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ABSTRÂCT

An experimental study of high concenÈration slurrÍes in

horizontal pipes was performed. The experiments \rere conducted in

a test facility built for that purpose. Three different pipe

(¡ in., 4 in., and 5 in. ) v¡ere used to scale-up results

pipe. The slurries consisted of È\./o mixtures of taílings

obtained from INCOTs Thompson mine. The fluid was water.

Ehe mixtures \irere undertaken at 65% solids concentration

and at 55%, Velocity, temperature, and concenÈration

generally showed a dÍrect relationship wiÈh energy loss,

diameter was inversely related. Plastic behavior due to

concentration and co1loidal díspersion increased the energy

examined

diameÈers

to 6 inch

plus slag

Tests of

by weight

of solids

¡¿hile pipe

"híett solids

loss.

for head-loss

6 f.p.s. to

SÈatistical and theoretical models were

gradient predicËion in a range of mean velocities from

20 f.p.s.
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CHAPTER I

1.1 INTRODUCTION

The economic transportatÍon of bulk solíds is a major

trensPortation problem. Slurry pipelines containíng a liquid-so1id

mixture are one of the more recent sol.utions. Slurry pipelines have

received increasíng attention since the 1950's, particularly in the

nining industry. The development of ner.r materials in pumping and

pipelining systems has reduced the ton-mi1e cost of this method of

transporÈation. Despite the exístence of competitive land-based systems

(such as roadways, railways and conveyor lines) ttte hydraulic transport

of sol.ids will consequently become one of the most suitable bulk solid

transport alternatives in Èhe near future, especially in remote areas.

The use of slurry pipelines is sometimes noË considered

in design of bulk transport systems because the knowledge availabLe

in technical literature typicalLy refers to ideal slurries on1y. M.

Sasic and P. Marjanovic (1978) have compared several methods to

estimate the "deposition velocityrr, or the velocity at which a bed

of particles begins to form, wiÈh 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 lessen the gap between theory and practice

is to use the bulk soLid material being considered for transport in

its antícipated granular form in a test fací1ity. Although this action

reduces the range of generalízation for theory, it can give better
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results for specific pract.ical 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 facílities required, data collection and t.he data analysis

are presented ín this work.

L.2 PROBLEM STATEMENT

The Manitoba Division of INCO (International Nickel Company)

is located in Thompson, approximately 400 miles north of trrlinnipeg.

The Division currently operates t$¡o underground mines:

Thompson Mine and Birchtree Mine, and an open pit at pipe.

Hydraulically placed sandfill recovered from the mi11 Èailings is

used for ground support in all stopes and pillars. Approximately

30% of the Thompson mine mi11 production is regained for backfill

operations but the actual amount of fill required Ls 52%.

In order to make up this shortage, tailings from the ?ipe

open pit rnill circuit must be used. However in one or tr"ro year)s time

a ne\{ auxilÍary fill will be needed to sustain Ëhe mining cycle. For

that reason, INCOTs Thompson mine is considering the use of slag (a

lraste produced in the smelter) as a supplementary fill.

Since the backfí11 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 while the auxilíary lines

in diameter.

diameter,

four inchesto individual working places are
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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 concepËs 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 experimental Èest

are explained.

Data reductíon and derivation of hydraulic variables are

given in Chapter VI.

In Chapter VII the analysis and discussions of the

experimental results are conÈemplated. 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

vrr. The use of English units in this study corresponds to Èhe

operative mining units required by INCO Mine Ltd.

Fina1ly, the experimental conclusions and recommendations

for further work are listed.



CE,APÏER II

LITEBATURE REVIEI{

2.I SLURRY VARIABLES

An extensive theory of solid-liquid systems requires a

reasonable degree of knowledge of many variables and their relationships

when they interacÈ.

The major discrete variables are the following:

- Particle properties: size, shape, size distribution,

density, electro-chemistryr and

attrition rate.

- Transporting medium: viscosity, densiÈy, temperature'

pH.

- Pipeline characteristics: diameter, material, slope, length

and roughness.

whereas the interaction ís governed by:

- The forces that act between particles

- The hydrodynamic interactíons between the particles and the fluid.

2.2 SLURRY PROPERTIES

2.2.I Concentration and Densit

Concentration and density in any solid-liquid

proportionally related. They depend upon the amount of

a given volume of liquíd and the densities of both phases.

Concentration of solids can be expressed in terms

or volume. However, it is more convenient ín the indusÈry

solid concentrations as a percentage of weight to obtain

system are

solids for

of weíght

to express

capac i t ies
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in tonnage throughput.

The density of a suspension in terms of its components is

given by:

100
CwTJs

100

ft
Cw

(2.r)

where:

the mixÈure (slurry)

+
F^

f^
F"

rL

= densíty of

= density of

= density of

so I ids

the

C = concentration

transporting medium

of solids in weight percent
I¡7

when dealing with

medium:

Specific Gravity (SG) and water as the transporting

õ^ - SGoùum-@
loo

Q. z)

of the mixtures,

and concentration

where:

specific

by volume

SG, = specific gravity of mixture

SG" = specific gravity of solids

The relationship beËr,¡een specific gravity

gravity of solids, concentration by weighÈ,

1S aS fo 1 lows :

Con x SG*

sGs
(2 .3)

where C__ = concentration of solids by volume.v

2.2.2 Viscosity

The coeffícient of dynarnic viscosity, which is generally

called sinply "viscosity", is the ratio of applied shearing stress

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

cv
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Itviscousil bodies. (¡odies which exhibit flow as a function of the

stress. )

The best known ideal viscous body is the Newtonían fluid,

for which the viscosity ¡r is a constant.

The so-called kinematic viscosity r7 ís equal to p divided

by the density.

The reciprocal of viscosity ca1led lLuLdíty / is also used

in rheological discussion.

hrhen the presence of

interactions affect the viscosity

suspension becomes non-Newtonian.

particles and

of the medium

their hydrodynamic

the behavior of the

rather Lhan a

(ur) is the

It is mainly

constant viscosity, p, can be

ratio of total shearing

employed for prediction

Then, an apparent viscosíty, þar'

defined. Apparent viscosity

stress to total rate of shear

and correlation of pipeline flow

data:

uu = (d.r/dÐ

where:

tf = shear stress

u = point velocity

y = pipe radius

for a Newtonian fluid has a constant value and

straight line when plotted agaínst rate of shear,

T

ua

(2 .4)

presents an horizontal

(Figure II.1).

2.2.3 Rheology

Rheology is

IÈ is mainly concerned

the science of the deformation and flow of matter.

bodies, however,with the deformation of cohesive
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FIGURE II.1

(l

5
I
o
o
U(t
t
t-
7
IJJ

d
ó
o

TONIAN

l-l

Rare- oF SI{ EAR

APPARENT V ISCÔS I-TY VE.RSU€, PArÊ OF SHÉAR

(+)

FOR NON- NE.WTONIAN FLUIDS



I

it has been expanded to include solid friction and Ëhe flow of

partículate substances.

S1urry rheology ís mainly concerned with the viscosity of

fluíds. 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 víscosity is found to vary by many orders

of magnitude v¡ith changing rate of shear (Van Wazer, Lyons, Kim,

Colwe11, 1963). Such materials are ca1led non-Newtonian fluids and

can be classified in Ewo groups:

- time-independent fluids

- time-dependent fluids

2.2.3.L Tíme-independenÈ fluids

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

straight line A rep resents Ne\,rtonian fluids in which p is a constant,

u cons tant. e.s)G

<*rdy

When the

B) rhe

the most

or Power

rate of shear increases faster than

fluid is ca1led a pseudgp_þe!.þ or

the shearing stress (curve

shear-thÍnning liquid and

cornmon model to describe íts behavior is the Ostwald de I^Iaele

Law.

A fluid exhibiting a flow

or shear-thickening and it

curve shaped like curve C is called

dilatant is roughly approximated by a power

func È ion .

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 cerÈaín amounts called
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FIGURE II.2
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the yiel-d value. Once this rest.riction has been exceeded, the rate

of shear may be proportional to the stress. rf thaË 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 yíeld value are cal1ed ie 1d seudo lastic (curve E) or

ield-dilatant (curve F).

2.2.3 .2 Time-de endent Fluids

The six curves presented above refer to equilibrium effects,

however, it

effects that

is found that many fluids exhibit time-dependenÈ florv

can be either spontaneously reversible or irreversible.

I47ith respect

fluÍd with timemore

upon going

períods of

observed in

to reversible behavior cerÈain materials become

under steady-state conditions, constant shear

rate and temperature (Llasp, Kenny, Gandhi , L977). such materials

are said to exhibit thixotropy, and are thixotropic. The opposite

reversible effect, with the material exhibiting increased resistance

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

called rheopexy.

Cons iderab 1e emphasis has been placed on thixotropic changes

rate of shear to another when moderately longfrom one

time are involved. Under such conditions, hysteresis is

the flow curves (tr'igure II.3).

2.2.3.3 Factors Affecting Rheology

Generally' pure single-phase liquids will exhibit newtonian

behavior, even aÈ high f 1or,¡ rates.
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A true yield value ís always associated with emulsions or

slurries, in which one or more phases are dispersed as particles or

bubbles in a continuous phase. (van \Iazer, Lyons, Kim, colwe11, 1963.)

It is normally found that the flortr characteristics of the

continuous phase determínes the type of flow observed when the yield

value is exceeded. Thus a concent,rated slurry in a Newtonian liquid

may exhibit Bíngam-body properties.

Dilatant flow behavior, either with or without a yield value,

is associated with a suspension slurry, or perhaps an emulsion. rt

is found that deflocculating agents, such as the polyphosphates or

híghly 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

colloida1 and other dispersed systems can be explained by interaction

betr,,reen particles, interaction with the continuous phase, and particle

de format ion.

A naÈural force of attraction

(Van der l{aals force). Random motion of

caused by bombardmenË of water molecules,

exists between any tl^7o masses

movement ) ,colloids (Brownian

Ëends to enhance this physical

force of attraction in pulling the particles together. Hov¡ever a

col1oidal suspensíon will remain dispersed

of repulsion exceed those of attraction

indefinitely if the forces

(Hammer, 1977). Borh rhe
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type of

of the
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of repulsion and aÈtraction between particles depend upon the

colloids in suspension, ternperature, pH and chemical compositíon

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 peculiaríties

in non-Newtonian behavior (Horsley, Reizes, 1980 ; Elliott, Gliddon,

I970¡ Friend, Hunter, 1977i Mishra, Severson, Owens, 1970, eÈc.).

Colloidal partíc1es can be classified as Hydrophobic or r^7ater repellant

and Hydrophilic or r4Tater attracting. In either case the individual

particles have a large surface area relative to their weight, thus

gravíty forces do not significanÈly influence their suspension.

Hydrophilic colloids are stable because of their attraction

for dipole l¡¡aÈer 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 electrosÈatic repulsion forces

developed by positive íons 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

rìlas a major parameter influencíng head-loss gradients. Horsley (1982)

indicated that many slurries in industry consisÈ of fine particles

with a mean diameter of less than 50 pm. These slurries contain

considerable quantities of co11oida1 particles, ín which Ëhe repulsive

forces are consídered Èo be directly related to the zeta potential.
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Elliott and Gliddon (1970) have also found that small changes in zeta

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 facÈ that ât higher concentrations

the mean distance among particles is less Ëhan at lower concentrations

r+rith the result that higher repulsive forces are developed. Horsley

(1982) reported Èhat there \^ras no time-dependant changes in zeta

pot.ential at solid concentrations belor,r 28% by volume (known as low

concent rat ions ) .

On the other hand, the pH (Negative Log H* ion concentration)

of water r^ras a1-so found responsible for changes in apparent víscosity

of some gold mine tailings (Marsden, D., 1962). Elliott and Gliddon

( 1970) shorved that pH changes substantially affected coal slurries

in pipe loop tests when concentrated coal slurries r¡lere beÍng pumped.

This effect could be reversed by returning the pH to its original

value. The small amount of data available for this topíc thus show

inconclusive and often contradictory resulÈs.

2.3 SLURRY FLOW CHARACTERISTICS

2.3.L Homogeneous Flow

potential affect

Friend,

Homogeneous flow

concentrations of solids and

ttnon-settlingrt mixtures and

the laminar head-loss gradient.

Hunter (tglt) and Mishra (1970) have shor,¡n that

with high

also ca1led

is encountered in slurries

fine particle

frequent 1y

size. They are

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 707. by weight are

normally homogeneous for small particle size or high velocity or both.

The solid particles are uniformly distributed and particle inerËia1

effects are negligible. Large particles may be suspended by the mass

of smaller particles overcoming the gravitational pul1.

2,3.2 Heterogeneous F1ou7

Heterogeneous flow is usually presented in slurries with

low solíd concentrations, 1ow velocity; or coarse particle síze. The

effects of parËicle inerÈia are significant. The solid particles

are not evenly distributed, hence Ëhese ttsettlingtt mixtures cannot

be treated as a single phase system except under circuinstances of

high turbulence. Four different regímes 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

non-l,J.ewtonian fluids

between shear stress

II typical flow curves !r'ere presented in whích

h'ere characterized by a non-linear relationship

and rate of shear. In order to define the

non-lrler¡tonian behavior the most acceptable approach is a power function,



thus the following equation can be used to solve for -f in a

Pseudoplastíc fluid.

'f = K (+)" e.6)dy

vrhere:

n( 1.0

K = constant

In the case of a Bingham fluid:

T=Tr+ t(åi) (z.t)

v-
f)=
L

complexities, thixotropy

problems in pipe design,

r*1"dy

yield value

coefficient of rigídity

16

(2.8)

by tv¡o rheological

does not present

of the rheopectic

¡+there:

Í.

