30+
20+
10—
] ! ] i
50 55 60 65 75

CONCENTRATION By WEIGHT (%)

a
SAamMPLE.. 80/20
DIAMETER = 3 IN,
TEMPERATURE =25 °c
VEL.:5,7,9,12,185 Fps,
NOVEMBER, 1983,

2

SaMPLE : 80 20
DIAMETER = 3 N
TEMPERATURE = 35°C
VEL :B,7, 9,12,15 F.PS,
NOVEmMBER 1983,

£

SAMPLE :80/20
DIAMETER = 3 IN.
TEMPERATURE =45°C
VEL..5,7,9,12,\5 FRs,

NOVEMBER, \983,

FIGURE B.39
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HeaD-woss ( ft /100 ft)

A

HEAaDb-Loss ( # /00 ft)

A

HEAD-LOoss (It /100 ft)

70
60

30

10

12 @S,

s F.es.

50

55 60
CONCENTRATION

6 70
By weiehnT (%)

(Sl

75

70

60

50

40

30

20

10

—

|

iz R@s.

s F.Cs,

70

60

40

30

20

10

50

55 60

bytS ad

6 70

CONCENTRATION &Y WEIGHT (%)

75

\

-

2 R.Bs

s FRg,

J

50

55 60
CONCENTRATION

]
65 70
By weewt A)

75
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a
sampPLE: 80/20
DIAMETER = 4 IN,
TEMPERATURE = 25 °C
VEL .:5,7,9,12 FRS.

NOVEMBER  |Q@3

b
SAMPLE 80 /20
DIAMETER = 4 IN.
TEMPERATURE = 25°C
VEL .. 5,7, 912 FPs.
NOVEMBER 1983,

3

SAMPLE : 80/20
DIAMETER = 4 IN.
TEMPERATURE :45°C
VEL : 5,7,9,12, KPS,

NOVEMBER, 1983,

FIGURE B.40



HEAD-Loss ( ft /100 1)

HEap-toss (t /100 ft)

!

HEAD-Loss (Ht /100 ft)

A

70
60

50r-

30+

20}~

T BRS.

4 R es,

1 I |

0%

8._..

55 65 70
CONCENTRATION BY wWeEienT (%)

75

70

60

4O

30

101

TF.PS.

4 F.P8,

| ! !

50

60 65 70
CONCENTRATION BY WEIGHT (%)

(S50 .
w

75

70

50

301

20—

1 F.Rs,

4 E2s.

50

60 65 70
CONCENTRATION By WE\GHT (%)

v
w

75

sampPLe . B8O 20
DIAMETER « B N,
TEMPERATURE = 25 °¢
VEL .:4,5 6,7 %P5,
NOVEMBER, 19873,

b
SAMPLE :80/20
DIAMETER = & \N.
TEMPERATURE =35°¢
VEL . 4,5,6,7 FPS.
NOVEMBER 1383,

£

SAMPLE ; 80,/20
DIAMETER= B IN.
TEMPERATURE : 45°C
VEL . 4,5 6,7 FPs.

NOVEMBER 1983

FIGURE B.41
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APPENDIX - C

FORMULAS FOR ‘T, du/dy and f
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SHEAR STRESS IN PIPE FLOW (D)

Figure C.1 shows a horizontal pipe in which the flow is

laminar. The mean velocity is V, and the pipe diameter is D

\
\\\ T
e _,:;,( Oﬁ o
| !
/ - T
_

-

Figure C.1 Laminar flow in pipes

A number of concentric cylinders sliding one upon another
may be used to describe the mass flow. One of the forces acting on
the cylinder radius, y, and length, L, is the fall in pressure due

to the viscous resistance defined by + (1 - P2) or AP. This pressure

difference is counterbalanced by a shear force of equal magnitude
at the circumference of the cylinder. The total shear force is :
Tx 2TyL

