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In South Africa mineral processing is a very important activity and ""lith

declining om grades and increased need for foreign' revenue it is necessarv to

develop methods which wUl keep are processing'~osts as low as possible.
((

Milling is an example of a capital intensive unit operation 'which has much

scope for more efficient Operation.

Better control of the viscosity of the slurry discharged from a rotary 9rir~ding

mill will result in improved milling efficiency and hence a saving 1'1electricity

~nd steel costs will be experienced. More effective and conslstent grinding in

the mil! will also result in em lmproved mineral recovery.

Slurry rheology is the variable of interest in monitoring and controlling a wet

grinding mill rather than other rneascres of slurry composition presently used

(eg percent solids). Up to this point in time however this variable has not been

successfully used due to the fact that a sufficiently reliable and robust device

for measuring the viscosities of slurries on an on-line basis has riot been

available,

This project was undertaken to develop just such a device (which is in the

process of being patented bV Professor M H Mays). The flow rate of a fluid

down a vertical tube is a function if its viscosity as well as ether quantifiable.
variables. This is the basis of the operation of the measurement device. Useful

features of this device Include the fact tl'tat it has no movin~ paris, is

inexpensive and robust and is subject tli) little wear. ''rha measurement can be
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performed directly on the stream in question and it is unlikely to be blocked up

by fibres/particles. A self cleaning facility may also be Included.

Ba$ed On the experimental results the technique shows much promise and it

is anticipa:ted that the basic design could easily evotve into a useful, practical
devi~e for th~ measurement of the apparent viscosity of settling slurries as

well as other fluids. If a differential pressure tell" Is also connected to the

device it may be used to obtain the density of the fluid being sampled.

A model based on the. principles of conservation of momentum was developed

and solved numerically using MATLAB {which uses 5th order Runge Kuttal as
well as a Turbo pascal program using 4th order Runge i<utta. The model was

also' simp.lified slightly by neglecting acceleration of th~ flui¢ (a simplificatlcbn

which was shown ~xperimentally to hold) and solved analytically. The results

predict~d by the model ~3~ffaronly slightly from the experimentally determined
i'

r~sults.

The devil~e has been tested on pilot mills at MINTEK's researohfacility as wall

as the Anglo American Research labs, with varying degrees of success.

I'
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Chapter 1
introductioll

1..1 lVIotivation of the project
II

Existing techniques used for the measurement of the viscosities of fluids are
. (~

not well suited for use with settling sIOrrH*s.The discharge stream from a
" I'

rotary grinding mill is a good example o~lsulcha fluid.

lt is only in the recent-past that the performance of cornmlnutlon operations

has been the subject of investigation and hence this field has not been fully

explored in all its complexities. Research has shown that improved control. of

slurry ylscosities in milling circuits :iwould result in substarrtial sr:lVings. At

present however a reliable device which could be used to measure slurry

viscosity in the harsh 8Pliro-nment of a milling circuit is not available.
))

o
Much benefit will be gained II a devlce could be developed to reliably measure

the vlseosltles of slurries in an industrial environment. Professor M.H.Moys

recently proposed a technique which could potentially be used to measure the

viscosity of such fluids. The concepts developed bV ~rofessor Mays deserved

further investigation. A slurry viscometer could be developed, using these

fundamental and creative ideas. As with most good inventions the proposed

device would be simple having few moving parts, it would be inexpensive to

manufacture and reliable.

The Author of this report decided that the he would like to investigate the

concept in more depth, and develop the ideas further, in order to determine the

operability of the concept.
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1.2 Objectives of' this dnssertation

The objectives of this dtssertatlon are as follows~
i) Ga.ina broad understanding of the importance of the measurement of

, slurry viscosity in an industrial environment as well as the um:ferlylng
techniques involved In the characterization (If the rheollogical properties

of slurries.

m Develop and produce a simple, robust devici: which, while operating in
an industrial environment Will provide an on-nne-measurement IOf slurry

viscosity.

iii) Produce analvtlcal models to describe the operation of the measuring
instrument described in (ij) above.

iv) Test the device on an operational grinding mill, and perform some
experimental work, including step changes in feed water flow'rate While
the devlce is on-line.
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Chapt~)1'1
In'troduction

I'I,;

1.3 cStr'Uct\Jlre of' the dissertation (.
This repod is $tlt~cturl2d is tJlIl$ followingway:

i

Chapter 1forms a general introduction by providhlg t~,e m'~~tivath:m"for the
!I 0)

project as well as the objectives and aims of the author Qf thr,r1the:sis.Included
, . }I

ili1 chapte:r 1 is the layout of the thesis. ',

!n'Cb:~ptler2 the reader is provided wit()ome bacikgrolmd jnforma~ion on the

different ways in which slurry rheology can be characterlssd, A literature
(J

SUNS" is also included, in which the work of some previous research work in

this fl.~ld ,is highlighted.