Bingham fluids are normally ideal, so a combination of the

tI^lo former equations can be used to describe the behavior of a material

r^¡hich exhibits non-linear f1o¡¿.

T=T__ + K (+)n_y --.dy,

Non-f{ewÈonian fluids can also be altered

and rheopexy. Thixotropy

but the dilatant character

fluids has to be considered.

A dilaÈant fluid assumes a concave-upward curve described

by the poqrer function with the index n ) 1.0 (Cheng, I97O).

{=K (2.6)

2.3.3.I Prediction of Friction Losses

Since the non-flewtonian behavior cannot be expressed in

terms of a characteristicttviscosítytt the normal equations describing
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pipeline flow are often unsuitable. Many theoretical and empirical

attempts to undersÈand thÍs matËer have been undertaken in recent

decades.

In laminar flow, Buckingham (tgZt) was the first to make

a theoretical analysís for a Bingham plastic f1uid. He derived the

analogue of Poiseuillers equation:

8V (2.e)

V = mean velocity of the suspension

D = diameter of the pipe

Tr = wall- shear stress

{y = yield value

e = coefficient of rigidity

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

of yield stress, the equation solve dírectly for Tw:

T'= t<ll *Irt (2.10)

The general equation can also be expressed in terms of

friction factor (Hedstrom, 1952):

D
=& ,., - 4Ïv

? r¡ 3tw

1_f He

-r=16 *#-

* * <þralJ LI¡'

lHÐ4
¡t3 nm8

where:

R- = modified Reynolds number =

He = Hedstrom Number = D Ty
V?

f = conventional Fanning friction factor = I- AP

2v¿Lf

fvo
?

For pseudoplastic fluids, theoretical

experimental data show that in a circular pipe:

analysis and
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a relatíonship

ry=

where Kt and nl

Kt=

4¡

r¡orkers pre f er

s imi 1ar to that
nt<$r

to generalize

of the power Law

cons tent s

18

(2.11)

Charles, 1961).

this approach assuming

(wasp, L977)

(2 . t2)

(2.ls)

are no comparable

indicate that for

the modifíed and/or

{on = K (#)" )3n*1

where K and n are rheological constants (Govier,

KI

Fanning friction factor can also be expressed as:

are not necessarily

K ( 3n+1 )n

,1, "'

2

where:

ec= ¡t gnt-1

Metzner and Reed (1955) defined
Dn v2-î'1Re* = é

Hence, for all time-independent fluids

f.
L6

Re*

In turbulent non-Newtonian

Q.L3)

a ttgeneraLízed Reynolds Numberrt as

Q.I4)

f.
K

fv2

theoretical equations but

smooËh pipes the friction

generalized Reynolds Number

velocity at

in the pipe

16 0<=-
Dn' VZ-n'f

extens ive

factor is a

flow there

experiments

function of

2.3.4 Deposition Velocity

The deposition velocity of a solid- liquid system is the

settle. Solids tend to accumulatewhich particles begin to

reducing the cross section available for liquÍd flow until,



they wí11 block rhe

is ofÈen used in the
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of velocities fromultimately,

4to5fps

value.

pipe. A range

industry as the deposition velocity

Despite the fact that blockage of the pipe is predicÈed

to occur at mixture velocities belov¡ 4.6 fps (Govier, Charles, 1961)

several rvorkers have obtained pressure drop data for mixture velocities

as low as 2-5 fps for certain concenÈrations. Bonnington (1959) has

observed that substantial depositon of sand took place at velocitíes

only below 3.5 fps.

The deposition velocity is related to the fall velocity

of particlec, 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 velocíties

above the deposition velocity. At INCO's Thompson mine the deposition

velocity was found at about 6.0 fps. (ster,rart, G. personal comm. )
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AIDRÂTILIC BÁCKFILL

3. 1 HYDRAIILIC BACKFILL OPERATION

Hydraulically placed ¡níll tailings have been used as backfill

at a few mines for several decades. The increased costs of labor

and naterials in mining and the necessity for increasing the efficiency

of mining cycLes have resulted in an expansion of the use of the

'lhydraulic filltr method. This process is applied to fine-grained

material. suspended in rdater and carried through pipes to the point

where ít 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 Ëhe ore body in contrast to lower recovery for

stope or room and pillar methods.

The deficit of ni11 tailings for the hydraulic fill process

is normally made up by:

AlluviaI 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 wíth tailings.

3.1.1 Advantases and Disadvantaqes of Hvdraul ic Fil1

Advantages

The imredíate use of waste material from nills and the

elimination of surface environmenËaI impact make hydraulic fill
an attractive solutíon for míne taílings aLlocation. The cost of

material is usually less than the cost of filling with r{aste rock.
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sand and fine material form a tight fil1ing, flowing into cracks and

irregularities in the wa11 rock. The hydraulíc fill is a very rapid

process. Ilhere gravity flor^r is used energy costs are rninimal.

Disadvantages

The r^rater used Ëo transport Èhe fill must be pumped out

again at an additional cost. If the

proportion of slimes, both the draining

become dífficult after they are run into

wa11 or roof rocks are argillaceous the

workings may cause softening of these

difficulties.

from the ore. The disposal of tailings

the industry, consequently, the obejctive

to dispose of the tailings as cheaply as

to find a beËter use for them.

The Thompson slag consists of

tailíngs contain a large

and the fill solidifÍcation

the mined-out area. If the

introduction of qTater in the

rocks with consequent support.

3.2 BASIC CHARACTERISTICS OF THE PROPOSED INCO SLURRIES

3.2.L Constituent Materials

Tailings are

of ground-up rock that.

the waste product of mine mills.

remain after the míneral value has

during the smelting process. Extraction slags

oxides among the gangue minerals which can be made

temperature.

They consist

been removed

is an additional cost for

of all mine operators is

possible: or preferably,

me 1 ted silicates produced

are formed from the

fluid at a reasonable

The addition of cement to backfill process began in 1967.

The cemented mixture is mainly used for floors, pillars and si11s,
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and is thus only occasionally added to the slurry.

íntroduced toA flocculant agent was the fill process in

L972 (Alchem 85030), a high molecular weight anionic polymer in liquid

attract the small slimes particlesform. It supplies negative ions that

to form large flocculated masses which settle rapidly and are more

readily retained in the fill nass.

3.2.2 Concentration

The concentration of solids plays an important role in the

hydraulic backfi1l. The backfill process requíres a mixture with

the highest possíble concentration of solids without losing its

fluidity. At INCOTs mine, the operative concentration of 60 to 65%

by weight reduces the considerable volume of water to be pumped out

after the fÍ11. It accelerates the filling Èime and prevents excessive

mígration of cement and slimes over the surface of the load. rn

addition, the compressive strengÈh of the mixture when d.y depends

uPon this high range of concentrations. Studies made regarding this

matter have shorvn that a drop in densities ftom 65% to 60% by weight

results in a decrease of 50"/" in compressive strength of the mortar.

(Ashton, Haskins, 1980). For the purposes of this work the

concentrations to be studied are 55 and 65"A by weight (approximately

30 and 40% by volume).

The quantity of slag ín both concentrations is in the order

of. IO% and 207" of the roral weight of solids.

The use of slag as a supprementary fill is not a new idea.

Different mines throughout the world use ground slag to make up for

deficits. However, Èhe 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 fi11, hence, the lower cost use of

granulated slag in the mixture was proposed.

rn general, the addition of granurated slag to cemented

ni11 Ëailings 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 hras found at around

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

3.2.3 Particle Size Distriburion

The

charact eris t ícs

and extract the

grain síze disËribution of tailings depends upon the

of the ore and the mi11 processes used to concentrate

metal values (Figure III.1). The size reduction of

the slag I¡ta S obtained from ttquenchíngttwater poured on hot slag to

crack it by thermal shock.

3.2.4 Basic Chemistry (Mineraloey)

Table III. l lists the chemical analysis of the fill sarnple

content of L6%.used in this work indicaËing a pyrrhotite

Distributions of

area for the total fill,

weight, pyrrhotite and pyrrhotite surface

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 L2% of the

pyrrhotíte and accounts for 54% of the total pyrrhotite surface area.
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FIGURE TTT.2
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rable rrr.l cEEllrcAL ^aNALYsrs oF TEol,tPsoN BÂCKFrLL sÁHpr.E

/" f'e total

%Ni

%cu

%s

% Pyrrhotite

3.2.5 Densitíes

Specific gravity

Specífic weighr (f¡lfr3)

BuIk densiËy-dry (rulrt3)

13 .00

0. 195

0.012

6 .46

16 .00

3.0 2.7

187 168

93 87-90

facilities to test slurries are based

system. The creation of

Densities of the solids are presented in the following Tabre:

Table TII.2 DEIISITIES OF FILL D|^ATERIALS

Mill Tailines Moak Sand

3.3 PILOT PLANT DESIGN FOR SLURRIES TEST

Mos È of the

pipe 1 ine

S lag

3.5

2r8

L02

upon a

takes

medium

rec irculat ing

place ín a

are mixed.

the tank.

tank where the solid particles and

the suspension

the continuous

The pump, used

An apparatus to

to circulate the

test slurries will

slurry is normally below

be described in greater

detail in the nexÈ chapter.
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DESCRIFTION OF TEE BESEARCE APPARATUS

4.I INITIAL STUDIES

In 1981' the University of Manitoba and INCO Mining Company

signed an agreenent to initiate studies of slurry transport. The

major concern rras to examine unit headlosses for proposed tailing

mixes in the míne pipelines. For that purposer the construction of

a pilot plant Bras contemplated.

The system 1ay-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 rdas gaíned

Originally, a set of pipes, 2, 3 and 4 inches in diameter

was proposed, but the need to exÈrapolaÈe to larger pipe

diameters suggested a replacement of the 2 inch for a 5 inch pipeline.

This was necessary as relative Reynolds Number effects r¡ould produce

faulty data in a 2 Ínch line (1.1 . Schriek, pers. comm. ) en open recircu-

lating loop lras initially bui1t, 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

fricÈion was controlled after the installation of a cooling-jacket.

The high concentration of solids in the pump scroll-case

proved to be a problern in its performance. The pressure inside the

casing forced the parÈícles to enter Èhe stuffing-box throat. The

abrasive action of the material resulted in heavy leakage through
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the purnp throat, eroding seal rings, shaft packings and bushings.

A pressurized flushing arrangement in the stuffing-box eliminated

Èhe problem. This arrangenent required the 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

t2, 13).

RECIRCULATING PIPELINE

1 Principle

2

2

4

4

In a recírculating scheme, a booster pump forces

to flow through a pipeline circuit. The inlet of

immediately below the mixing tank and its discharge nozz\e

to the circuit. rn an ttopentt system the free-extremity

ends in a deflector box with a free air surface. A hinged

the box deviates the flow either to the sampler or to the

whereas in a ttclosedtt system no free air surface occurs

free-extremity is submerged in the mixing tank.

the material

the pump is

connected

the line

1S

of

plate inside

mixing tank,

before the

4.2.2 Main-line

The main line consisËs of a steel pipe network rvhere all

testing and measuremenÈ devices are installed. The single 3 inch

pipe discharging from the pump (F'ig. IV. I) is divided inËo three

independent lines of 3r 4 and 5 inches in diarneter. These lines run

horizonÈa1ly avray from the pump¡ ascend to a second level and make

theír way back ending in a single 4 inch pipe in r¿hich two plug valves

are mounted to obtain external samples. Finally, a y-connection

bifurcates the return line with both branches submerged in the mixing



SLURRY TEST SYS-TËM
sctslÉllA'l.lC ÞLqGRa¡a

oBsÉflvA.rloN srEcTIoN

FIGURE IV.1

PRÊq.qURE. TAP

MA6NETlc
FLOWMÉTËR

PLUø.VALVES

BY.PASS
LINE

CEI\¡TRIIUgAL ÞU¡4P
NJ
\o

DÊNSTTY 6At'€,E

I

WE¡gHT
TANñ

I
l
t
I
t
I
I
I
I
I
,

I

t

I
MIXIN€

T:ANK

slroRT
LOOP

TÉSf SECTION

+
I

I

!

ÞrNct{
VAL\/ES

+- FLOW COOLING¡ JAG'FÊT

ET4ER€'E.NG'Y LINE'

PoLvsoñ¡rc-FrowÌ4ETER



30

tank.

The nozzles attached to the free-endsr are circumferentially

tangential to the tank wa11, 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 purnp level.

The test section is encountered in the returning leve1 of

the main 1ine. Devices

pressure taps are found

sect ion ltas l inited by

for "fu1Iy developed

fill the whole pipe.

(Itrasp, et a1. L977).

16.90 and 13.80

Each

florv" in which the boundary

In this region the velocity

Lengths for the 3, 4 and 5

such as density gauge, thermo-couples, and

in this segment. The length of each test

the geometry of the Lab and the re quirement s

has gror¡,Tr Èo

is constant.

inch pipe are 21.30,

layer

pro fi le

of transparent plexiglass located íuunediateLy

Through it, suspended material and particle

The diameter ís identical to the steel pipe

flanges.