For dynamic equilibrium

Tx 2MyL = AP x Ty2

so that t_ y AP
2L

The shear stress exerted on the interior pipe wall is Tw:
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T. . DAP (c.1)
YT 4L

RATE OF SHEAR IN CIRCULAR PIPES (du/dy)

The shear stress is related to the velocity by the expression:
M=y (Su
B (dy)

u = point velocity
y = radius measured outwards in Fig. C.1 (negative sign adopted)

u = viscosity

Substituting the value of U from Equ (C.1):

du _-yAP
iy " 2ip (c.2)
if _~yAP
du o d
Integrating
u =ﬁ4§2 y2 + constant
4Lu
with a viscous fluid the velocity at the boundary is zero. u = 0
wvhen y = D/2.
Solving for the constant we obtain
_ AP D2 )
U G -9
which is the equation of a parabola. The maximum u will occur when

y = 0, a the center line of the pipe.

_ Ap p?
Unax = 16 L

From the geometry of the paraboloid the mean velocity is:
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u AP D2
vV = _max = 32141
2
or v = DAP D
4Ly 8 and;
8V _ DAP (c.3)
D 4Ly
replacing (C.3) in (C.2) when y = D/2 we obtain the Equation

for rate of shear (or velocity gradient) in circular pipes.

du _ 8V (c.4)

FRICTION FACTOR (f)

From the Darcy-Weisbach formula for pipe friction

f1 v2

ht = 5

where:

f = friction factor

2
thus hf = fve L
2 gD

rearranging this formula and introducing f in both sides:

2 _ . L

Pv2 Dgfhf

since AP = gfhf

50 8 _ _ f 4L (c.5)
Pv2 DAP

replacing Equ. (C.1) in (C.5)

we obtain the Equation for Friction Factor in terms of

f =% (0.6)
i



APPENDIX - D

COMPUTER PROGRAM FOR RAW DATA REDUCTION

by Foh-Kim Tai®*

Graduate student at the University of Manitoba, Civil Engineering
Department.
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APPENDIX D

This report briefly explains the structure and organization

of the program. The following points are the main features of the
program:
1. The program written is intended to be user-friendly. The computer,

therefore "talks" to the user. As such, no programming experience
is required on the part of the user.
Modular programming technique is employed. This implies that
the program is divided into modules (subprograms or subroutines)
so that it is easier to debug (see flow chart).
A range of 1line number jg reserved for different segments
(sub-routines) of the program. This facilitates the ease of
searching for any particular segment of the program (see flow
chart). The computer language is BASIC.
If one looks at the back of the form prepared by Mr. J. Pomalaza
Raez, one can observe the similarities between corresponding
equations in different loop systems (3", 4" and 5" loop) i.e. the
equations are the same except for the multiplying factors.
Therefore, one needs only to write computer codes for one loop
and store the constant terms in subroutines.

The next page shows the organization of the program. For
completeness, the computer codes and associated variable dictionary

are listed.
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NOTE: REMIND TO TURN (100~180)
THE PRINTER
1) 3-D BOXES
imply subroutines l
2) Numbers in parentheses
are range of line INPUT SYSTEM (230-270)
numbers in P where CHARACTERISTICS
segment of the PGM may E.G. DIAMETER,
reside. The segments SLURRY TYPE, ETC.
may not cover the
entire range.
ATA FR yes READ DATA | (5000-5990)
DISK? FROM DISK
no
INPUT DATA ROW (390-540)
BY ROW
(580 WHICH ROW?
INPUT FACTORS (30000~
FOR 3" LOOP 39999)
1]
(4000~ |INPUT FACTORS
4999) |FOR 4" LOOP yes<—-4"
L no
5" yes — INPUT FACTORS (50000~
FOR 5" LOOP +59999)
"o [+ }
POINT HEADING (2000~2999)
CALCULATE AND (3000-3999)
PRINT RESULTS
SET FLAG: NOT TO | M
CALCULATE RESULTS
es—s STORE RESULTS| (4000~
ON DISK 4999)