Chapter 3 include a description of the<'equipment used as well as the

exparlrnental procedure. We examine the way in which the} equipment Works
and look at related topics such as the development ()f softw,~re and the

prepar.atiO;J1s requir~d for experimental work,

In Chaptc~r4 some theoretical concepts are examlned, Jne!1~d1nna mode! of

ti1e\dynamic response of the system derived from the tundemental momentum,
balance.The model is solved numerically using MATLAB ~which uses 5th order

Runge Kutta as well as using a Turbo Pascal program written (u~ing 4~h order

Runge Kutta). The slightly simplified mode! of the' system (in which

acceteratlen Is neglected) Is solved analytically.

In Chapter 5 we look at the results obtained and dlsc~)s$ some interesting

effects which are observed when using slurries.
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f ... .. . Page 5
'-, .. . , . . ',' .. ', . .' ' ",--..-,/ .

Chapter ~ deals with wfe pilot mill wprk conducted at MI~TEK'$ pilot milt in
Randburg as well at the Anglo research lab»

(/

Then finally w~ get to Clh2alpter 7 where the (Concluding comments" and

dlscussfon are given.



It

Page 6

CHAPTER 2 fL
II

LITERATtJRE SURVEY

I-I

Despite the profusiOn ,of work done in recent years'-on topics related to the

characterization of the rheological propertlifs of slurries, a reliable device for

the measurement of even an apparent v;sCQsity of a slurry in the industrial
environment has not been developed.

The literature presented here is intended to give the reader a broad overview
of some underlying Issues releted to the measurement .ot the rheological

'(j

properties ot slurries as we/las the reasoning as to why suc~~a measurement
Ii "

should and would be of interest in an industrial environment, The difficulties

experienced by previous researches are also examined. Short summaries of

some selected publications are Included In appendix G for the reader's

convenience.
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Chapter 2.
literature Survey

2,,1 Introduction
in recent years there has beeso much research done in tt~~field of slurry

U'h~ology with the result that a profusion of work has been published on this
c

subject. tn this chapter it has been my objective to summartae the rn~l~t
\-.' ....';

important findings of this research and to reveal some of the problems
c- ili?searches have been faced with tn measuring the rheological propertles, of

slurrles. A selection of published articles, are briefly summarized i!l,app®ndix G

In order to give the remi~r a feeling for the type of literature available.

10
The results of my literature survey confirm the belie·f that information on slurry

rh~ology wou~dbe useful iQAfnpro~ing the efficiency of millihg circuits. I also

ShOW'(~=~~ main reason for tha fact tHat this variablEtis not utilized 'for the

control 'iff--milling" d}rcuits is due to the lack of a reliable, robust instrument

which couh~be used to measure the rheological properties of slurries In th~

industrial environment.

21)2 'lite bnportanc~ of Viscosity in mineral processing
Pulp viacosity is an important parameter in all minerals processing operations

and effects the effiCiency· of operation of mills, cyclones, flotation circuits ..

classification operations, heavy medium separation, dewatering systems. slurry

pipeline transportation, tailing clarification (l.aapas 1992) and the CIP process

(Thomes at al 1989). ln this section, however.the focus is on the Importance

of viscosity In the operation of ml1ling circuits. U)''ltil recentlv knowledge of the

importance of slurry rheology in mill performance has been limited (Kimpel

1979).
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The viscosity of slurry in milling circuits has been largely neglected clue to 'a

number of factors, in;~luding the following :

'1\ (1 ) ,.The role of slurry vlscosltv in comminution operations has only come

tinder close scrutirrv during the last 15 years or so.

(2) The magnitude of the potential savings has not been fully recognized •

. (3) ComminutionIs not considered as a separate field of research and is

interdisciplinary by nature (Herbst 1990).

(If.) Implementation of new untested technology involves some risk whlcb

mines are often not willing to assume.

(6) The significance of slurry viscosity has not been fully appreciated in

p.industry (Moys 1989).
c

o
(6) The difficulty of making on-line measurements of the viscosity of dense

minerai"tlur~jes (Mays 1989, Kawatra and Eisele 1988).

Despite the fact that this matter has been the sublect of many investigations
')

in recent years a robust, reliable and effective device to measure slurry

viscosity has not been developed. The lack of suitable, reliable equipment to
()

y) ,/ f~' measure" slurry viscosity is a problem.
l;::,"';"

II"./ Potential benefits of better control of viscosity in milling

operations.
Milling is one lof the most enerqv-lntenslveoperations in the minerals

processing !ndu:'~\tryand consumes as much as 25% of the power used in

minerals processing (Kawatra and Eisele 1988). In some lndustrtes, for

example the processing of metalliferous ores, energy used in comminution

operatlons constitutes 50% or more of the total energy requirements for raw

minerals processing (Herbst 1990). Milling is an inherently inefficient process

With typical efficiencies of less then 5% (Herbst 1990) and the efficiency of
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a wet grinding mm can be improved by better ccntrol of 51urry rheology

(Kawatra and Eisele 1988)

Even a $maU increase in effici~hcy will result in a substantial saving (Kawatra

1988, Hemmings and Boyes 1977). Not only wguJd there be a savings in

electricity but also a saving on steel costs. An improvement in mineral
o . - 0

recovery would also follow from better centro! ot"h~OI09Y in milling circuit~

(Hemmil19S and Boyes 1977, Moys 1989).