4,3 SHORT LOOP AND BY.PASS LINE

The short loop is

from the

a 3 inch pipe branched off

discharge. It rises

discharge submerged.

mixing tank prior to

feet respectively.

branch of the main line has

Etart -up.

of the

a 5 foot-long pipe made

before the test section.

motion can be observed.

and aligned with it by

the pump

has its

4 ínch pipe,

suction 1ine.

pump into the nixÍng tank and

Its purpose is to suspend the material in the

The by-pass line, a

connects the upper half mÍxíng tank to the punp
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It serves to rrtithdraw clear lrater 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 PI]MPS

4,4.1 Centrifusal Pump

Centrifugal pumps accomplish the

by the conversion of velocity head into sÈatic

generation of pressure

head. The roÈary motion

the form of a velocity

consists of a vertical 4 inch submersible

inside the srnall sump near the apparatus.

a series

of the impeller

increase. This

adds energy to the fluid in

velocíty 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 trrlorthíngton model lþ 3R111 wíth a single end-sucrion ( 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 drÍven 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 por,rer.

4.4.2 Emergency Pump

The

pump ( I\4 HP) .

A hermetically

emergency pump

It is installed

sea led

of impellers made of

The entrance in the

mot.or , in l ine with the

fibre glass. The shutoff

slurry system is located

pump, drives

head reaches 131 p. s. i

thTo feet anay from Èhe
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centrifugal purnp discharge. The emergency pump performs three tasks:

it injects pressurized water to prevent clogging along the lines. It

aerves to diLute the mÍxture when necessary. It flushes the pipe

network for a new test program.

4.5 TANKS

4.5,I I{eighing Tank

The weighing tank is also a volumetric

an external sample of the slurry flow. It consists

container with conical shape at Èhe bottom plus a

cables(plate 10). The whole unit hangs by three

device to obtain

of a cylindrical

valve at the end

strung from load

mixing tank after

as a max1mum

process take

an aperture

ce11s. The slurry sample is puE back into the

measuring its weight and volume.

4.5 ,2 Mixi Tank

This steel tank is also circular having 6 feet

diameter (plate 8). The solids loading and the mixing

place in this unit. The cylindrical r^rall has two outlets;

to the by-pass line and a drain for excess wâter. A vertical shaft

is centred inside Èhe tank and holds circuLar gratings which eLiminate

the vortex produced by rotational motion.

4.6 VALVES AND SAND.TRAPS

The system has

line and in the short

handling as they cannot

a set of pinch-valves

loop. Pineh-valves are

be jarrmed by solids and

installed

suitable

abras ion

in the main

for slurry

is a minimal
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problem (plate 6). Butter-fly valves are used

and main drain (Plate 14).

A coupLe of plug-valves are mounted in

Only one of them must be open at a time. I,rlhen

is Èo be collected these valves shift Ehe normal

tank (Figure IV.2, Plate 11).

The sand-traps are sna11 cylinders

taps. Their purpose is to 'rcatch" the solid

thus preventing any contact between the

solids (plate 15).

in the by-pass line

the returning pipe.

an external sample

flow to the sampler

connected to the pressure

sti1l \,raterpartícles in

manometer-liquid and the

also provided in these units,

solid particlesbe cleared of

Flushing vrater connections are

so thaË the lines to the manometer can

(tr'igure IV.3).

4.7 MEASUREMENT DEVICES

Different devices to measure flow

drop, density and temperature

of each piece of equipment is

are installed in

presented in this

rate , velocity,

the system. The

section.

Pres sure

funct ion

4.7.I Masnetic-Flowmeter

A magnetic Flowrneter is

of the apparatus (Plate 9). This

electrically insulated metal 1iner.

of metal elecÈrodes. Electromagnetic

installed in the vertíca1 section

unit consists of a tube with an

opposed pair

external to

the metering tube in

Iühen the

The tube has an

coils are mounted

a protective casing.

coils are excited by an electrical current they

field at right angles to the axis of Èhe fluidgenerate a magnet ic
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passing through Èhe

field an electrical

is proportíona1 to

tube. As the fluid

potenEial develops

the volumetric flow

magnet ic
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passes across the magnetic

around the electrodes which

raËe. The voltage sígnal

flow transmitËer, to either

The flowmeter does

generated is converted, in the

a standardízed current signal or

not present any restriction to the

an output cue.

fluíd flow.

4.7.2 Polysonic-Flowmeter

The polysonic

shift of an ultrasonic

fluid stream to obtain

In the research

flowmeter makes use

signal reflected

flow measurements,

of the Doppler frequency

from discontinuities in a

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 transmitÈed through the pipe wa11 into the f1uid. 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 flor¿ velocity.

4.7 .3 Volumetric Sampler (i.e. mixing tank)

apparatus provision has been made to obtain

flov¡ rate measurements volumetrically (plate 10). A

mass is diverted from the main line and coll-ected

tank. The shifting process

times up to 30 seconds.

temporary slurry

in the weighing

takes place during 0.2 seconds, with sample
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and weighÈ of

of solids are

volumetric sampler

a momentary sample,

easily obtained.
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tank provides the volume

density and concenÈratíon

or weighing

hence the

4.7 .4 U-Tube Manometers

A U-Tube manometer is províded for each test section to

measure the Pressure drop exerted on the interior rvall over the entire

length of pipe (tr'igure 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 miniaÈure

pressure sensors. They consist of strain gages r¿hich combine a ful1y

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 r¿ith 1ow

sensitivity to extraneous vibrations. The semiconductor circuitry

Ís fully compensaÈed for temperature changes in the environment. The

output is given in P.S.I. with a range of f 5 psi.

4.7.6 Nuclear Density Gauge (Gamma- logger detector )

gauge

device

ls).

Measurements of specific gravity are obtained by a nuclear

¡¿hich makes use of a gamma radiaÈion beam across the pipe. This

consists of a source housing opposed to a detector case (plate

As the material flowing in the pipe section becomes denser,

of the radiation beam is being absorbed. The detectormore and more
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converts the remaining radiation field ínto a proportional electríc

current.

4.7 .7 Cooli Jacket

Since rec ircu 1aÈed

the internal

the solid-liquid mixture is constantly

rises, mainly due to the friction against

wa11. This effect is controlled

its temperature

in a larger diameter concentric

flow passes through the cooling

automatic valve responding to a

Pípe

l ine

water

by an

by enclosing a section of each

pipe (cooling jacket). A cold

jacket, with flow rate regulated

thermo-couple (plate 7).

4.7 .8 Heating Elements

In order to accelerate the rate

needed, tr.ío heating elements are installed

provide 6,000 v¡atÈs of heating. An example

is shown in Figure IV.4.

pipe

and computer.

The

of temperaËure-rise when

in Èhe mixing tank and

of the temperature-rise

4,7.9 Thermo-Couples

The thermo-couples are probes attached externally to the

electronic recorderwall. They transmit the pipe temperature to an

of the slurry

and regulates

Temperature Control System moniÈors the temperature

mixture. It compares temperature to temperature setting

flow through the coolíng jacket íf necessary.
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CEÁPTBR V

DATA COLI,ECTION PROCEDT]RES

5.1 STEPS TO INITIATE A SINGLE RUN

and in mines

methods of testing slurries in recirculating pipelines

are similar in principle. Solid particles and 1íquid

are loaded into the rnixing tank to reach the effectíve concentration.

all valves are closed, the pump is off, and there is

The

At this point,

no circul-ation

arrangement on

through the pipe network. To initiate a run, a flushing

Èhe pump gland has to be opened. Flushing can be defined

as the introduction of liquid into the stuffing box of the pump aË

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 ímpeller from entering the

stuffing box. The box also must have an outlet to drain the external

flush liquid: so that the amount of dilution ¡,¡i11 depend only upon

the restricted pressure differential between the flush liquíd and

the product behind the impeller.

I^Iith the valve at the bottom of the mixing tank crosed,

the by-pass line ís opened, withdrawing clear \{ater 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 menÈioned earlier, the mixing process will take

place by rotational agitation which is the result of a jet discharging

from t.he nozzle at the free-end of the line.

Llhen the mixture becomes fu11y suspended the valve at the

bottom of the tank is gradually opened. At the same time the by-pass



4T

line ís closed. The flow rate ís adjusted to obtaÍn a better nixing.

I{hile the circulation in the short loop is maintained, one

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

procedures. Fina1ly, the circulation ís shifËed from the shorÈ loop

to t,he main line. Up to this step no measurements have been taken.

5.2 DATA ACQUTSTTTON (UaUUelly)

CoLLection of data in each branch uses the same procedure.

A typicaL test

and controlled.

the sonic-meter

once the temperature needed

the pump at its maximum povJer

rate is procured.

The density of the míxture is then verified wiEh the nuclear

gauge. Adjustments can be done by adding more solids or'Liquidr oïr

by shutting the entire system down to decant some water.

Flow velocities are recorded at one second intervals through

which 50 readings are

begins

l,Iith

has been reached

the highest flo¡v

averaged with the

and magnetic-flow

assistance of the computer.

the test secÈion is measured inThe pressure

the U-tube manometer.

drop along

Once the above readings are completed the

in steps until the deposition velocity is reached

data are obtained.

velocíty is reduced

In each step new

There are two methods of reducing velocity: either lessening

the purn¡ power or opening the short loop gradually. The latter provides

an addiÈiona1 nixing energy Ín the tank. Another way of obtaining

the flowrate, density and velocity of the mixture is carried out using

meter in

,t\{*

,i. ¡,rlì ..r

*toB ,!1..L ¡,,,,,.
¡:jj.,4

the volumetric tank. The plug-valves momentarily

'/.:'

f lor^r



inÈo the sampler. The time of co1 lect ion,

material is

weight, and

allowed to
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volume of the

return to the

for further

sample are recorded, then

system. Data readíng and

analysis and comparisons.

comç.utations are tabulated

the

5.3 DATA ACQUISITION ( ¡LncrnoNrcALLY)

A computer program sirnilar

D has been prepared, which does not

The program ís written to obtain the

devices. However, due to a recent

the program is waiting to be updated.

and graphic representations.

5.4 SHUT-DOI4IN PROCEDURES

Shutting the system

Before shifting the

It will provide automatic results

down is the reverse of the starting

to the shortflow from the main line

to the

require

data via

one shown in

a manual input

Appendix

of data.

interfaced input

the instruments

var].0us

recalibration of

process.

loop the

cr i t ical

danger of

are used

ve loc ity

value of

plugging

to shÍft

loop. Then the by-pass line is

is gradually closed, finally the

are shut down.

of the suspension, which has normally reached the

to be increased. Thethe deposition velocity, has

the line will be thus eliminated Two pinch-valves

line to the shorÈ

valve in the tank

the circulation from the main

opened while the

punt and its flushing arrangement



CEÄPTER VI

IIATA RBDT]CIION

6.1 RAI,¡ DATA AND MANIPULATIONS

Raw data are usually expressed in base units. A typical

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

computer prinÈ-out, Table VI. 1.

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

of its maximum.

- The polysonic-flowmeter provides readings in litres per

second.

- The Gamma-logger density gauge displays the specific gravity

of the suspension.

- Pressure drop Ís measured in inches of manometer fluid.

- CollecÈing and shifting time for an external sample are

gíven in seconds.

- Volurne of the sample in U.S. gallons.

- Weight of the sample in pounds.

- The averaging scheme in the computer converts the Mag-meter

readings to feet per second.

- TemperaËure Ís measured ín degrees centigrade.

Once the raw data are obtained, derived and basic slurry

variables can be calculated either manually or by computer. The data

are stored 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

inputs to hydraulic

The right side of the

water and feet of water per 100

are used when the carrier fluid

- Feet of slurry:

Hvn
HS = o7j- (SGMF -1)

-vm

- Feet of water:

HI^t = HUr, (SGMF -1)

com[,uter prinÈ-out (table

DespiËe the fact that the velocity is obtained directly

from elecÈroníc 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:

Q=
60 x vol.ume (u.s. gal.)

(sec. )collecting time

where Q = Discharge G.P.M.

also

q = G.P.M

where q = Discharge

Ve 1oc i ty

(0.0c2228)

in each line is derived from the continuity equation.

Thus V

where:

A = cross section area

V = velocity, F.P.S.

The head- losses are

of the tesÈing pipe in ft2

expressed in feet of slurry, feet of

feet of pipe. The following equations

is water.

(6.1)

variables are the result of converting the raql

terms such as discharge, velocity and head-loss.

VI. 1 ) shows the results .

c.f.s

s
A

G.2)
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- Feet of water per 100 feet of pipe

HL = loo
Hw xT- (6.3)

where:

Hù̂

Hw

HL

Hur

sG*

sGu¡'

L

Head-1oss, feet of slurry

Head- loss , feet of r{ater

Head-loss, feet/ 100 feet of pipe

pressure drop ín U-manometer, feet.

specific graviËy of the mixture (slurry)

specific gravity of the manomeÈer liquid.

length of pipe test section, feet

6,3 BASIC SLURRY VARIABLES

6.3. I ConcentraËion (C)

concentration of solíds is expressed in percentage by weight.

rn practice, a specific gravity curve is used to deÈermine the

concentration (tr'igure 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

Concentrat ions :

55% by weight (ZS% Ay volume)

65% by weight (3A% Ay volume)

I"IIXTURE II: 80% tailings + 20% slag

Concentrat ions :

55"/" by weight (ZA% Ay volume)

65"L by weight (31% ty volume)
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6.3.2 Shear Stress ('f )

The low range

slurries allow use of the

is not usual. ly important

ldall shear stress is:
tT _D^p'!t - -4L

where:

Tw = r¿a1l shear stress, p

D = pipe diameter, feet

ÂP = pressure difference,

- L = length of pípe test

(For derivation see Appendix C.)

48

of velocities and the highly concentrated

formulation for laminar flow. pipe roughness

ín this region (Harris, Quader, I97I),

(6.4)

s.a

P.s.i.

section, feet.

6.3.3 Rate of Shear (au/¿y) or velocity gradient

Rate of shear for laminar flow in

by the following equation (for derivation see

du 8V

a circular pipe is given

Appendix C):

(6.s)dvD

where:

V = velocity, F.P.S.