(5000~
5999)

RUN ANOTHER
PGM FOR GRAPH

nT
FLOWCHART FOR SLURRY PROGRAM



AQ)
AAS

ADS$

B()
BC
cO
CH$
DO
DIAM
DT$
EQ
FQ)
FILES
FP
FQ
FR
FT
FU

FV

FX
GO
GAS
HQO)
10

1J

ARRAY VARIABLE FOR COLUMN A (SEE FORM PREPARED BY J. POMALAZA)
CHAR. VAR FOR GENERAL (YES/NO) ANSWER

CHAR. VAR (Y/N) FOR INPUTTING DISK DATA

VARIABLE DICTIONARY

X-SECTION a AREA OF PIPE

ARRAY VAR. FOR COLUMN b

BULK CONCENTRATION

ARRAY VAR. FOR COLUMN c
CHAR. VAR. (Y/N) FOR CHANGING (CORRECTING) DATA

ARRAY VAR. FOR COLUMN d

DIAMETER OF PIPE

DATA

ARRAY VAR. FOR COLUMN e

ARRAY VAR. FOR COLUMN f

FILENAME ON DISK

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

MULTIPLYING FACTOR

ARRAY VAR. FOR COLUMN g
CHAR. VAR. (Y/N) FOR GAMMA LOGGER READING

ARRAY VAR. FOR COLUMN h

FOR

FOR

FOR

FOR

FOR

FOR

FOR

FOR

P(O)
Q0
RO
T()
ud
V()
w()
X0

ARRAVY VAR. FOR COLUMN i

INDEX FOR LOOPING

INDEX FOR LOOPING

187
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JO ARRAY VAR. FOR COLUMN j