The potential economlc benefits of better control of milling circuits have been

estlmated by Herbst (1990) who showed. that energy savings could amount

to between 10 and 20 percent from better control or grinding circuits alone.

Saving in steel costs as a result of reduced wear of the media and mill lining

would result in savings Of atleast the same order of magnitude.

According to Kawatra and Eisele "(1988) the grinding eff!ciency of the entire

grinding circuit in a tumbling media mill may be improved by better'control of

mill slurry rheology,. since the rneology not only effects the rate of fines
r

production but also the functioning of the hvdroevclones •.Suitable on-stream

sensors are 'essential for more effective control of mineral processing

operations, particularly grinding circuits' (Hemmings and Boyes 1977)

Atkins and Hinde (1915) have shown that under manual control a typical

grinding circuit is subject to unnecessarily large fluctuations resulting in

inefficient utilization of grinding capacity. Increasing automation may thus

result in improved recoveries and more efficient operation of the plant. By

implementing control over mill water addition on the basis of mill discharge

viscosity measurements, both a production benefit and reduced grinding media
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wear are indicated (Boyes 1978).

The main difficulties associated with Manual control include large lag times,

difficulties in coping with disturbances and human limitatiorlll e9 f8tigue; on

the other hand automation has advantages OT ssnsltlvltv to process
disturbances, reduced response timet consistent res~onseto disturbances and

reliability without human limitations (Hemmings and Boyes 1971).

The develoPi11ent of a suitable device which wilt measure the slurry viscosity

will increase the scope for automation in the mineral processing industry
Ci \

resulting in the abova-mentloned benefits. The accuracy of the measuring
device ls.hcwever not critical because of the very strorl~treiationshlp between

percent solids and slurry viscosity in the region of efficient mill behaviour - a

1%·ohange in percent solids results in on average a 35% change in vlscosltv

;in the range of percent solids typical of the mHi discharge of an average gold

mine (Moys 1989).

The role of slurry viscosity in milling
As we can see from the foregoing paragraphs, the viscosity of the slurry

(directly effects mill behaviour. The slurry should be viscous enough so as to

be homogeneous thus thinly coating the grinding media enid yet ltshould not

be so viscous $0 as to adhere to the mill wall throughout the rotation of the

mill. It should also be thin enough to flow 'fairly rapidIV' through ti~emill under

a relatively low hydraulic gradient (Hemmings and Boye~ 1917~.

If the viscosity is too high the efficiency of the mill is reduced due to the fact

that the thick pulp restricts the movement of the grinding media and cushions

their impact, therebvreduclnp grinding activity (Hemmings and Boyes 1911f
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~
Taggart 1954, Cross 1967). The grinding behaviour deviatesfrom first order-,
when the slurry inside the mill develops a significant yield value~~nd thls leads

to lower breakage rates ( Klimpel 1919, Kawatra and Eisele 1981). The
effective diameter of the mill may also be reduced and premature centrifuging

can occur (Mays 1989, Tangsathitkulchai 1989). At higher viscosities the risk

of choking the mill also increases.

if the viscosity is too low there will b~incomplete coverage of the media by

the pulp resulting in increased wear rates of the media and liners. Ihe grinding

rfiE:h::liamake direct contact with each other and with the mill lining as a result

of tP~ much thinner layer of slurry covering the media and the mill lining.
Red~.ced mill holdup with thin. pulps also unnecessarily reduces the capacity

i 1_,(;;";,,,

of *l+e<mm (Hemmings and Boyes 1977). From an economic viewpoint, high
I/~;.:: G! c· \\

wei~trates Impbse a minimum operating viscosity In a mill. Power is also
Ii I!

'w~isted in tumbling the excess water' (Moys 1988).

It is interesting to note that' the residence time is also an important factor

affect.~d by pulp consistency. At high pulp viscosities, the larger residence
times and longer exposure to grinding forces may compensate for reduced
grinding efficiencies. Conversely, at lower pulp viscosities where grinding may

be more effective9 lower residence times may reduce overall performance. An. . .

optimum slurry viscosity exists and it has been suggested that the optimum

lies around 150 cP (Hemmings and Boyes 1977 and Boyes 1978).