D = pipe diameter, feet

(au7ay¡ = rate of shear, sec-1

Due to the complexity of the velocity profile, laminar flow is assumed

for the purpose of obtaining an 'rapparent viscosity".

6.3.4 Apparent Viscosit v

fLl^=-x du/dy -- t44

(ug)

(6.6)
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where:

T=

du/dy

l.la

A computer

the derived and basic

shear stress, p. s. i.

rate of shear, sec-1

aPParent viscosity, &*g
ft¿

algorithm was developed to cal-culate most of

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'r program facilitates the loading

Process. Raw data and pipe diameËer are the inputs. Calculations

and printouts ere iromediately obËained (". g. Table VI . 1 ) . A softr+are

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 8.1 to B.4l in Appendix B show the plotÈed points.

Since the energy consumption expressed in head-loss per pipe length

17as 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.

ConnecÈÍng points one by one following the trends as possible,

Permítted generatÍon of interpolated values. Some extrapolatíon u/as

also obtained (dotted line in graphs).

Apparent viscosity versus rate of shear was plotted to

ídentify the rheologícaL behavíor of the mÍxture (Figures 8.18-8.27).

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

comparison.



CEAPTER VII

DATA ANATYSIS

7.L PRESENTATION OF DATA PLOTS

7.L.L Head-Loss vs. Velocity (Figures 8.1 to 8.17, Appendix B)

Figures 8.1 to 8.8 show the experimental results for the

90/L0 (90"/. tailings + Lo1. slag) mix. Figures 8.9 to 8.17 presenr

the experimental results for Èhe 80/20 rnix. Figures 8.1 and 8.2 present

the early data obtained at 55% concentration for 90/10 in March, 19g3.

Figures 8.3 to 8.5 Present the data at 65"/" concentration

by weight for the 90/I0 mix. These data lrere obtained in September.

However, during the period from March to SepËember the mixture remained

ín the system. Deficiencies in the apparaÈus such as pto, mixing

energy, and errors in the density gauge did not provide reliability

for higher concentrations as the density measurements v/ere in error

clue to a leaking argon gas chamber in the detector. Finally a

concentration of 65% in 3t' and 4" lines lras reached. The maximum

for the 5t'line liras 63%. A jellied appearance vras noticed in the

mixture with a very slow sett1.íng velocity. The results of these runs

produced extremely high head-losses. An attempt to reproduce the

data of March r¡as then undertaken.

The mixture !¡as d i luted unt i I the concentrat ion reached

55%. Figures 8.6 to 8.8 shor.r

data in Figures 8.1 and 8.2

between the fresh material in

Ín October. High head-losses

that sonething took place in

the attempted reproduct ion of the 55"/.

The result vras a clear difference

March and the o1d material run later

and different curve shape indicated

the slurry over this period of time.
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The deposition velocity rüas also different, being lor+er for the old

material.. The fa11 velocity of particles, mainly for fines, r{as far

slower than before. These findings suggested an unmeasured variable

rúas affecting head-losses as the varÍable caused ttageing". To explain

the Èirne-dependency in the mixÈure a closer study was required. Factors

which cause partícles to remain stable despite passage of time are

sometimes expLaíned by the phenomenon of the electrical doubLe layer

consisting of the charged-partícle surface and a surrounding sheath

of ions of charge opposite to that of the particle surface. A

consequence of the electrical double layer around each particle in

ltater is to create regions of eLectrical potential in a buLk míxture

that nominally has a zero potential.

The system was emptied and a nelr slurry mix, B0/20, qras

tested. Figures 8.9 to B,L7 show the experimenÈal results. Figures

8.9 - 8.11 represent the 55"a concentration. rf they are compared

ltith the results of the 90/L0 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. r¡¡as observed usually in Èhe 3

inch 1ine. Lo¡.rer velocitíes than 5 F.P.s. could be run but $rere

normally affected by a "queuingil problem

pipe resulting in a bed formation whích

proceeded. This problem was detecÈed by an

at the foot of the vertical

extended upstream as a test

increase in slurry density.

the runs remained constant.The physical appearance of the mixture after

Before the addition of solids to

some points hrere reproduced for the 55%

65% concentration

discrepancies. The 657. runs are shown in figures B.Lz

with negligible

to B. 14. High

reach the

80/20 runs

head-losses are observed. Most of the curves are concave downwards
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denoting plasticity at low velocities. The deposition velocity Ì¡as

reduced to 3.5 F.P.S. It nas ímpossible to disÈinguish eny bed

formation in the solids. The míxture exhibited a different appearance

after the experiment. Fine particles hrere totally díspersed with

a longer settling time. However, several points r¡ere reproduced without

discordance.

Figures 8.15 to B.l7 were obtained from the plots for the

80/20 mix. The results are separated

figures iÈ is cLear that temperature has

effect is more evÍdent in smaller

by pipe diameter. From these

pipes. The importance of

concentration is also demonstrated by these figures.

7.L.2 ApÞarent ViscosiÈy vs. Rate of Shear (Figures 8.18 to 8.27'

Appendix B)

in design ofTo assist

apparent viscosity vs

of the slurry cannot be

an effecE on head-1oss. This

predictive equations for headloss,

rate of shear rdere made. Since the

expressed in terms of a ttviscositytt,
pLots of

behavior

apparent víscosity has been used

mixture s .

as an indicator of Itthicknessttbetween

It can be seen from Figure II.1, in Chapter II, that the

values of aPParent viscosity for a yield-pseudopLastic fluid decreases

wíÈh increase of applied shear rate. In the experiment, at 65% solids

concentration by weight Èhe 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 Ís affected by the "ageingt' process the apparent

viscosity increases wíth a decrease in shear rate.
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7.2 BIVARIATE PLOTS

To assist in model design bivariate plots of the independant

variabLes with unit head-1oss were generated.

7.2.L Head-Loss vs. Pipe Díame ter (Figures 8.28 to 8.31, Appendix B)

From interpolated and extrapolated points, curves of head-loss

vs. pipe diameter nere generated. Figure B.2g clearly shows that

the data are in error for the 4" line for the go/ro mix. The

exponential varíabí1iÈy 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 p1ace, Figure

B'29, 8.30, 8.31. A family of curves for dif ferent velocitíes \{as

then plotted. High velocity information in the 5 inch line was derived

from an extrapolation for a velocity of L2 F.p.s. The variation of

clear qTater at 7 F.P.S. serves for cornparison.

7 .2.2 Head-Loss vs. Temperat ure (Figures 8.32 to 8.35, Appendíx B)

Temperature !¡as normally controlLed by the cooling jacket.

Values of 25, 35 and 45 degrees eentigrade were used in the experiment.

unfortunately, lower temperatures v¡ere impossible to reach. Figures

8.32, B.33 are obtained from data for the go/Lo mix. An inverse

relationship betv¡een head-1oss and temperature is noticed in most

ceses. only in Èhe 3 ínch line is the variation direct. For the

80/20 mix, rvhich is considered more rel.iable, the direct relationship

is shoun in all cases. some discrepancies in Figures 8.35.a and 8.35.b
are referred to Fig. 8.15 and 8.16 respeetívely. The discrepancies

are like1y produced by partial brockage of the pory- lines to the



6and-traps by solids.

7,2.3 Head-Loss vs. Concentration (Figures

These fÍgures show the effect of

for equal veLocities were joined t¡iÈh

actual relationship may be nonlinear

concentration of 60%. ConcenÈration

smaller pipes. The bigger the pipe

degree of divergence toward high

inch line for both samples.

I^Iith all the daÈa plots

behavíor shall be now undertaken.
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8.36 to 8.41, Appendix B)

solids concentration. Points

a straight line. However, the

and disconÈinuous at a weight

effect was more noticeable in

the less the variation Figure

certain

the 5concentrations is noted in

B.38 presents extrapolated values for 65% concentration. A

presented, discussion of the slurry

7.3 DISCUSSIONS

7.3.L Discussion of Data

Theoretical fluid curves !¡ere presented in Chapter II in

which a non-Newtonian fluid can be identified in a plot of apparent

viscosity vs. rate of shear (rig.8.1). rf vre observe the actual

curves obtained in Figures 8.18 to 8,25 it is clear that the slurry

behavior is non-Newtonian within the range of our major variables.

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

plot. It resembles the behavior of a yield-pseudoplastic fluid. On

the other hand, at 55% concenÈration the plasÈicity is neither

Persistent nor 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. rt seems that

what rras a pseudopLastic fluid has turned inÈo a yield-pseudoplastic

fluid (figs. 8.19, 8.23, 8.26).

Another important fínding is that the apparent viscosity

tends toward a constant v-alue at high rates of shear (e.g. 350 r""-1)

regardless of concentratíon and tirne-dependency. rt appears

that high shear disrupts the electro-chemical bonds generated by â

high zeta-potential. Plasticity is thus to be considered only aÈ

lon range of velocities (".g. 4 to 12 F.p.S.). The concave dovmward

shape ín a plot of Head-Loss vs. VeLocity nay also indicate the presence

of a plastic fluid. Most of the figures at 65% concentration by weíght

show this peculiarity.

zeta potential may also play a role in changing HL for

the 55% concentration after an exÈended time period. The most likely

phenomenon is a change in zeta-potentÍa1 of the co1loida1 matter.

In L982 an Australian researcher (Horsley) concluded that in Iaminar

slurry flow a change in head-1oss gradient at constanÈ concentration

of solids and constant velociÈy and temperature can be explained in

terms of zeta Potential. Furthermore he poÍnted out that for solid

concentrations exceeding a minimum vaLue of 28% by volume the yíeld

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 (ZS% Ay volume), the mixture hras in the upper Lirnit of what

is Horsley's 1ow solid concentratíoR slurry. AddiÈionally, the

percentage of f ine particles (d so ( 50 ¡rrn) was high (rig. rrr . l ) .
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The percent fines slightly increased after continuous

recirculation through the system. Hence the surface/volume ratio

But what really became the major component

that after the first run of 557" ín March

of the fines was increased.

in this change was the fact

there htere many attempts to obÈain a value of 65% concentration due

to the faulty genma-logger. More solids hrere added and mixed. Not

until the month of September was the 65% concentration reached afËer

the ganma logger was fixed. By the time thís occurred Èhe effecÈs

of zeta potential ltere 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 ¡nix taken in September/October were affecÈed by these elecÈrical

repulsive forces. Although somervhat conjecturaL as a ze1a probe was

not avaiLable, this scenario appears 1ikely.

There are s t i 11 tr^To ques t ions Èo be ansrr'ered . The f irs t

is how rapidly the zeta potential affects the head-loss gradient in

a recirculating system. or at least, how Long does ít take to become

a sígnificant parameter. The second is where do the electric charges

Íncrease, in the 1ine, in the pump, in the mixing tank, or throughout

the system. the increase could be the resuLt. of continuous friction

betr¡een particles and the inÈernal pipe wa11, or friction between

particles exerted by the punp and mixers. To ansqrer these questions

an experiment wíll be undertaken ín the Hydraulics Lab. It will consist

of constant measurement of zeta potential for different samples. fn

the meantime, the results trill 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 lÍne with the interests

of rNCo Ltd., model building will concentrate on the 80/20 rnix.

considering the effect of pipe diarneter, figures 8.9 to

8.17 show that the slopesof the curves become steeper rsith a reduction

Ín pipe diameter. Friction is high in smaller pipes. Fig. 8.30 and

8.31 provide a closer view of this non-linear relationship. Another

factor ín Èhis varíation may be the ratio d5g/D (particle size/pipe

diameter) in which dSO becomes more important in small pipes.

The temperature effect can be observed in Figs. 8.34 and

8.35. There Ís a slight but definite increment of head-Loss when

temperature rises. To explain this phenomenon in a high concentration

s lurry, cons ider that the higher the Èemperature the less viscous

the carrier fluid, therefore, fa11 velocity of particles increases

with a resulting reduction in homogeneity of the suspensíon. Friction

and colision between solids occurs more often. This effecÈ is more

evident in smaller pipes r¡here particle size plays an importanË role
(rigs. 8.34, 8.35). Figures 8.15 to B.17 show ÈhaË temperature has

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

The effect of concentrat ion is obvious . An increase in

concentration will result Ín higher head-1osses. Apparent viscosity

thus increases. Pipe diameter interacts ¡¡ith solids concentration

to make the variation ín headloss more pronounced in sma1l pipes (figs.

8 . 39 , 8 . 40 , 8 . 41 ) .

The deposition velocity atas found to be lower for the 65%

concentration, as the increase in viscosity with a larger concentration

reduced fa11 velocity. This effect L'as even. more remarkable after

the dispersÍon of fines due to zeta potentíaI.
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A persistent irregularity noted as a ttlumptt in curves

head-loss vs. velocity (figs.8.L2,8.13,8.14) 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

increasíng the roughness between the two layers. saltation or

rePetitive leaping motíon may occur in the interface. Another reason

night be that the percentage of cross-section area with low

concentration decreases with an increase in velocity gradient. The

momentum transfer from the sLow velocity region may produce asymmetric

distríbution of velocity Ín the entire pipe cross section and higher

head- losses.

Given these discussions and findings, prediction of the

variability in head-1oss for a 6-inch pipe become feasible within

the range of variables used. Figures 8.30 and 8.31 clearly indicate

thaÈ the use of a 5" line rather than a 2" 1ine produced better

information for a scale-up extrapolation. However, the 5" pipe

velocities could onl.y reach 8 fps. It was inpossible to obtain higher

velocities due to the restrict.ed 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

in the apparatus, systematic errors, un-reliability

the limited knowledge of slurries.

result of bias

of devices and

The density measurements from the nuclear density gauge,
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Íf the concentratíon is low, c¿¡n always be verified in the weight

Èank. But for high concentrations (greater than 55% by weight) ttre

presence of a t'queuingt' phenomenon aLong the pipe produced erroneous

concentraÈions €Ë determined by the weíght tank for the same mixÈure.