KO ARRAY VAR. FOR COLUMN k

L0 ARRAY VAR. FOR COLUMN 1

LA CONSTANT IN REGRESSED EQN FOR L()
LB CONSTANT IN REGRESSED EQN FOR L()
LF$ LINE FLUID

M() ARRAY VAR. FOR COLUMN m

NQO) ARRAY VAR. FOR WELGHING TANK

NAMESS$ NAMES

ND NUMBER OF ROWS OF DATA
NT$ CHAR. VAR. (Y/N) FOR WEIGHING TANK

0() ARRAY VAR. FOR COLUMN o

P() ARRAY VAR. FOR COLUMN p .
QO ARRAY VAR. FOR COLUMN q

R() ARRAY VAR. FOR COLUMN r

RAS CHAR. VAR. (Y/N) TO CHECK IF STORED DATA ARE TO BE UPDATED

REFS$ SAME AS FILES

sQ) ARRAY VAR. FOR COLUMN s
SG SPECIFIC GRAVITY

SP$ SPACES

ST$ SLURRY TYPE

SOUND VAR. FOR SOUND

T() ARRAY VAR. FOR COLUMN t
TIMES  TIME

TL TEST LENGTH

V() ARRAY VAR. FOR COLUMN v
w0 ARRAY VAR. FOR COLUMN w

X() ARRAY VAR. FOR COLUMN x



LIST 330

100 D$ = **; REM CONTROL-D

110 HOME @ VTAR 10

120 PRINT *NOTE: IF THE COMPUTER
HANGS": PRINT

130 PRINT *CHECK TO SEE IF PRINT
ER’S *: PRINT

140 PRINT "70N LINE® BUTTON SHOK
§ "I PRINT

150 PRINT * BREEN LIGHT.*®

160 PRINT D$"PR#!"

170 PRINT CHR$ (1B);* *: REM
TURNS OFF CONDENSED MOBE

180 PRINT D$"PR¥0"
190 HOME : VTAE 101 PRINT *DD YO
L' DATA READ FROM DISK(Y/N):®

i BET ADS

200 IF LEFTS (AD$,1) = *Y* THEN
605UB 5000

210 IF LEFTS (AD$,1) = "Y* THEN
BOTD 550

220 HOME

230 INPUT "DATA COLLECTED BY: %
NAMESS

280 INPUT "DATE (E.G. OCT 10/82)
HE L

230 INPUT “TIME (E.6. 10 AM): *;
TIMES

260 INPUT “SLURRY TYPE: *;ST$

270 INPUT *NHICH LOOP (DIAMETER-
INCH): *;DIAN

280 IF DIAM < 3.0 DR DIAM > 5.0 THEN
6070 300

290 80TO 320

300 PRINT *NO SUCH PIPE!!'®; CHR$
{7); CHR$ (7)

316 8070 270

320 HOME : VTAB 10: PRINT *IS GA
MMA READING=S.6. (SLURRY) (Y/
N}:®;: BET GAS: PRINT : PRINT

325 HOME : VTAB 10: PRINT "HAS T
HE WEIGHING TANK BEEN USED (
Y/N}3®§0 BET NT$: HOME

330 INPUT *# OF RONS OF DATA: *;
ND

ILIST 340,590

340

330

360

370

380
390
400
410
420
430

440

460

470

480

490
500

310
520
530
540
330
360

570
380

390

HOME : PRINT "START INPUT DA
A"

PRINT *  (";ND;" RDKS)"
DIN A(ND),BIND),CIND),D(NDI,
END) ,F (ND),B(ND)  H{ND) , 1 (ND
)4 (ND) ,RUND} ,V(ND)

DIM KIND),LIND),M(ND),NIND),
0(ND),PIND),B(ND) ,S(ND)  TIND
), U(ND) ,WIND), X (ND)
AAS = *N"

FOR 13 = 1 7O ND

PRINT & PRINT : PRINT

PRINT *INPUT DATA FOR ROM *;
13: PRINT : PRINT

FOR 1 = 1 TO 70:S0UND = PEEK
{ - 16336): NEXT I

INPUT "PUNP POKER (%): *iA(I
1

INPUT *POLYSONIC RDG (L/5):
"B

INPUT *BAMNA LOGGER RDE: *iC
(13

INPUT *U-TUBE RDS (MF-INCH):

L)

INPUT *COLLECT+SHIFT TIME (5
EC): “E(ID)

INPUT *VOLUNE (U.5. GALLONS)
§SFaD

INPUT *NEIGHT (LB): *;B(I)
INPUT *NAB. METER RDG: *jH(I
J) _

INPUT *TEMPERATURE (CELCIUS)
L8]

INPUT *U-TUBE RDG (HG-CN): °
1)