2,,3 The rheology of mineral slurries
In order to familiarise the reader with the underlying principles of fillid

rheology, some background information is given and underlying ideas t>t ~t11
examined. We will first look at a definition of rheology and than examine
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some tYpical fluids.

The study of rheology of fluids covers the techniques used to describe the

flow cbaraeterlsttcs of fluids, in particular their shearing characteristics. To

illustrate the concept we will refer to a fluic.Ibetween two parallel plates, one
plate being stationary, while the other is free to move (see figure 2.1).

I

Stationary

Fit:Jure2.1 - A fluid between two parallel plates, subject to a shear force.

A Velocity gradient is set up in the fluid. As the velocity gradient or shear rate

is Increased, so the shearing force required also increases. One of the goals of

rheological studies is to describe how the shear stress applied is related to the

shear rate (velocity gradient). Fluids are classed into different categories,

depending on which model most closely describes their behaviour under

shearing conditions. Many different models exists, the most simple being the

Newtonian model, where there is a linear relationship between shear stress (r)

and shear rate, the prcportionalltvconstent being the Newtonial'l viscosity. A

few different models are illustrated in figure 2.2.

Mineral slurries are difficult to characterize partially as a result of their non-

Newtonian behaviour, especially at high percent solids. Another difficulty
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BinghamR/ Pseudoplastic
with yie''2:ld:--_~

Rate Of Shec:nf'
~\

Figure 2.2 - Different models for the rheology of fluids.

relates to the settling nature of slurries {Hansford at 811976). Shear stress is

generally a non-linear function of shear rate especially for highly concentrated

slurries. Thus if the shear stress is measured at a fixed shear rate this provides

only one point on the shear stress/sheaf rate curve, This Single point .oan

provide the apparent viscosity which is the ratio of the shear stress to sht,ar

rate.

There are a large number of variables which influence the way slurries behave

under shearing forces and this further complicates attempts to model the

behaviour of mineral slurries. Factors effecting slurry rheology include particle
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size dlstrlbutlon, cw~rage particle size, shape of particles, particle

concentration, surface; properties of the solid, pH as well as temperature.

Volume fraction on its own is not adequate to charactenze the rheological
~. . .' ~

properties of fIl sftirrY (Jeffrey and Achrtvoa 1916); A linear relationship 9)(J$t$
~I, li

between the apparent viscosity of a sl\ll~ry and temperature (mainly as ,~result

of its Gffe~t on the viscosity of the carrier fluid}. An exponerrtlatrelatlonship

exists between slurry viscosity a!lndconcentration. There is a direct relationship

betwesn the size ·of particles ana tha.vlsoositv in minerai slurries (Hansford at

al 1976"Clarke 1957)
\{,

!1
Dilute slurries behave approximately as Newtonian fluids but their behaviour

deviates substantially from Newtonian with increasing percent solids. Typical

mineral slurries display dllatarrt behaviour up to $0% solid$ by volume (t;larke
1967). tncreasing the concentration changes the behaviour progret1st~~IY ~o

pseudo plastic Withhfgher concentratlons displaying a yield~\falue (Kavyatra and
Eisele 1987, Austin at al 1984)

Abbas and Crowe (1987) reported that the slurry they used fitted neither the

Bingham plastic ,,~.rpower law models and $uggesteo'use should be made of
I

a turbulent .nixing model analogous to Prandtl's mlxing~length concept. Cheng

(1984) even suggested that there is no unique vlseosltv curve for a fixed solids

concerrsatlon, rather a distribution function of curves. Various models have
_C'<:".,

been used to describe the rheQlpgy of suspensions including the Ostwald-de(-:--- .,_

Waale equation, the Rabinowitch equation, the ems equation, the Prandtl-

Eyring equation. the Reiner-Philippoff equation, the Williamson equatkm, the. ,\

Cross equation, the Oldroyd equation, the Van Wazer equation, the power law
and many friare with varied {~ucceS$(Jinescu 1974).
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2..4 Techniques for viScosity measurement
Various techniques exist for the measurement r.lf the v'jscosity index of fluids

but few can successfully be used to characterize the rheology of slurries. Many

difficulties arise when attempting to characterize the behaviour of slurries.

illustrations (Of some .sampling systems tried by various authors can be found

in section 2.7 as well as appendix G.

Problems encountered include settling of the slurry during measurement, waH
Slippage due to the presence of pure liquids at the solid-liquid interface,

turbulence effects and difficulties in obtaining a representative sample.

2.4.1 Roto-viscometers
\\,

There are various types of roto-vlscorreters 'available, but the most common

commerciaUv avai1abte laboratory vlscometer is the bob-and-cup viscometer.