This discrepancy required reLiance on the nuclear gauge only for high

concentrations. The zeta-pot.entíal effect l¡as a systematic error

inpossible to control. Partially plugged lines or leakage in

connections and sand-traps can also be sources of error.

Figure 8.1 to 8.5 show a systematic error in the 4 inch

line, caused by a leak in the u-Manometer. Figure 8.28 presents the

same defect. changes in zeta-potential affected the 90/Lo mix as

previously noted (figs. 8.3 to 8.8).

Figure B.L2 shows a discrepancy in the trend 
"; 

3 arrd 4

inch line losses. Figure 8.16 more clearly sho¡*'s thís anomaly. Since

the U-Manometers trere 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 t¡as exerËed at high

velocities of the slurry.

It is evident that after this essessment the only data Èo

statistically examine is that for the 80/20 níx.

7.4 STATTSTICAL MODEL BUILDING AND ALTERNATIVES

7.4.I 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 symrneÈrica1 flow, has not been used here but should be tried in

future work.
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The power model requires

and veLocity gradient in the forml

the relation between shear stress

't = K cll"

Nevertheless, ín practicar application the energy loss,

¡shich dictates PumP sizes, is normally expressed in head-loss gradienÈ.

To study thís parameter Èhe following mathematical models will consider

head-1oss as the only dependent variable.

substituting T= DIP - DgPhf
4L 4L

we obrain, lt = K (D€iL) ,ll"
rvherer hf = Head-loss (%) or gradient

L

K = constant

D = diameter, feet

V = mean velocity, F.P.S.

D = exponent

g = gravity force

f = density

Based on the last formula a bivariate model was builË for

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

technique on head-loss

Mode 1-a:

the logarithm of variables was used.

r.n (hr) =Po*Pl L" (;h)*Pr rr, (E)+eo

The statistical results of the regression are

The final equation for Model-a was:

Ln (hf) = 2.138 + 0.523 r,n ( 4 )+ 0.441 LnLDg

shown in Table VII.l

18v ¡
D

(1)

a negligible

used. The

However,

change in

in this work the carrier fluid Ís lrater with

specific weight in the range of temperâtures
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Head-loss can also be expressed by simplifying the ríght-side of

Model-a. Then:

hr
L f(D,v)

The next section will elaborate this approach.

7 .9.2 Present.ation of Bivariate Models

An analogue of Model-a r¡ras run for variables D (diameter)

and V (velocity).

The 80/20 mix equation for 65% concentration by weíght is

given by Model-b:

rn (hf) =
L

The log equaÈion is:

fr*f 1 Ln (D) +f zLn (v) +€o

lr, (hf )= L.620
L

The exponential Eq hf = 5.053 v0.44L D0.%1

0.961 r,n(D) + 0.440 LN(V) (2)

(2')

in Table VII.2. Figure VII.1

Q) . Evidently, curves for

Results of the regression are presented

equat ionshows a family of curves

model-a are equal to model-b.

The same approach

for the mixture at a 55%

log equarion (table VII.3)

ln (hf )= - 0.272 -
L

for determinaËion of head-loss r"ras used

concenÈration resulting in the following

0.790 r,n(D) + 1.037 Ln(v) (3)

for

Exponentially expressed

h¡ = 0.762
T

r¡1 " 037*DO;ag (3')
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Figure VII.2 shows the curves for equation (3).

rn models 'tatt and 'tbtt temperature includes the range from

25oC to 45"c. The regression techniques have normalized this range

to a value which tends toward 35oc. However, it was noted in the

daÈa discussion sectíon thaÈ changes in temperature affected the

head-loss variability. For that reason a three-variable model r¡ras

built.

7,4.3 Presentation of Trivaríate Model

( ve 1oc ity )

Model-c

The variables to be considered are: D (diameter), V

and T (Temperature).

The 3 independent variable equation is:

r,n (hr) = Po *P1 ln (D) +f z r.n (v) +p3 Ln (r) +eo

The 80/20 mix at cw = 65% results in the multiple regression

shown on Table VII.4.

The log equation is defined by

Ln (hf)= 1.051 - 0.967 r,n(D) + 0.428 l,n(v) + 0.166 ln(T) (4)

equat ion

L

or

h¡
-T = 2.86L y0.428 10.166 (4' )

D0.967

For 55"/. concentration the statistical results are in Table VII.5.

A log equation is:

tn (1r) = -t.54g -0.817 Ln(D) + r.018 Ln(v) + 0.366 l,n(T) (5)
L

or the exponential expression is:
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, \11.018 T 0.366hf = 0.2!2'
ï Do'817

(5')

Figures VII.3, VII.4 and VII.5 represent the changes of

explained by the three observed variables. Figure VII.6

Curves in

head- 1os s

shows a prediction of head-loss for a 6 inch pipeline based on equations

(4) and (5).

Despite the lack of information for intermediate values

of concentration an attempt to include concentration ín the model

was also considered.

7.4.4 Multivariate Model

factor,

Mode 1-d:

Assuming that concentration effects might be an addiEional

affected by an exponent, the following model was proposed:

rr, (hf)
L

=f" *P1 Ln(D) +f z Ln(v) *P3 rn(r) +f + rn3) +eo

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

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

L.

Ln ("t)
L

Figure

based

= -20.426 -l

4.944 ln(c)

7 and

, (6),

VII

043 ln(D) + 0.643 r,n(v) + 0.258 i.n(r) +

(6)

VII.8 show the curves of Head- loss vs . velocity,

65% and 55% respectively.

both cases. Curves and

on Eq

The temperature is assumed to be 25"C in

with concentration held at

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

Summary of Models

Model-a: hf=ft 4

L
Dgp

L

Model-b: ht
L

= f (D,v)

Cw = 65"/. Eq, hf = 2.13g (ofrlo.tæ rfllo.++r

8V
D

Cw = 65% Eq, E = S.g53 v0'44
L p0.961

Cw - 55% Eqt hf = 0.762yI.037
D0.79

Model-c: hf= f (D, V, T)

Eq' E = 2.86L
L

Eq. hf = O.ZL2

L

L
Cw = 65%

Cw = 55%

Model-d:

Eq. hr

v0.428 r0. 166

e0.967

vl.018 a0.366
¡0.817

hf=f(o,v,T,c)
L

= 1.3 x 10-9 v0.643 10.258 ç4"944

L

L ¡1.043

On comparing the predicted curves for each model with the actual plotted

data it appears that Model-d does not follov¡ the trend of points.

At a 65% concentration by weight the curve has been twisted giving

higher values of head-loss at high velocities and lower values at

low velocitíes. 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) , srith F value L663, the sequential sum of

squares (Type I SS) does

error. Addítiona1Ly, the

not present an incremental improvement in

variance in the residual plot is not constant

but increases with head-loss. 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 signíficant. 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 vrI.9 and vrI.10 show

plotted points of total actual data for the 80/20 mix in which the

t\,ro concentrations are cornpared. The points are represented by a

number which indicate the díameter, in inches, of the pipe used. The

concave-downwards shape at 65% concentration denotes plasticity while

at 55% concentraÈion the trend ís almost linear passing through the

origin. An imaginary extrapolation tor,rard 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

cauÈion is to be taken with regard to algebraic solution for the rest

of the variables.



DEPENDENT VARIABLE

SOURCE

I'ODEL

ERROR

CORRECTEO ÎOIAL

DF

2

87

89

SUII OF SOUARES

1o.41831733

o.4222G,634

lo. 84058367

iIEÂN SQUARE

5 . 209 15866

o. 00485364

F VALUE

1073.25

PR>F

o. oool

ROOI MSE

o. 06966804

R-SOUÁRE

o.96 1048

c.v.
.t .9423

LHL TEAN

3.58687408

LHL

TABLE VII. l

sas

GENERAL LINEÂR I,IODELS PROCEOURE

F VÁLUE

13:19 SUNDÂY, FEBRUÂRY 5, 198¿r . 3

TYPE III SS F VALUÊ PR>FSOURCE

LDIA
LRS

PARÂIIEIER

LDIA

LRS

DF TYPE I SS

66
48
77

PR>F OF

L r 1723468
2.30108265

67
47

40
o9

o. ooor
o. oool

E Sl I 
'IAlE

T FOR Fþ:
PÂRÄlilElER=O

PR > lrl SID ERROR OF
EST IMATE

o. 436 I 3390
2.30r08265

89.86
/¡74.O9

o. ooor
o. oool

INIÊRCEPI
LDIÂ
LRS

2 . 13A 1725A
o. 52306097
o .44067443

Ln (#)
LN (+)

o. oool
o. oool
o.ooor

O.1833¿t785
o.o5517928
o. 02023aa3

I
9
I

Equation (1):

Ln tfl = 2.L38 + 0.523 Ln ,#, + 0.441 Ln rSl +<.

!
L¡
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ÞEPENDENI VARTABLE:

SOURCE

üODEL

ERROR

CORRECIED lOTÂL

SOURCE

LHL

TABLE VTT.2

SAS

GENERAL LINEAR i'ODELS PROCEDURE

iIEAN SOUARE

5.20265€04

o . oo489529

ÎYPE I SS F VALUE

12:O3.SAÍURDAY, FEBRUÂRy lA, t984 3

OF

2

a7

a9

DF

E SI I MÂÌE

SUü OF SQUARES

ro. 4053 I 209

o. 42588992

ro.83 r20201

I . ro28584 I
2.3024s367

T FOR HO:
PÂ RÂi4El ER =O

F VALUE

1062.79

PR>F

o. ooor

ROOT MSE

o. 06996632

c.v.

I .9507

LHL iIEÂN

3.58673G22

R-SqJÄRE

o. 960679

2.58096899
2.?0245367

527 .24
470 -34

TYPE III SS F VALUEPR>F DF PR>F
LOIA
LVEL

ÞARAMElER

LDIA = r,n (D)

LVEL = T,n (V)

1655.24
470 .34

o. oool
o. ooor

PR > lrl STD ERROR OF
EST IMATE

o. ooot
o.ooo'l

INfERCEPI
LDIA
LVE L

1.6197489A
-o .96 12 1 127
o.440a4252

37. t6
-22 -96
2t.69

o. ooo r
o. ooor
o. ooo I

o. 043s9 l 20
o. 04 r86 167
o.02032718

Equation (2)

Ln (T) L.620 0.961 Ln (D) + 0.440 r,n (v) +<o

-J.{
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DEPENDENI VARIÂBLE

SOURCE

IIODE L

ERROR

CORRECIED IOTÂL

SOURCE

LHL

TABI,E VII.3

sas

GENERAL LTNEÀR I'ODELS PROCEOURE

IYP€ I SS F VALUE

ll:43 SATURDAY, FEBRUARY tB. t9B4 3

DF

93

95

DF

SUi' OF SOUARES

26 .9278099 I

L 38490768

24.3127'1760

I.n

MEAN SOUARE

t3. ¿6390496

o. o1489.t 48

F VALUE

904. r3

PR > F

o. ooor

ROOT MSE

o. r2203065

c. v.

4.2806

LHL MEÂN

2.A5075429

R-SOUÄRE

o. 95 1 085

PR>F F VÂLUEDF

72
264

IYPE ¡II SS PR>F
LDIÄ
LVEL

20. 5733939A
6.35441594

13at.55
426.7 1

o.ooor
o. ooor

I . 08260552
6.3544159¿l

70
7l

o. ooor
o. ooo I

T FOR HO:
PÂRÂMETER=O

PR > lrl SID ERROR OF
EST Ii'ÂIE

ooo5
ooot
ooo r

o.o7487A79
o.09270158
o.05022544

Eguation (3):

r!Él.L' -o.2.72_ -0.790 l,n (D) + 1.037 Ln (v)+e.o

PARÂiIEIER

LDIA

LVEL

E ST I MAIE

TNIERCEPT
LDIÂ
LVEL

-o.27216794
-o.79041t64

r . 0375 tO84

-3 .63
-4.53
20. 66

o

o

tn (D)

l,n (v)

\¡
\o



RES ID
25

A

I

I

I

I

I

I

I

I

I

I

I

I

I
-;

A

PLOT OF RESID*LHL

A

sas

LEGEND: A = I oBS, B = 2 OBS, ETc

1 l:43 SATURDAY, FEBRUÂRY 18, 1984 4

A

A
Ao.20

AA
A

A

A Â
o

o

o

A

A
A

AA

ÂÂ
ÂB ÂÂ

ÂÂA
A À

A
Â

to

o5

oo

o5

to

t5

20

25

30

35

A

AA A
Á

A A
A

AÀ
AA Â

A A
A Â À

A
o

-o

-o

-o

-o

-o

-o

-o

Â A
ÂÂ A AÂ

AA Â

AAAÀ

A
AAA AÂ

Â Â A
A A A
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AÀ
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A

AÂ

A

+---------+---------+---------+---------+---,-----+---------+---------+-_-_-----+---------+_________+-____-___+__
.o 2.2 2.4 2.6 2.A 3.O 3.2 3-4 3.6 3.8 4.O 4.2