IF LEFTS (AAS,1) = *Y* THEN

607D 560

NEXT 1J

HOME : VTAB 10

INFUT "ANY CHANGE ON DATA (Y
N *;ans

HOME : VTAB 10

IF LEFTS (AAS,1) = *Y* THEN

INPUT "WHICH RON: *;1J

IF LEFTS (AAS$,1) = *Y* THEN

6070 400



ILIST 593,2020

593 IF AD$ = °Y* THEN 598

595 HOME : VIAB 12: INPUT "GIVE
REFERENCE NUMBER: *;REF$

597 G0TO 640: REN CONTINUE CALC
ULATIONS

598 HOME : VTAB 10: PRINT *DO Y0
U WANT RESULTS(DISK) RECALCU
LATED: ";: BET RAS

599 REF$ = FILES

§00 REN

610 REM CALL ROUTINES

620 REM

630 REM CALL MULTIPLYING FACTOR
5 FOR 3* PIPE

640 IF DIAM = 3.0 THEN B0SUB 30

000

630 REM CALL M. FACTORS FOR 4"
PIPE

660 IF DIAM = 4.0 THEN HGOSUR 40
000

670 REM CALL M. FACTORS FOR 5*
PIPE

680 IF DIAM = 5.0 THEN BOSUB 50
000

690 GOSUR 2000: REM  PRINT HEAD
ING

700 GOSUB 3000: REM  CALCULATES
RESULTS

710 BOSUB 4000: REM  STORE RESU
L15

720 GOSUB 6000: REM CALL BRAPHI
[ ROUTINE

730 HOME : VTAB 10: PRINT "60OD
BYE ......."

740 PRINT @ PRINT : PRINT "HAVE
A NICE DAY!*

750 PRINT § PRINT @ PRINT

760 END

770 REM SEHEesdsidsisssissisd

780 REM

2000 PRINT B$: PRINT D$"PR¥!"

2010 PRINT : PRINT CHR$ (18)

2020 PRINT CHRS (27); CHR$ (67)
; CHRS (32): REM SET FOR
N LENGTH=32

190

JLIST 2030,2215

2030 PRINT CHRS (27);°0": REM
LINE SPACING=1/8"

2050 5p¢ = * "
REM 20 SPALES

2060 PRINT CHR$ (14);SP$; CHR$
{(14)3"THE UNIVERSITY OF MANI
T0BA"

2070 PRINT

2080 PRINT CHRS$ (14);5P$; CHR$
{14)3"DEPT. OF CIVIL ENBINEE
RING®

2090 PRINT

2100 PRINT CHRS$ (14);5P$; CHR$
{14)3* INCD SLURRY PRDJEC
Tl

2105 LINES = *

2110 PRINT LINES
2120 5P$ = 5P% + GP$
2130 PRINT : PRINT SP$;°DATA COL
LECTED BY: ";NAMESS
2140 PRINT : PRINT SP$;®DATE: *;
DT$: PRINT : PRINT SP$;°TIME
POt TINES
2150 PRINT : PRINT SP$;°ACTIVE L
00P: “; CHR$ (14);DIAM;® INC
Hl
2160 PRINT : PRINT 5P$;>X-SELCTIO
NAL ARER: “jAR;" 5B. FEET®
2170 PRINT : PRINT SP$;"TEST LEN
6TH: *jTL;" FEET®
21B0 PRINT : PRINT SP$;“SLURRY T
YPE: ";ST$: PRINT
2190 PRINT LINES
2200 PRINT
2210 PRINT *® .
LINE :
VENTURI : MIXTURE : DISCHA
REE &  VELDCITY LIN
E HE
2215 PRINT



ILIST 2220,3070

2220 PRINT CHR$ {15);°
PUMP  SONIC  GAMMA P
RESS.,  CiS VoL, L1
. MAG. TEMP  PRESS,
HEAD  5.6.  CONC L]
. RT.  MAG, LB
MAG.  SONIC PRESS. P
RESS. HEAD SHEAR
VEL.®
2230 PRINT CHR$ (15);° ROW
POWER  RD6.  LOBGER
TIME u.s.
NETR
LOsS {5 {(WT) TAN
K TAKK ~ METR  TANK
METR
LOSS STRESS
GRAD"
2240 PRINT CHR$ (15);*
(% L/s {
INCH}  SEC. BAL. LB
. RDG. (L) {CH)
FT-4 i) ]
CFS CFS§ F/§
F/§ F/is  F1-5
Fi-u /100 PS1
/SECY
2230 PRINT CHR$ (1B);LINES

2280 RETURN
2295 REM BEResssiiedidisieries

3000 REM

3003 POKE 1657,233: REM 233 COL
UNNS

3020 ARt = °N"

3025 IF AD$ = *Y" THEN AAS$ = AD$
¢ REM CHECK IF DATA IS READ
FROK DISK

3030 FDR IJ =1 70 ND

3035 IF RA$ = "Y" THEN 3030

3040 IF LEFT$ (AA$,1) = *Y" THEN
6070 3520

3050 BC = BC + M(1J)

3050 K{1J) = J(I1J) / 1B.6819: REM

HERD LOSS (FT. DF H20)
307¢ X = C(1D)