The underlying principle of operation of the rotatlonal type viscometer is as

fol(pws (see figure 2.3) : a rotating body (commonly cylindrical in shape, but

use is also made of conical shapes) is immersed in the fluid and is subject to

a viscous drag or retardi'!ig force. This Ifrilg force is the result of the shearing

forces set up in the velocity gradient 4·vi"med and the amount of drag is a

function of the geometry of the system, the nature of the fluid and the shear

rate. A common form of roto-vtsoometer is the bob-and-cup viscometer which

employs two concentric cylinders. There are two possible arrangements,

narr- .h~ Sfjsrie system and the Coulette system (Skubnik '1972). The Searle

:r"ystt. '1$ Q stationary outer cylinder and an inner cylinder which is tree to

rotate while the Coulette syste\)n the outer cylinder rotates about the inner

stationary cylinder. A velocity gradient is established in the liquid between the

cylinders when the inner/outer cylinder is rotated, Typicai examples of this
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type of viscometer .include the Haake and the Broakfield vlscometers.

~ Torque .$snsor ,1

end motor ----.

Cup {~
(b)(0)

~~I------------------------------------~~----------Figure 2.3 .. (a) A cup and bob viscometer, (b) A cone vlscorr.eter •

.:. The Brookfield vlscomater operates at a fixed shear rate and provleea an

apparent viScosity at that shear rate. t=or non-Newtonian fluids the relevance
.'

of this data is not well ostabtlshed, although such data Is of some value.

'The Haake Viscometer is capable of operating at a variable shear rateand can

be used to plot the entire shear stress/shear rate curve thf}l'I,~by fully
characterizing the fluid.

The use of the rota-viscometer for the measurement of slurry rheology has

been examined by many different authors Including Hansford et at (1976),

Hemmings and Boyes (1977), Kimpel (979), Mays (1981), BlaZf)zyk and

Petera (1986), Reeves (1985) as well as Tangs;athitkulchai and Austin (1988).
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Disadvantages of a Rotc-viscometer :
(1) Rota type vlscometers are subject to Vane! wall effects (\l\Ihitan et sf

1992) - a laver of pure liquid forms between the slurry and the cylinder,

cau~ing slip and unreliable viscosity measurements. This effectmay be

raduced by etching grooves In the bobbin perpendicu~ar to the direction

of rotation.
(2) Th(i formation of Tay!o:r vortice;s at higher rotational speeds may occur

(Vv'hiten at al 1992)
(3) T1JrbuJencemay occur at higher rotat!onal speeds and its effect·on the

viscosity is dtfflcult to quantify.

(4) RI)to-viscometers are USually not robust enough to use in an lndustrtat
environment.

/f
!,j

(7)

(5) In flOw-through models, the passage of fluid through th(.llshearing gap
during sampling will have some effect on the calibration (Dealy 1984).

A d~gree ()f turbulence may be introduced which may introduce some

form of error (Downward at aI1.987).

(6) ~jfllesssufficient turbulence is malntalned, coarse solids will settle and

/the viscosity reading will not be representative. However the presence

otterbulerrce in the measuring system lntroduces scatter in the data due
:. to torque flu~tuation3 on the rotating mechanism (Hemmings and Boyes

1e77),

The gap between the two surfaces is usually quite small, .and \1~hen
_i)

dealill{ll with suspensions it is important that the largest' partlclEl

diameter is small Emot.,sh not to IlOdgebetween the two surfaces.

(S) There are problems associated with sampling difficulties and problems
In obtClining representative samples for measurement
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Advantages of Roto...vlscometers :
(1) The, Haake viscometer can be used to generate an entire shear

stress/shear rate curve.
(2) The Contraves and Haake vlscornetera an';)avallabte in models which

have a magnetic torque coupling to avoid the use of rotary seals and are

available in both flow through and Immersion .models,

2.4.2 Capillary tube viscometers
Th~ captllarv'tube viscometer uses a relationship between the flow rate of iii

liquid down a capillary tube and the pressure drop to rajv~~r ~~tenttJ>cosity

(Downard et a! 1987) The reader is I'eferreq to f;/
I

representation of a gravity flow type capilia(y \I~~
c ~ ... •

vlscometers have been exarn!r'ed by Laapas (1S~17larid Whiten flt al (1992).
/1

Cohen and Metzner (19S6) examine apparent slip 'i'oV'J ~:,fPOIYfi"lsr $ol'vtions in

," 4 sehematlc

/ ,;ter' , ~(~~marytube

a capillary viscometer.

De Vanc~i' and Shelton (1986) used a device they called a conslatometer. This

piece of equipment was capable of determining the vtsoosttv under only one

flow condition, namely free f~1I through a small bore tuba (Marsden 1962).

This Is not a true capillary tube but the prlnelple of operation is similar. As can

be seen from figure 2.5 there Is a relationship between the flow rate of slurry

down a narrow bore vertical tube (12 mm) and its viscosity.

Disadvantages of the capillary tube viscometer:

(1 ) The capillary tube is subject to Vend wall effects (\rVhiten at 81 1982,

Downward at al 1981) reSUlting In a layer of very dilute slurry forming

at the wall of the tube. Plug flow can thus occur In the tube hence

g'lving unreliable results (Oownard at a! 1987 and VVhiten at aI1992).