LHL

A

A
Â

Â

A

AA

---+--
4.4

RESIDUAI,S FOR EOUATION (3) Co
c



DEPENDENT VÂRIÂBLE

souRcË

MODEL

ERROR

CORRECIED TOIÂL

SOURCE

LHL

TABLE VII.4

sas

GENERAL LINEÂR ÍIIODELS PRoCEDURE

IYPE ¡ SS F VALUE

'12:43¡SATURDAY, FEBRUARY t8. l9B4 3

DF

DF

3

86

89

DF

SUM OF SQUARES

lo.54425968

o.28694232

ro. 83't 20201

tr.o5
-27 .99
25.39
6.45

MEÂN SOUARE

3.51475323

o. oo333654

F VALUE

r053.4 r

PR>F

o. ooot

ROOI MSE

o.o577627A

c. v.
.t.6ro5

LHL MEAN

3.58673622

R- SQUARE

o.97350a

PR>F TYPE III SS F VALUE PR>F
LOIA
LVEL
LTEM

I . 1028584 r
2.30245367
o.13894760

2424.52
690 . 07

41 .64

o. ooot
o. oool
o. oool

2-6I32639r
2. 1508567 I
o- 13494760

T43.23
644.G4

41-64

o. ooor
o. ooor
o. ooor

r FoR HO:
PÂRAMETER=O

PR > lrl STD ERROR OF
E ST I MATE

o. ooor
o- oool
o. oool
o.ooor

o.o95152A6
o . o34s743¡
o.ol68a€23
o.025695t7

INTERCEPT
LDIA
LVE L
LIEIt,I

1.05131722
-o. 96760344
o.42873649
o.1658r698

PARÂMETER

L DIA

L VEL

L TEM

E ST I MAIE

Ln (D)

tn (v)

tn (T)

Equation (4)

r" (T) 1 . 0,51 0.e67 r,n (D) + 0.428 r,n (v) + 0.166 Ln (r) +€o

ø
H



sas

LEG€ND: A = i OAS, B = 2 OBS, EIC

l2:43.SATURDAY, FEBRUARY 18, 1984 4

A

Â A

Â

A ÀA

RE
o
s¡o
.20

.15

I

PLOT OF RESID*LHL

AA

AÂ

AA
Â

A.

o

ioo

o5o

A

A

A

AAA
Â

AÂA
A

Â
AÂB

A
AÂ

A

A A ÂAÂA
Â

À ÂÂ
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A A
A Â Â
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Â Â
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ÂA
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LHL

RESIDT]ALS FOR EOIIATION (4)

A
A
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A
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Â
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DEPENOENI VÂRIÂBLE: LHL

SOURCE

TODEL

ERROR

CORRECIED IOTÂL

SOURCE

SUI' OF SQUARES

27 . G538 145 I

o. 6s890309

2A .3127 1760

aa

95

DF

TABI,E VII. 5

sas

GENERAL LINEAR MOOELS PROCEDURE

t,EAN SQUARE

9.2t7938t7

o. oo7 t6 t99

lYPÊ I SS F VÂLUE PR>F

l2:26 SÂfURDÂy, FEBRUÂRY 18, t984 3

F VALUE

l2a7 .O6

c. v.

2.9686

LHL iIEÂN

2.8507542E

PR>F

o. ooot

ROOI ilSE

o . oa462a54

R-SQUARE

o. 976728

F VÂLUE

DF

3

E SI I I'ATE

-1.549r7570
-o.8t748199

I _o177025a
o. 366709¿ r

DF IYP€ I¡I SS

l. r5600846
6 . 09464966
o. 72600459

PR>FLDI A
LVE L
Ll Efit

INTERCEPT
LDI A
LVE L
LIEM

PÂRAI'EIER

20. 57339398
6.35441594
o. 72600459

2872 -5A
487.24
'lol .37

o. ooot
o. oool
o. ooo t

T FOR HO:
PARAMEIER=O

PR > lrl

o. ooot
o. ooor
o.oool
o. ooo l

t6l.4t
450. 97
lol .37

o. ooor
o. ooor
o. ooor

SID ERROR OF
ESl T MÂI E

o - 13705407
o. 06434496
o. 03488698
o . 03642246

-1t.30
- 12 .7Q
29. 17
lo. 07

L DIA

L VEL

L TEM

ln (D)

ln (v)

r,n (T) rT,

Equation (5)

Ln r.549 0.817 rn (D) + 1.018 r.n (v) + 0.366 Ln (r) +€o

@(,



PLOI OF RESIDTLHL

sÂs

LEGENO: A = l OBS. B = 2 OBS, €TC

l2:26 SATURDÂY, FEBRUÀRY 18, l9B4 4

""':: 
I

I

Io.to +

"", I

Io.oo +

I
-o.o5 +

I
-o. lo +

"r, I

I-o.20 +

"r"l
I-o.30 +

!_r_
2.O

A

ÂA
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A
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Â Â A
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ÂÂ ÂA A

A
A
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A

Â

A

ÂÂ
Â Â A
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A
Â
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DEPENDENT VÂRIABLE:

SOURCE

MODEL

ERROR

CORRECTED TOTAL

LHL

DF

4

lal

185

'IEÀN 
SOUÂRE

15 .267537 12

o.or787397

F VÀLUE

854. rA

PR>F

o.oool

ROOI MSE

o. r 3369356

R.SOUARE

o. 949690

c.v.

4. 1690

LHL MEAN

3.20687458

SUM OF SQUÂRES

61.o7014849

3.235 r8832

64.3053368 I

sas

GENERAL LIN€ÂR TIIODELS PROCEOURE

TYPE T SS F VÂLUE

ll:35 MONDAY. FEBRUARY 6, t944. 7

TYPE III SS F VALUE
SOURCE

PARÂIiIETER

L DIA = Ln (D)

L VEL = I.n (V)

L TEM = I.n (T)

L CON = Ln (C)

hr
r.n (;) = -2t.426

DF PR > F DF PR > F

LO¡A
LVEL
LT EI¡
LCON

27 .fJ4227325
2 . 2s506736
1 .24570499

29.727 lO2S9

1557.70
126. 16
69.69

'1663 . I 5

o. oool
o. ooof
o. ooo 1

o. ooo r

5.1 1220709
7.36A6477s
o.69776754

29.727 102A9

286.O1
412.26
39.04

1663. t5

o. oool
o. oool
o. ooo 1

o. ooo l

INTERCEPl
LDIÀ
LVE L
LTEI'
LCON

4320068
5826952
4365473

-39.55
- r6.9 r
20. 30
6.25

40.7a

o.5 r652755
o.06r69r93
o . 03 't67839
o. 04 r 33598
o. 12122225

ESIIMÂ1E
I FOR HO:

PÂRÂMEfER=O
PR > lrl SID ERROR OF

ESTIMÂTE

-20.42654960
- r . 04333088

o. ooor
o. ooo I
o. ooor
o, oool
o. ooo r

Equation (6)

o.5
o.2
4.9

L.043 r,n(D) + 0.643 r,n(v) + 0.258 r,n(T) + 4.944 l-n(c) +eo

æ
|./l
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CHAPTER VIII

coNcl.usIoNs & BECOI.IHEI{DATION S

8.1 CONCLUSIONS

The solid-liquid mixture at

exhibits a yield-pseudoplastic

from 4 to 20 F.p.S.

65% concentration by

behavior when velocity

we ight

varies

The mixËure at 55% concentratíon of sorids behaves rike
a pseudoplastic or nearly-Newtonian fluid.

Plasticity of the mixture, hence the head-loss gradient,
is affected by the electrokinetic potential (zeta-potential)

betTdeen the solid surface and the free liquid.

The zeta-potentiar effect does not alter the mixture behavior

at 1or¿ concentraÈions (C" ( 55"/.) .

The apparent viscosity of the suspension tends toward a

constant value at high rate of shear (350 se"-1) 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 Èhe 65% mixture and 5.0 F.p.s. in the 55% mixture in

the slurry facility. varues even rower than those r¡¡ere

observed after the fines dispersion due to changes in

zeta-potential. Mine values nay be higher.

Head-1oss gradient varies proportionally wÍth concentration

of solids. This effect is more noticeable in small pipes

r¡here the partícle síze becomes significant.

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

more remarkable in small pipes. l,Iith increasing temperature



90

the Brownian motion and particles colision increase. In

snall diameter pipes fa11 velocity phenomenon dominates

concentrat ion gradient .

Once fines are completely dispersed, an íncrease in zeta

potentiel no longer increases head-loss. once the Limit

is reached heed-loss varies inverseLy with Èemperature.

Pipe diameter has an Ínverse relationship wíth Head-loss

grad ient .

The statistical trívariate model (Uo¿el-C) in which Head-1oss

is explained by pípe diameter, velocity and temperature

is the best predictive model based on Èhe range of variables

used in the experimenÈ.

1

8.2 RECOMMENDATIONS

8.2.L Research Apparatus

Circuit modifications and lay-out ímprovements are

recommended. Inclined pipes, longer test sections,

elimination of t'queuing" phenomenon near the test section,

an increase in pumping capaeity and the use of a timer to

record pump operation are specificalLy recommended.

CaLibration and recalilbration of the fací1íties including

measurement devices must be a constant task.

8,2,2 SLurríes

L Studies of particle degradatíon and particle size distribution

should be analyzed for future experiments.

DeposÍtion velocities and bed formation may be examined

2

2
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for slurries with different concentration of so1íds.

Runs at 1ow temperatures (u.g. 10-15'c) should be undertaken

Ëo verify the effects on Head-loss gradient found in this

work.

The abrasive action of solid-1Íquid 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 ner^r slurry the rheological behavior has

to be examined before any transportation test.

slurries wíth different concentraËion of solids should be

studied to find the optimal composition of the mixture.

since measurements of the zeta-potentÍa1 (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 ions in

solution).

The stability of particles based on zeta-potential suggests

an examination of the time required for development of an

adverse zeta poÈential 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 vrarer, mainly in flotation and magnetic separations

(Metallurgical process), therefore r.rater quality is another

item suggested for further studies. The use of an ion

exchange \,üater softener míght be considered.

4

5

6

7

8

9

10.
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SHEAR STRESS IN PIPE FLOI,{ (T)

Figure C.1 shows a horizontal pipe in which the

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

182

flow is

D

I

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 fa11 in pressure due

to the viscous resistance defined by + (ff - pù or Ap. This pressure

difference ís counterbalanced by a shear force of equal magnÍtude

at the circumference of the cylinder. The total shear force is:

'(.x 2TyL

For dynamic equilibrium

Tx 2ItyL = Âp x ,lT y2

so that .¡= y 
^p2L

The shear stress exerted on the interior pipe wall is tfw:

\
I
I
I-1
I
I

.Ç.

t
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Tr= DAP (c. r)
4L

RATE OF SHEAR IN CIRCULAR PIPES ( au/ay )

The shear stress is related to the velocity by the expression:

't =-u (49)'dy

u = poinË velocity

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

p = viscosity

Substituting the value of t from nqu (C.1):

dr 
= -JAP

dy 2Lu (c .2)

if -Ë
2Lvdu= dy

IntegraË ing

-Ap tu=-y-+consËant
4Ltt

wiÈh a viscous fluid the velocity at the boundary is zero. u = 0

when y = n/2.

Solving for the constant we obtain

- Ar rP2 - u2>t-FLu + -

which is the equation of a parabola. The maximum u will occur when

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

rr =ÀPP2-max 16 LU

From the geometry of the paraboloid the mean velocit.y is:



8V DAP
D 4Lv

replacing (C.¡) in (C.Z) when y =

for rate of shear (or velocity gradient)

du 8V

where:

f = friction factor

and;

(c.s)

for FricÈion Factor in terms of

184

(c.:)

D/Z rn7e obtain the Equation

in circular pipes.

rc.4)

(c.s)

y = umax

2

DAP Dl/=--' 4Lu 8

f v2 L
fll--- 2gD

Ap p2

32Lp

or

dyD

FRICTION FACTOR (f)

From Èhe Darcy-üIeisbach formula for pipe friction

hf= ft vz
2eD

thus

rearranging this

2_
fv2

since AP = gfhf

so8-t4L
fuz DAp

replacing Equ. (c.f) in

we obtain the Equation

- eT
l=-

fvz

formula and introducing f in both sides:

-L
Dgfhf

(c.6)
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APPENDIX I)

This report

of Èhe program. The

briefly explains Èhe structure and organization

following points are the main features of the

Program:

1. The program written is intended to be user-friendry. The computer,

therefore tttalkst' to the user. As such, no programming experience

is required on the part of the user.

2. Modular programming technique is employed. This impries that
the program is divided into modules (subprograms or subroutines)

so that it is easier to debug (see flow chart).

3. A range of line number ls reserved for different segments

(sub-routines) of the program. This faciritates the ease of
searching for any part icular segment of Ehe program ( see f10w

chart). Tkre computer language is BASIC.

4. rf one looks at the back of the form prepared by Mr. J. pomalaza

Raez , one can observe the s inilarities between corresponding

equations in different loop systems (3", 4r, and 5" loop) i.e. the

equations are the same except for the murtiplying facÈors.

Therefore, one needs only to rvrite computer codes for one roop

and store the constant terms in subroutines.

The nexÈ page shows the organization of the program. For

completeness, the computer codes and associated variable dictionary
are listed.
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NOÎE:

r) 3-D BoXXS
foply eubroutfnes

2) Nuubers fn parentheses
are range of llne
nunbers ln PGI r¡here
aegment of the PGI roay
resfde. 'Îhe 6egtrent6
Îûåy noÈ cover the
entlre range.

DO

(58 o) yes

( 4 00o"
4999)

( r 0ù.18 0)

(23ù-27 0)

(39o-540)

(2 000-2 999 )

( 3 000-3999 )

( 5 00Þ599 0)

(3 000s.
3999 9 )

( s 00oo-
. s9999 )

yes+ 4

5

s

no

II{ I
OF

yes

3

( 4 00G-
trg99)

(s 000-
59e9)

REI.ÍIND 10 TURN
THE PRIIfTER

INPUÎ SYSÎEM
CIIARACTER ISlICS
E.G. DIAÌ'IEÎER,

SLURRY TYPE, ETC

READ DATÁ
FROM DISKDISK?