ILIST 3080,3595

3080 IF DIAM = 3.0 OR DIAN = 4,0
THEN L{IJ) = CX / (LA + LB
£

3090 IF DIAM = 5.0 THEN L{1)) =
LA + LB # CX

3095 IF BA$ = "Y" THEN L) = C
{1J)

3100 IF NT$ = *Y* THEN N(IJ) = {
60.0 / E(II)) # FI1J): REN

g {(GPK)

3110 0(13) = N{1J) # 0.002228; REM
2(CF5)

3120 R{I} = H(ID)

3150 P(13) = R{1J) ¥ FP: REM MAG
NETER {CFS)

3155 IF NA$ > *Y* THEN N(IJ) =
P} / 0.002228

3160 B(L1) = O{1J) / FQ: REM ME

© I6H TANK (F/8)
3170 T(13) = A1) # FT) /7 LAID)

: REH FEET OF
SLURRY

3180 W(II) = DM1J) & FU: REM (F
EET OF H20)

3190 VLI0) = UCId) & FV: REM (FT
OF H20/100° OF PIPEE)

3215 W(LIY = W1d) # FH

3220 X(1J) = R{I3) & FX: REK VE
L.BRAD. {/SELC)

3320 PRINT CHR$ (13)

3553 CALL 49568:1J514,A(10)315,F
00 3F7. 1, CU 3F7.2,DU10 5 F
6. 1, E(LJ)F7.3,FUII)5F6. 1, B¢
D517, 0100 3FS. L T 36,
(I3 §F8.1,K(10)5F6.2,L11)
MDD N §F9.2,0010) 5F6.2
yPLL L, BLLD) REED) ,SUID, THE
I U000, VD) WU §FELL 6,
(13)5F9. 2

3560 PRINT CHR$ (13)

3570 NEXT IJ

3580 PRINT : PRINT : PRINT CHR$
{g);" *

3590 PRINT LINES

3595 PRINT *

" *RE
: *;REFS



JLIST 3600,4027

3500 PRINT DS; *PREO"
3410 HOME @ VTAB 10
3620 PRINT "RUN ANOTHER COPY (Y/
N): *j: GET AR$
3630 IF LEFTS {AAs$,1) ¢ > *Y" THEN
6070 3730
3640 HOME @ VTAB 10
3650 PRINT "ANY CHANGES ON DATA:
3+ BET CH$
3660 IF LEFTS (CH$,1) = "Y" THEN
§0T0 570
3670 PRINT D$"PR¥!"
3680 6OSUB 2000t REM PRINT HEAD
ING
3690 PRINT D$"PR#t*
3700 60TH 3030: REM BOTD PRINT
ROUTINE
3710 607D 3620
3720 PRINT D$"PR¥O*