This phenomena is well documented (Jinescu 1974). This problem may
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Figure 2.4 .. A Schematic representation of gr'8vity flow type capillary
viscometer

be partially solved by using roughened tubing (Bailie ~1f1Stewaft 1992,
. . i ':

Skubnik 1972). (, (

(2) The effects of turbulence are difficult to quantify ~ithough for more

concentrated slurries there seems to be less of a marked transition from

larnlnar to turbulent flow and this transition appears to occur more

slowly (Whiten at at i992). Turbulence may therefore not be a problem

of significance and the effects of high Reynolds numbers in capillary

tubes requires further investigation.

(3) These units are usually not calibrated directly and are most often
calibrated using fluids of known viscosity.

(4) They give an apparent vlscoslty at a particular shear f?t,e ot.termined by

the physical dlrnenslona of th@ tube. This is known (~s the Fahraeu$-

lindqvist effect (Downward. et al 1987)
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Figure 2.5 - Apparent Viscosity of a minerai slurry as inferred from its flow
down a vertical tube using a Newtonian Model .. Bailie and Stewart (1992)

Apparent viscosity as a fn or tt solids

13.0 as, III
Macl1'llpercent. colld$

(5) The effect of swirl on ViSCO~illty is not known (Hansford at al 1976),

t'llthough this effect may be reduced by careful design of the tuba

entrance.

(6) The tube may become blocked, but this problem may be overcome by

using a larger diameter tube or a more elaborate sampling system;

however laminar flow should be maintained {by for example imposing

a relativel\( low pressure drop across the tube).

(7) In the unsteady state system start-up flow may be a factor (the initially

stationary fluid has to accelerate to a terminal velocity), although this

is usually negligible (Dutta 1986). This is confirmed by the author's

work which indicates that the fluid quickly accelerates to a terminal

velocity.
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Advantages of the Capillary tube viscometer
(1) it is simple to construct and maintain and can be made from readily

available materials.

{2} If designed correctly it should be robust enough for industrial use.

(3) it has no moving parts.
(4) They are particularl.y suitable for the measurement of low viscosities

such as those of light hydrocarbons and aquecus solutions as well as

highly viscous materials such as asphalts and molten plastics (Dealy

1984).

2.4.3 Other techniques
Various other techniques have been used with mixed results.

Vibrational vlscometsrs work on the principle that a fluid has a tendency to

dampen the vibration of a probe which is a function of the product of the

viscosity and density of the f!uid (Dealey 1984). Installation is relatively simple

as there are no pumps or motors involved, and the response time is low, in the

order of a few seconds. Kawatra et a1(1988) tried using a Nametre vibrating
\\

sphere vicco meter (see figure 2.5)6 blJt they experienced numerous problems

with drift and dependencies of the measured viscosity on the flow rate. After

several modifications most of the problems were solved to a certain extent and

some relative success was obtained.

Some vibrational vlacometers use ultrasonic pulses (notably the Bendix and

Unipan models) and may be more suitable than the Nametre Viscometer used

by Kawatra.

Falling-cylinder vlscornaters are covered by a Czech patent and the only
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i=igure 2.6 ~The Narnetre vibrational viscometer. (Kawatra 1988)

commercial model available is made by Norcross. They are not suitable for use

with slurries.

Another novel device used for the measurement of pulp vlscosltv is the "drag

blade", a metal plate mounted on the side of a pipe carrying the suspension,

! .1 such a way that the total force exerted on it by the 'flowing fluid can be

measured.

2.5 'l1tc theoretical approach
The purely theoretical approach has been adopted by some authors to quantify

the behaviour of slurries. However many assumptions are required, the primary

one being that of spherical particles, Theoretical models basad on the

interaction of spheres have failed to describe the rheology of real suspensions

over the full concentration range (Mandersloot 1979).

This approach does have some rnerlt for dilute suspensions of spherical
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particles. and provides quite satisfactory predictions under certain

circumstances (Danak and Yucel 1986).

Einstein did work on the rheology of suspensions-and his work, is quite

frequently referred to, and forms the basis.of early.r,esearch work done in this

field. Einstein considered a suspension of rigid spherical particles with the

hydrodynamics being governed by Stokes law.

The theoretical approach is complicated by the fact that there are so many

factors affecting the rheology of suspensions. Fundamental forces acting in

suspensions include thermal forces, electrical forces arising from charges on

particles and many others. This has lead some researchesto inVestigate double

layer charge theory and charge formation in suspensions, leading to

complicated theoretical relationships which are often of little practical value,

but are of interest never the less (Jeffrey and Aorlvos 1976).