INPIJ"I DATA RO''J
BY ROW

WHICH ROI.¡?

INPI.N FACTORS
FOR 3" LOOP

INPUÎ FACÎORS
FOR 4" LOOP

INPIIT FACÎORS
FOR 5" LOOP

CALCI'LÀTE AND
PRII{T RESI'LTS

POIÀrI HEADING

SET FLá,G3 NOl TO
RESTJLTS COPY?

SÎOR¡ RESULÎS
ON DISK

RTJN ANOÎHER
PG{ FOR GRAPH

FLOWCHART

no

PROGRAM
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Ao

AA$

AD$

AR

Bo

BC

co

CH$

Do

DIAI"f

DT$

Eo

ro
FILE$

FP

rQ

FR

FT

FU

FV

FI,l

FX

co

GA$

Ho

ro
I

IJ

VARIABLE DICTIONARY

ARRAY VARIABLE FOR COLUMN A (SEE FORM PREPARED By J. POMALAZA)

CHAR. VAR FOR GENERAL (YES/NO) ANShTER

CHAR. VAR (y/N) FoR TNPUTTTNG DrSK DATA

X-SECTION a AREA OF PIPE

ARRAY VAR. FOR COLIMN b

BULK CONCENTRATION

ARRAY VAR. FOR COLIIMN c

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

ARRAY VAR. FOR COLT]MN d

DIÆ4ETER OF PIPE

DATA

ARRAY VAR. FOR COLiMN e

ARRAY VAR. FOR COLUMN f

FILENAME ON DISK

MULTIPLYTNG FACToR FOR Po

MULTTPLYTNG FACToR FoR Qo

MULTTPLYING FACTOR FOR Ro

MULTIPLYING FACTOR FOR To

MULTTPLYTNG FACToR FOR Uo

MULTIPLYTNG FACToR FOR V()

MULTIPLYING FACTOR FOR I^IO

MULTIPLYTNG FACTOR rOR Xo

ARRAY VAR. FOR COLIJMN g

CHAR. VAR. (y/N) FOR GAI'{MA LOccER READING

ARRAY VAR. FOR COLIMN h

ARRAVY VAR. FOR COLI]MN i

INDEX FOR LOOPING

INDEX FOR LOOPING



188

ro
Ko

Lo

LA

LB

LF$

Mo

No

NAÌ'{ES$

ND

NT$

oo

Po

ao

Ro

RA$

REF$

so

SG

SP$

sr$

SOUND

ro
TII'{E $

TL

vo

I.Io

xo

ARRAY VAR. FoR COLUMN j

ARRAY VAR. FOR COLI.MN K

ARRAY VAR. FOR COLIMN 1

CoNSTANT rN REGRESSED EQN FoR Lo

CONSTA}{I IN REGRESSED EQN FOR LO

LINE FLUID

ARRAY VAR. FOR COLIIMN n

ARRAY VAR. FOR WEIG}IING TANK

NA},IES

NTMBER OF ROWS OF DATA

CHAR. VAR. (y/N) FoR T"IEIGHING TANK

ARMY VAR. FOR COLIJMN o

ARRAY VAR. FOR COLUMN p -

ARRAY VAR. FOR COLTMN q

ARRAY VAR. FOR COLIIMN r

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

sAr"tE As FrLE$

ARRAY VAR. FOR COLUÌ"ÍN s

SPECIFIC GRAVITY

SPACES

SLURRY TYPE

VAR. FOR SOUND

ARRAY VAR. FOR COLI]MN T

TIME

TEST LENGTH

ARRAY VAR. FOR COLUMN v

ARRAY VAR. FOR COLIMN w

ARRAY VAR. FOR COLIIMN x
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]LIST,330

100 0t = "; Rtll C0I|TR0L-D

lto HoflE : VTAB t0
I2O PRII{T 'I¡OTE: IF THE CÍ}IIPUTER

HAilÊS': PRIilT

¡JO PRIÌIT 'CHECI( TB SEE ¡F PRI'IT

ER'S '! PRII¡T

IIO PRII{T ''OH LIIIE' EUTTIIII SHÍIH

S ': PRII{T

I5O PRII{T ' 6REEI{ [IEHT.'
IôO PRIIiT I)T'PRII'
170 PftIf{T CHRI ilBt;' ': ßEñ

TURIIS {]FF COI{DEIISED 

'IODE

ILISï 340,590

}IO}IE : PRI}IT 'START IIIPUT DA

TA"

PRINT ' (';I{D;' R[}HS)"

DIñ å0¡I}),I0¡D),C il{D}, D{NÐi,

E0tl)), F{HI}), 6 (}¡D), H {HD), I {t{D
,, J {ltD),R{ilD), V (t{D)

IlIil l( {ilI)}, L {HI}),tt (HD), il (}tD),

00¡D), P 0iD), 0 ü{D),s (ilI)), T {ilD

),uff{D),t0¡I)},I(Ì{D)
AAI = 'No
Ft}RIJ=lT0ND
PRII{T:PRII{T:PRII{T
PRINT 'II{PUT DATA Ft]R Rt]H ';
IJ: PRINT : PRIHT

Ff}R I = I T0 i0;S0UtiD = PEEIi

{ - tÉt36): ilEXT I
]IIPUT 'PUñP POHER {T}: ";A(I
J)

IIIPUT 'P{}LYSONiC RD6 (L/S):

';B (IJ )

IIIPUT '6A11IIA Lf166ER RD6: ';C
{IJ }

IIIPUT 'U-TUBE RDË (ñF-IIICH):
,;0 (¡J )

IHPUT 'COLLECT+SHIFT T¡IIE IS

EC): ';Eil,.tl
Ir{FuI '[/0LU|TE (U, S. 6ALL0ti5)

:';F(IJ)
ITPUT 'HEIFHT {LB): ';E(IJ)
¡TPUT 'IIA6. ñETER RD6: ';H(I
J)

ITPUT'TEIIPEFATURE (CTLCIUS)

i .;I{IJ)
IIIPUT 'U-TU8Ë RI)6 {H6-Cñ): "

;J(IJ}
lF LEFTI (AA$,1) = 'Y' TllEN

G0ï0 5ó0

IIEXT IJ
Hoñt i I,TAE l0
IIIPUT 'AIIY CHAHGE OI{ DATA IY

/il1: ';AAt
HI)IIE : VTAB IO
IF LEFTT (AAl,l) = 'Y' IHEN

¡I{PUT 'IHICH Rf]H: ';IJ
IF IEFTI (AAt,l) = "Y' THEN

60T0 {00

340

J50

3ó0

3i0

380

390

100

110

420

430

t40

{50

1ó0

170

180

t90
500

510

520

530

540

550

560

570

580

590

t80
190

200

210

220

230

240

230

290

300

3t0
320

2ó0

270

280

PRII{T I}I'PRIO'
HÍIñE : [,TAF IO: PRINT 'Df] Yf]

U DATA REAI) FROñ ¡}ISK{Y/il):"
;: EET Al)I

IF LEtTt (ßI)f,l) = 'Y' THEN

60suE 5000

IF LEFTÍ {åDi,l) = 'Y' TllEll
E0T0 550

HOIIE

IHPUT 'DATA CI]LLECTEI} BY: ';
llAtlESf

IHPUT 't)ÊTE lE.G. t]CT t0/82)
:'il)Tt
IIIPUT 'TIIIE {E.6, IO AñI: ';
ïtlrEt
IIIPUT 'SLURRY TYPEi ';STf
IHPUT 'IHICH Lfì(}P (¡)IAIIETER-

It{cH): ';I}Iåñ
IF DIAñ ( 3.0 OR I)IAII } 5.0 THEN

60ï0 300

60T0 320

PRIIiT 'Itf] SUCH PIPE!!'; CHRÍ
(71; cHRf (7)

Ë0T0 270

HÍ]IIE : VTAE IO: PRINT 'IS EA

llllA READII{E=S,8. (SLURRY) (Y/

I):";: 6EI EAI: PRII¡T : PRIIIT

J25 HllIIE : I,TAB IOi PRIIiT 'HAS T

fIE IEIEHITE TANK EEEII USED (

T/l{):'i: 6ET tTf: HflñE

330 IIIPUT 'I t¡F RflIS f¡F llATA! ';
flD
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ó00

ór0
ó20

ó30

tusr 593,2020

593 lF ADI = 'Y' THEI{ 598

595 IIIIIIE : tlTAB 12: II{PUT 'GII,E
fiEFEREI¡CE IIUIIEER:';REFI

597 60T0 ór0: REñ Eor{TilrUE CALC

ULATIONS

599 HI]IIE : [,TAB IO: PRINT 'l)f] Yf]

U ÍA}IT RESULTS(DISK) RECALCU

LATEI):';: 6ET RAI

599 REFI = FILET

REII

REI1 CALL ROUTIÌ{ES

RE}I

REI' CALL IIULTIPLYII{6 FACTOR

S FflR 3' PIPE

IF 0lâll = 5.0 THEN 60SUB 30

000

REII CALL II. FACTORS F(}R 4'
PIPE

¡F 0lAll = 1.0 THEII Ë0SUB 40

000

REII CALL II. FACTORS FtlR 5'
PIPE

IF D¡All = 5.0 THEN 60SUB 50

000

6OSUF 2O(|(l: REII PRII{T HEAD

IilE

6[]SUE SOOO: REII CALCULAÏES

RESULTS

ÊOSU8 4OO(': REñ STORE RESU

t_ïs

GIISUB óOO(l: REñ CALL ERAPHI

C ROUT¡HT

HOIIE : VTAF IO: PRINT 'Ef]tlD
8YE .......'
PRIIIT : PRIIIT : PR¡I{T 'HAIJE

A IIICE l)AYI'

PRII{T:PRINT:PRIIIT
EIID

REII

PRIilT ¡}f : PRII¡T I}f 'PRII'
PRIIIT : PRIIIT CHRT II8)
PRIìiT CHR| {27}; CHRi (67)

; CHRI (32}: REII SET FOR

ll [EI{6TH=32

TLIST 2030,2215

2030 PRII{Î CHR| (27);'0.: REñ

LINE SPßCIII6=I/8'

20505P1=' "
REñ 20 SPACES

20ó0 PR¡l{T CHRi il4);Spf; CHRf
(I{';'THE UI{IVERSITY tlF IIANI

TÍ]BA "

207O PRII{T

2O8O PRINT CHRî (I{);SPf; CHRf

{I4)i'DEPT, {]F CIVIL E}¡GIIIEE

RINE "

2O9l- PRINT

2IOO PRIHT CHRI (I4);SPfi CHRÍ

{14);" Il'iC0 SLURRY PR0JEC

T'
2105 LII{EÍ = !----------

21 10 

-;;;;ì;;;---------'

2l?0 SPt = SPf + SPt

2130 PRINT : PRII{T SPT;'DATß COL

LECTED 8Y: ';I{AIIES$
2140 PRiI{T : PFII{T SPf;'DATE: ';

DTf: PRIHT : PRINT SPI;"T]IIE
:'iIIñEf

215t} PßINT : PRINT SP$;.ACTI|/E L

00P: '; cHRt il4) ;DIAñ; ' Iit[
H'

?IóO PRINT : PRI¡¡T SPT; "T-SECT¡O

IIßL RREA: 'iAR;' SO. FEIT'
2170 PRIIIT : PRII{T SPf;"TEST LTH

6TH: ';TL;' FETT'

2180 PRIIIT : PRINT SPT;'SLURRY T

YPE: ';5TTi PRII'IT

2I90 PRII{T tI}JEi
22(}() PRII{T

2210 PRIilT " :

LII'IE ;
t'IEI{TUR¡ : IIITTURÊ : I)ISCHA

RËE: t,ELflCITY: LIN
E:I

2215 PRINT

ó10

650

óó0

ói0

680

ó90

70û

7t0

720

730

740

2000

20r0
2020

REII

750

760

770

780
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lLlsT 2?20,3070

2220 PRIr{T CHRi {t5);'
PUIIP SONIC EAIIñA P

REsS, C&5 VBL. rT
. IIA6. TEIIP PREsS,

HEAD 5.6, C0r{C rT
. rT. iA6, tï.

ItA6. SÍ]Ì{IC PRESS. P

RESS. HEAD SHEAß

[,EL.'
2230 PRIr{T [HRt {15);' R0}¡

POHER RD6. LO66ER

TIIIE U. S.