3730 RETURN
3740 REM SEREEXEEEEEERSEREIEEEE

3750 REM

4000 HOME @ VTAB 10

4003 INVERSE

4005 D§ = *": REM  CONTROL-D

4006 PRINT "NOTE: IF YOU WANT BR
APH PRINTED": PRINT

4007 PRINT “AND DATA IS INPUTTED
FOR THE FIRST *: PRINT

4008 PRINT "TIME, YDU HAVE 7D ST
DRE YOUR DATA®: NORMAL : PRINT
: PRINT

4010 PRINT "DD YDU WANT DATA STD
RED ON DISK(Y/N):"§: GET AARS$

4015 PRINT @ PRINT

4020 IF LEFTS (AAS, 1) ¢ > *Y® THEN
60TD 4190

4025 PRINT *IS FILE NAME SAME AS
REF.#( “fREF$;" ) *j: BET
ARS

4027 IF AA$ = "Y" THEN FILES = R
EF$

192

JLIST 4030,5090

4030 HOME @ VTAB 10

4040 INPUT “BIVE A FILENAME: *;F
ILE$

4045 PRINT : PRINT D$

4030 PRINT D$"MON C,1,0°

4060 PRINT D$*DPEN ";FILES

4070 PRINT D$*WRITE *;FILE$

4080 PRINT NAMESS

4090 PRINT DT$

4100 PRINT TIMES

4110 PRINT 5T$

A115 PRINT GA$

4120 PRIKT ND

4130 PRINT DIAM

4140 FOR 13 =1 TOND

4150 PRINT A{I1J): PRINT B{IJ): PRINT
C(IJ): PRINT D(1J}: PRINT E(
137 PRINT F{IJ): PRINT 6{1J
i PRINT H{1d): PRINT I{1d):
PRINT J{1J)¢ PRINT K{I1J): PRINT
LIJ: PRINT M(1d}: PRINT N{
1007 PRINT O(1J): PRINT P{1J
)

4160 PRINT §{13): PRINT R{I11): PRINT
S(Id)7 PRINT T¢1d): PRINT U{
13}: PRINT V{I13): PRINT W{lJ
)i PRINT X{10)

4170 REXT IJ

4180 PRINT D$"CLOSE “;FILES

4190 RETURN

4200 REM S%eesydssdsiieisbesiss

4210 REM

3000 HOME : VTAB 10

5005 D$ = **: REM CONTROL-D

3010 INPUT *WHICH FILE (NAME): *
jFILES

5020 PRINT D$*MON C,1,0*

3030 PRINT D$"DPEN ";FILE$

3040 PRINT D$"READ *;FILES

5050 INPUT NAMESS

5060 INPUT DT$

5070 INPUT TIMES

5080 INPUT ST$

3085 INPUT 6AS

5090 INPUT ND



ILIST 5100,30400

5100 INPUT DIAM

5110 DIN A(ND),B(ND) ,C(ND),D(ND)
JE(ND) ,F (ND) G (ND) ,HIND) , TIN
D), J(ND) K (ND) , L (ND) , M(ND} , N
(ND),D{ND) ,P (ND} , 8 (ND) , R{ND)
yS(ND), T(ND}, U(ND) , VIND) , WIN
D), X(ND)

5120 FOR 1J =1 T0 ND

5130 INPUT A{IJ): INPUT B(IJ): INPUT
COLI): INPUT DAID): INPUT E(
1) INPUT FUI): INPUT B(1J
): INPUT HOIJ): INPUT IC1D):
INPUT (133 INPUT K{IJ): INPUT
LUII): INPUT M{ID): INPUT NI
1302 INPUT BULD): INPUT PU1J
)

5140 INPUT B(IJ): INPUT RCID): INPUT
S(II): INPUT TCID): INPUT b
1) INPUT VU13): INPUT W(1J
)i OINPUT K(1D)

5150 NEXT 1

5160 PRINT D$*CLOSE *jFILES

5145 REF$ = FILE$

5170 RETURN

SIB0 REN ®ssssssssessisssissise

3190 REM

6000 HOME : VTAB 10: PRINT "DD Y
OU WANT GRAPH PLOTTED (VY/N):
"t BET AAs

6010 IF LEFTS (AAS,1) ¢ > "Y* THEN
607D 6030

6015 D$ = **! REM CONTROL-D

6017 PRINT D

6020 PRINT D$'RUN BRAPHIC PKE FI
NAL®

6030 RETURN

6040 REN SH33ssssssssidpesisess

30000 REM

30100 REM INPUT FACTORS FOR 3°
PIPE

30300 FR = 3.864:FP = 0,0491

30400 FQ = 0.0491:FT = 1,045

30500 FU = 1.046:FV = 4,488

30600 Fi = 0,00127:FX = 32,0

193

JLIST 30700,51000
30700 AR = 0.491: REM (S8. FEET)