2.6 The significance of conductivity measurements
From the results of investigations carried out (Moy:s 1988, Vermeulen et al

1984, Montini and Mays 1988) in the use of a conductivity probe bolted to

the shell of the grinding mill it appears that potential exists that much useful
"j:;

information can be gleaned from the use of a conductivity probe. Possible

useful information includes locating the~o,e and shoulder of the load, indicating

whether the load is centrifuging or not, and providing a fairly accurate index

of the viscosity of the load. Figure 2,7 Shows one possible way of mounting

the conductivity probe (Montini 1988), figure 2.8 shows the response of a~ , ,: ,\

conductivity probe with two rotations of the mill (Mays 1981) anc figure 2.9

shows how the response of the probe changed with different concentratlons

of slurry (Montani '1988).
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OUTSIDE THE MILL

Figure 2.7 .. An example of a conductivity probe (Montini 1988)

As the conductivity probe enters the load, the conductivity increases giving an

indication of the location and size of the load in the millj~~e figure 2.8),
!;';~?;. 1/:'0,

However the most interesting area in the conductivity signal c~'ntres around

the type of drainage that takes place as the probe leaves the load (see figure

2.9).The rate of dralnaqe is a measure of the slurry viscosity. If the slurry has

a high viscosity the drainage would be incomplete and the probe would still be

coated with slurry when entering the load again. Therefore by analyzing the

nature of the drainage one can obtaln an indication of the slurry viscosity.

Advantages of the conductivity probe include the fact that it does not suffer

from the large lag times associated with techniques which Are based 011

measurements from the mill discharge making it easier to tune the controller.

The conductivity probe is also of low cost and installation procedures are

simple.

Disadvantages include the fact that the probe must withstand the harsh

conditions In the mill and may need regular replacement. There are certalnlv

potential benefits to be gained from the use of conductivity probes in a mill
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Figure 2.8 ~ Response of a probe for 2 rotations of a grinding mill (Mays
1987)

shell alone or in conjunction with other measurements and their use deserves
further investigation. One problem is the interpretation on the signals from

...
>

2000
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~?

Figure 2.~~~ Average probe response at different concentrations (Montani
1988)
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such probes to gain as much useful information as possible. Suitable electronic

processing would 'clean up' the signals and make the. data $0 obtained more

useful (Vermeulen at at 1984).

2.,7 Techniques used to overcome sampling problems,
Sampling problems are difficult to overcome" The discharge from a wet .nil!
includes fibres, wire and large particles, which easily choke up the viscosity

measuring device. On line measurements are also made more difficult by the

settling nature of slurry. E~lenin batch systems settling is a problem. Various

attempts have been made to overcome these problems and some interestipg
:.-')

device, have b~en designed. In this section we will examine some of these

ideas.

Betell sys.tElms have to be -fltted with some sort of circulation or ag;tation

sy.stem. An example of such a system was that used by Clarke (1967) as

illustrated in figure 2.10. Clarke used a draft tube type mixer, with the impeller

mounted in the' base of the container. This results In a uniform flow of slurry

around the bobbin. It is also possible to circulate the slurry fn a batch system

at a sufficiently high rate to maintain the suspension thus eliminating the. need

for a stirrer.

Continuous systems have to handle tile larg~r particles, .fibres and wires

discharged 'from a mill. These systems usually require sOi' sort of screening

first. Va1entyk (1910) used a rotating screen for this purpose as illustrated in

figure 2.11 .
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Figure 2.10 - Sectional view of system used by Clarke <1967}
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Figure 2.11 - Sampling system used by Valentyk (1970)
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2,,8 Coneluslon
from the llteratur« survey Ii. is clear that slurry rheolQgv is a very important

parameter in the efficient operation of many mineraf processing operatioflS,
milling In particular. We can see that the measurement of the rheological

properties of slurries is prcblsmatlc, due to many ,factors including the settling

nature of slurries as well as the harsh environment in which such devices are

required to operate. We see however that there Is a large potential savings 'to

be gained from improvements in the effioiency of operation of milling clrcults

and that an online viscometer capable of operating in the inch.l~trial

{environment would prove to be very useful.



EXPERD.VffiNTAL SECTION

The human spirit of discovery is unmatched by any other creetton, and it Is
this spirit which drives 1.1$ to discover new territories and expand the envelope

of human understanding. With this spirit in mind we enthusiastically tackle the
<"

probJ(Jm of l'he measurement of slurry rheology. We examine the evolution of
C<

Ideas into possible solutions, from the initial concept to the final der;ign.