IIETR

L0ss (s) {}lT) TAN

K TAIiI( IIETR TAIIK

IIEÏR

LO5S STRESS

6Rl1D "

2?40 PRIt'tT CHRÍ il5);'
t1,t L/s (

IÌ{CH) SEC. EAL, tB
. RD6. (Cl (C¡r)

FT-H {T) 6PII

cFs cFs F/s
F/S

FT-H

/SED'

PRINT

RETURN

F/S FT-S

/100 PSl

2250

2280

2295

IHRT (I8);LII{E$

RElt rrrlrrttrtrtrrrlt*mr*

ILIST 3080,3595

3080 IF l)lAfl = 3,0 0R DIAII = 4.0
THEtt L(li) = Cl / (LA + Ln r

cI)
3090 IF DIAII = 5.0 ÎHEN LftJ) =

LA+¡g¡¡¡
3095 lF 6Af = 'Y" THEH L{tJ} = C

(IJ)

3100 IF l{Tf = 'Y' THEiI t{(lJ) = {

60.0 / EilJ)) r FilJ)t Rtñ

I {6Pñ}

3110 0(lJl = llllJ) r 0.00?2te; REfi
p {cFs)

3120 R(lJ) = H(lJ)
3150 P{lJ) = R{lJ} } FF: Rfl't ñ116

IIETER {CFS)

3155 IF t{Ê$ { } .Y, IHEil il{tJ) =

P{tJ) i 0,0022t8
31ó0 O{lJ) = 0{lJ} / F0: REH HE

I6H TåI¡K {F/S}
il70 T(lJ) = {I){lJ) r FT) / L{tJ)

: REI1 FEET f]F

SLURRY

318(i U{IJ) = I}(lJ) } FU: RtH {F

EET f]F H2O)

3190 v{tJ) = uitJ) r Fv: Rtil {FT

0F H20/t00' 0F PIPtEt
3215 l{lJ) = UtlJ¡ r FH

3220 I(lJ) = R{lJ) r FIi REñ Vt
L.6RÉt[. (/SEC)

3520 PRIt{T CHRí t15)
3553 CALL t95ôB:tJ;t{,A(iJ};tç,8

{lJ ) ;F7. I, C ilJ ) i F7.2,0 iIi } ;F
6, I,E{tJ} ;F7. 3.FilJ) ;Fó. t, 6(
IJ) ; I7,H(JJ) ;F5. I, I {IJ) ;Fú, I

,J ( IJ) ; Fó. I, K (¡J I ; Få. t, L { IJ }

,ñ{tJ),it(¡J) ;F9.?,0{ iJ) ; F6. 2

,PuJ),0ilJ),RilJ),SuJ), T (l
J),Ul¡J),liili),H{ii} ;F11.ô, x

{tJ);F9.2:
35ó0 PRIÌ{T CHB$ 03)
3570 i¡EXT IJ
3580 PRII{T : PRII{T : PRINT CHRí

{18)i" ,
3590 PR¡IIT TIHTI
3595 PRI|¡T "

3000

3005

3020

3025

J0r0
3035

30{0

3050

3060

Rffr

F0KE tósi,?33: RElt 233 Cf]L

uñ¡ts

AAü ='ll'
IF ADf = 'Y' ïHEli AA$ = ßDf

: REII CHECII IF DATå IS READ

FROñ DiSK

F0R IJ = I ï0 ll0
IF RAf = 'Y' THEII 3050

IF LEFTI {Aßf,l) = 'Y" THEN

E0T0 3520

8C=BC+ll{¡J)
l({lJ) = J(IJl / 18.6819: REll

HEAD LOSS {FT. f}F H?O}

CI = C(lJ)3070

F: ';RtFl
"; "RE



¡LI5T 5600,t02i

3óOO PRII{I D¡;'PRIO'
3ót0 ltoñE : vTåB t0
3620 PRIÌ{T 'RUt{ ßil0tHER CtlPY tYi

f}: I;: 6ET AAI

1630 IF LEFTT (AAt,t) ( i .Y. 
THEI¡

E0T0 3i30
3ó10 Hoñt : [,IAB t0
3ó50 PRINT 'AIIY CHAI{6ES f]I{ I)ATA:

';: ÊËT CHI

3É60 lF LEFTf (CHt,ll = 'Y" THEN

Ê0T0 570

3ó70 PRII{T I}î'PRII'
3Å80 60SU8 2000: REñ PRIi{I HEAo

IIIE

3ó90 PRII{T I)I'PfiII'
37OO 6OTO 3O3O: REñ 6OTO PRIHT

ROUT¡HE

3710 60T0 3ó20

3720 PR¡HT DI'PRT(}'

3730 RETURN

3740 RElt rrrrlrrlrr**rrrlrrrrrr

3750 REñ

4000 H0HE : I,TAB t0
{003 ¡t{vER5E

4003 I)$ = '": REll C0Ì{TR0L-D

{0O6 PRII{T '}IÍ]TE: ¡F Yt]U HA¡JT 6R

åPH PRIIITED': PRINT

1O(|7 PRII{T 'AI{¡} ¡}ATA IS II{PUTTED

FOR THE FIRST .: PRIl,lT

{008 PRINT 'TIñE, Yf}U HAIJE I0 ST

tlRE YÍ]UR DATA": IIORñAL : PFINT

: PRINT

4OI(l PRIIIT 'I)O Y(}U HANT I)ATA STt]

RE¡) f}II I)ISK (Y/I{} : ' ; ¡ 6ET AA$

{015

{020

PRI}IT : PRIilT

IF LEFTÍ {AAt,l} ( } 'Y' THEN

Ê0T0 4r90
PRII'II 'IS FILE I{AIIT SAñE A5

RtF.l{ 'íREFÍ;' ): ';: EET

RAf

IF AAi = 'Y' THEI{ FILET = R

EFf

1025

1027

192

lLlsT t0J0,5090

1030 fioilt : i/TAB t0
4O4O II{PUT 'EIt/E A FILEÌ{AIIE: ";F

ILEI
IO{5 PRII{T : PRIIIT Df

1050 PRIilT 0t.ñoil c,t,0"
1OÉO PßIilT I)T"Í]PEII .;FILTT

1O7O PRII{T IIf'HRITE 'iFILEf
IOSO PRII{T IIAñEsT

IO9û PRINT I}Tf

4IOO PRIIIT TIIIEÍ
{ilo PftiltT sTt
4il5 PRIilT 6At

1I2c- PRIHT I{D

4I3() PRIIiT I}IAIl

{I4(} FOR IJ = I T{] ND

4I50 PRI}IT A{IJ): PRIi{I B{IJ): PRIiIT

C{IJ': PRIITT I}(IJ}: PRII{T E(
IJ): PRII{T F(IJ): PRII{T 6{IJ
,: PRII'¡T ll(IJ): PRII.{T I(IJ):
PfiINT J{IJ): PRINT |((I,ì); PP¡¡¡

L(IJI: PfiII{T ñ(IJ}: PRII{T H(

IJ}: PRI}IT O(IJ): PF¡I{T P(IJ
I

4tÉ0 PRIIIT O(IJI: PRINT R{I.I}: PÉINT

S(IJ}: PRINT T(IJ): PRII{T U{

IJ): PR¡NT l/(IJI: PR¡¡IT H{IJ
) : PR]Ì{I T {IJ }

I¡ETT IJ
PRINT Df"CLÍ]ST ";FiLE$
RETURN

REll Ìtrlrlrrrrrrlrrrrrrrrr

4170

1r80
4190

4200

4? l0
5000

5005

5010

5020

50J0

504ú

5050

50ó0

5070

5080

5085

5090

RE}I

HOI'IE : i/TAB I()
I)l = "! RElf C0I{TR0L-D

IIIPUT 'IHICH FILE {I'IAñT):

i FILEf
PRit{I I)t'ltoil c,I,0,
PRINI DI'OPTI{';FILEI
PRII{T Df'RE,l! ";FILET
¡ilPLtT ilAilEsf
IITPUT DTI

II¡PUT TIIIEI

II{PUT STI

II{PUT 6AI

IÌIPUT ItD



]LI5T 5t00,30É00

5t00 ¡tPuT DIAI'

5u0 IlIñ A0tl}),BillD),Cilt0),D0t0)

,E {ilD}, F{ilD), E{t¡D), H üiD), I {t¡
¡t), J {flD}, t( 0{D}, [ ülD) , ñ 0¡I}] , t¡

{t¡)} ,0 {ilI)), p {itD} ,0 (t{Dt 
, R {t¡I))

,s0¡0), T 0tD),uft{I)}, t, (t0),t(il
D) ,I0tI})

5120 FOR IJ = I I0 t{D

5130 II{PUI RIIJ): II{PUT 8(IJ}: TIIPUT

C{IJI: ¡ilPIJT D{IJI: II{PUT E(
IJ): II{PUT F(IJ): II{PuT 6(I j
I: IIIPUT H(IJ): IIIPUT I (IJ):
INPUT J{IJ)i IIIPUT K{TJ): I}¡PUT

[(TJ}: II{PUI il(IJ): TIIPUT il{
TJ): T}IPUT f}IIJIi ¡I{PUT P{tJ
I

514O IIIPUT O(IJ): IIIPUT fiIIJ}: INPUT

S{IJ}: II{PUT T{IJ): IIIPUT U(

IJ)! IIIPUT l,(¡J}: IIIPUT I(IJ
Ii II{PUT T(IJ)

5I5O TEXT IJ
5ló0 PRIt{T Dt'CL(}SE ';FILEf
5ló5 REFI = FILEÍ
5I70 RETURN

5180 REll trltltrrlrlrrrrrurlrlr

5190 Rflt

óOO{} Ht]ñE : |JTAB IO: PRIIIT .Dt] 
Y

t}U IANT 6RRPH PLÍ}TTED (Y/}I):
.;: TET AAI

é0t0 IF LEFTT (AAt,l) { ) .Y. 
THEN

G0T0 ó0t0
ó015 l)t = ..: REil CÍ]|{TR0L-D

ôOI7 PRII{T I)T

óO2O PRI}¡T D;'RUII ERßPHIC PK6 FI
IiAL'

6O3O RETURI{

6040 REñ trrrr*rrlrlltrrtrrrrrr

30000 REil

SOIOO FEII II¡PUT FACTÍ]RS Ff]R 3'
PIPE

30300 FR = 3.8ó4tFP = 0.0{91
30100 F8 = 0,0191:FI = I.0tó
30500 FU = 1.0{ú!FV = t.6BB
30ó00 Fl = 0.00127!FI = J2.0

193

ILIST 30700,51000

30700 AR = 0.f91: REll (Se. FEET)

3080C TL = 21.33! REll (TEST LEti

6TH =FEET)
30900 SË = t3,55: REñ 0I-FLUII))

J1000 LFI = 'llERCURY"i REll LIilE
FLUID TYPE

31100 LA = - 8853.5ti18 = t2,tl REñ

COI{STAiITS (A & B} FOR T|JE R

EERESSED 6AñIIÊ LO66ER EON

3I2{lO fiETURH

10000 REñ

{OIOO REII IIIPUI FACTI]RS FOR 4"
PIPE

{0200 REñ

40400 FR = 2. t7J:Fp = 0,082,Ì
40500 F0 = 0.0873iFT = t.04Á
l(ró00 FU = 1,0{ó!FV = j,917
{0700 FH: Q.QQ!l{i[t: !{.(i
40800 AR = 0.0B73:TL = tó.9
10900 SE = 2,95iLFl = 'ñERIAfi FLU

ID (PIN¡:I'

11000 LA = - 2?ó1,5ÉiLF = J.ZBó
4lI{)tl RETURN

50000 REñ

5O1(|O REIÍ IIIPUT FACTORS FtlR 5'
PIPE

50300 FR = 1..191:FP = 0.lió0
50400 F0 = 0.13ó0:FT = 0.1ó30
50500 FU = 0.!ó3CiFV = 7,24b
50600 Fl = 0.00327iFI = tg.?
50700 AR = 0,13ó:TL = li.B
50800 56 = 1,75!LFf = ,tlERIAñ 

FLt!

ID {BLUE)'

50900 tA = ó.37iLB = - 0.0C7.ì
SIO()O RETURII
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PROPOSED EXPERI}IENTS TO STTIDY SLIIRRY VISCOSITY

DUE 10 CHANGES IN ZETA POTENTIAL
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APPENDIX E

EXPERIMENÎ BASED ON A ROTATIONA L VISCOMETER

sanple in a tin can (coffee can) with the required

sol ids .

attached propeller, to generate a pseudo-homogeneous

I

2

3. Place the viscometer disc into the mixture at a fixed,locatÍon

and depth.

At intervals immerse zeta probe to obtain zeta potential readings.4

Prepare a fresh

concentretion of

Use dri11, with

mix.

Fix the location of the probe to avoid

Plot víscosity versus zeta readings,

Test the nix adding flocculant to avoid

Add cement and retest.

Run different concentrations.

influence on viscometer.

5

6

7

I

col 1öida1 dispers ion

EXPERIMENT BASED ON THE RESEARCH APPARATUS

Load fresh 80/20 mix in system and run.

Keep ternperat.ure, velocity and pipe diameter constant.

Record run time, changes in zeta potential and head-loss

P1ot, head-loss versus zeta readings.

1

2

3

4



ÄPPENDIX - F

PEOTOGRAPEIC REPRESENTATION OF TEE TEST FACILITY
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PLATE 1. Sample of Solid Materials: Tailings & Slag

ts
\o
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PLATE 2 Computer Data Analysis System
(a) Temperature Control

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

H
\o
q,

Panel Meter: (b) Purnp Control, (c) Mag-meter,
(a) folysonic-meter, (e) Gamma-Ray Electronics
Unit

PLATE 3



PLATE 6. First Level Manifold Showing
Pinch Valves

PLATE 5. General North VÍew of
Apparatus

H
\0
!

PLATE 7. Beginning of Cooling Jacket
(e) Automatlc Valve Control



!t-

tri

ffi

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

H
\o
æ



ffiffiffi

ffi

PLATE 11. Plug-valves

PLATE 10. lüeÍghing Tank:
(a) Weighr-merer
(b) Collection Timer
(c) shifr Timer

H
\o
\o



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

iiti.ï¡ï
Þir.¡tJ

t*T

ry
w

ry

PLATE 14. Mixing Tank:
(e) By-pass Line
(f) Heating Element
(g) ButÈerfly-va1ve

N)oo

(c)
(d)

Pressure-meters for Pump Flushlng
Main Drafn of Apparatus

PLATE 13.



PLATE 16. Observatíon Section

PLATE 15. Second Level Showing
(a) Gamma-logger detector
(U) Sand-traps
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