30800 TL = 21,33: REM  (TEST LEN
6TH =FEET)
30900 S6 = 13.55: REX  (M-FLUID)

31000 LF$ = "MERCURY": REM LINE
FLUID TYPE

31100 LA = - BBS3.51:LB = 12,1 REM
CONSTANTS (A & B) FOR THE R
EGRESSED GAMMA LOGGER EQN

31200 RETURN

40000 REM

40100 REM INPUT FACTORS FOR 4*
PIPE

40200 REM

40400 FR = 2,173:FF = 0,0873

40500 FR = 0.0873:FT = 1,04

40600 FU = 1,046:FV = 5,917
40700 FW = 0.00214:FX = 24,0
40800 AR = 0,0873:7L = 16,9

40900 56 = 2,95:LF$ = *MERIAM FLU
ID (PINK)®

41000 LA = - 2261,56:LB = 3.786

41100 RETURN

30000 REN

30100 REM INPUT FACTORS FOR 5*
PIPE

30300 FR

30400 F@

30500 FU

JI9LIFP = 0.1340
JA360FT = 0, 1630
A63CIFY = 7,244
30600 FW = 0,00327:F) = 19,2
30700 AR = 0.136:7L = 3.8
30800 86 = 1,75:LF$ = *MERIAM FLU
1D (BLUE)® _
30900 LA = 6.37:LB = - 0,0073
S1000  RETURN

N n o oh
< -

e N ]



APPENDIX - E

PROPOSED EXPERIMENTS TO STUDY SLURRY VISCOSITY

DUE TO CHANGES IN ZETA POTENTIAL
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APPENDIX E

EXPERIMENT BASED ON A ROTATIONAL VISCOMETER

1.

Prepare a fresh sample in a tin can (coffee can) with the required
concentration of solids.

Use drill, with attached propeller, to generate a pseudo-homogeneoué

mix.

Place the viscometer disc into the mixture at a fixed . location
and depth.

At intervals immerse zeta probe to obtain zeta potential readings.
Fix the location of the probe to avoid influence on viscometer.
Plot viscosity versus zeta readings.

Test the mix adding flocculant to avoid colldidal dispersion.

Add cement and retest.

Run different concentrations.

EXPERIMENT BASED ON THE RESEARCH APPARATUS

1.

Load fresh 80/20 mix in system and run.
Keep temperature, velocity and pipe diameter constant.
Record run time, changes in zeta potential and head-loss.

Plot head-loss versus zeta readings.



APPENDIX - F

PHOTOGRAPHIC REPRESENTATION OF THE TEST FACILITY




TAILING S

PLATE 1. Sample of Solid Materials: Tailings & Slag

et
A
W




PLATE 2. Computer Data Analysis System
(a) Temperature Control

PLATE 4. U-Tube Manometers
(f) Pressure Transducers

961

‘ PLATE 3. Panel Meter: (b) Pump Control, (c) Mag-meter,
(d) Polysonic-meter, (e) Gamma-Ray Electronics .
Unit




PLATE 5.

General North View of
Apparatus

PLATE 6. First Level Manifold Show

Pinch Valves

PLATE 7.

Beginning of Cooling Jacket
(a) Automatic Valve Control

L61




PLATE 8. Mixing Tank PLATE 9. Rising Pipes: (a) Main line
(b) Short Loop, (c) Magnetic
Flowmeter

861




PLATE 10.

Weighing Tank:

(a) Weight-meter

(b) Collection Timer
(¢) Shift Timer

PLATE 11.

Plug-valves

661




PLATE 12. Motor and Centrifugal Pump
(a) Differential Pressure Relief Valve -
(b) Polysonic-meter Sensor

Mixing Tank:
(e) By-pass Line

’ (f) Heating Element
(g) Butterfly-valve

PLATE 14.

007

PLATE 13. (c) Pressure-meters for Pump Flushing
(d) Main Drain of Apparatus




PLATE

15.

Second Level Showing

(a) Gamma-logger detector
(b) Sand-traps

PLATE 16.

Observation Section
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