Theu(eparatiol) for experimental work is also examined, including factors such

,as .the use (7)f viscosity standards, preparation of skurles, and ectuet
experimental procedure. Finally some conclusions are made with respect to

this work.
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3..1 Introduction
let us start with some kind of objective in mind as we begin to explore the

possibilities of discovery, Our objective: the development of a simple, renable,

robust viscometer or conslstorneter for use in the industria! environment. The

device should preferably have no moving parts (or only a few moving parts)

and should provide a reliable indication of the consistency or apparent viscosity
-:

01 a slurry.

fin the literature survey we looked at the two most useful approaches to this

problem, namely the rota-viscometer ~nd capillary viscometer. We saw that

the use of roto..vlscorneters had beet ,.lieUtried by numerous authors and that
blockage of the relathleiy narrow gap between the stationary and moving

surfaces was a big. problem, and that the rotary type viscometer was

inherently not very robust due to the rsqulrement that the torque on the

rotatIng shaft be accurately measured. For these reasons we did not pursue

this concept any further. We did however use a Slightly modified. Haake

bobbin viscometer during the experimental phase to obtain rheograrns for the

slurries used.

The capillary viscometer has also been tried by some researcher's and also had

problems with choking as noted from the literature survey. But what if we

were 'to use a conventional tu."·~Of sllohtly larger diameter in a similar way to
, I

that In which a eapilJary viscr .teter operates" if the tube were large enough

It would be unlikely to choke up with slurry. We saw in the literature survey
that under conditions of fixed pressure drop the. velocity of a fluid flowing in

a pipe is a function ef the fluid prcpertles, including its viscosity. This principle

could be used to obtain a value for the apparent Viscosity of a liquid, but hClw1
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---------------------------------------------------
E~rIV research focused on the use of a tube open to the atmosphere, through

, --"

whiCh ~ilunyis allowed to flow on a continuous basis (see figun.' 3.1). This
technique had some drawbacks, however, since it required that a side stream

of slurry be pumped to an open trough at the top of the tube. This slurry then

flows down the tube under the influence of gravity and is allowed to rejoin 'the

main stream. Thls is not very convenient.

Figure 3.1 - Diagram of early viscometer design

Professor M.H. Moys suggested using an Idea he had developed, which Uses
a similar principle, except h operates in a byclical, batch mode, as will be

explained in the next section. This Is the approach that was adopted.

3.2 Design and construction of equipment
A diagram of the equipment used appears) in figure 3.2. The>a').Iipment used

consists of a vertical tube fitted with five pairs of conductivity 'probes. The
"

bottom end of the tube is lrnmerssd in the slurry or fluid of irv1:srest,contained

in a draught tube mixing tank to prevent the slurry from sef;tling. The upper,



Chapter :3
Equipment used and ex~erimental procedure Page 32

end of the tubs Is connected to a DP cell to measure the pressure, and via

solenoid valves to a venturi vacuum pump and to the atmosphere. The

conductivity probes and solenoids are linked to a computer, which takes
measurements and controls th"· viscometer.

Too~sphere
B

'------.---------_ ................. ,__ ..........._-----------------.-----'
Figure 3.2 ...New 'viscometer' developed by Prof M.H. Mays.

The tube itself is a clear PVC tube, about 1.6 meters lang. Six different tubes

were used, in total. Three smooth tubes of diameters 10mm, 12mm and

16mm. and three roughened tubes 01 diameters tomm, 14mm and 18mm.

Roughening the tube was accomplished by scoring a groove of about .2 mm

in depth relatively evenly ln a spiral type fashion inside the tube. The

conductivity probes consist of small pieces of 1mm diameter stainless steel
wi\\e fitted Into holes drilled in the sid~~':>fth'b tube and glued iW place using

PVC '~~ment, (see.figure 3.3)
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,/ .'".
"'\ :,r.,____

PVC cement

./ r-, -lmm Stainless steel wire
'"\ if

.____
Clear PVC tube"

_-::-._c:'

Figure 3.3 ~Conductivity probes

The conductivity probes are wired up to a five channel conductivity board

which uses a high frequency voltage of 4kHz to excite the probes. The

rectified, filtered signals are sent to five l..nalogue inputs of a peso data

acquisition card. A circuit diagram of one channel on the conductivity board

appears in figure 3.4 while the wiring diagram for the whole system appears
in figure 3.5.

A brief description of the operation of the conductivity circuitry is as follows.

A oscillator (a NE555. integrated circuit) is used to gerlel'ate a square wave of

adjustable frequency of approximately 4 kl-lz. The mark/space ratio is also

variat?le and was set to unity (to ensure a svmrnetrlcal waveform such that the

period during which the voltage signal is high is equal to the perioC!lwhen the

voltage signal is low). This square wave is chopped and smoothed, to

approximate a sine wave and this signal is sent through a reference resistor to
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the one probe of ;the conductivity channel pair. The other probe Is earthed. The

reference rsslstor is thus connected in series with the measurement probes,

and the voltage is measured across this resistor. If the resistance of the 'fluid

is low, a larger current flows, leading to '0 higher voltage drop across the

reference resistor. This voltage is rectified, using an arrangement of two
diodes in conjunction with an operational amplifier. The operational amplifier

inverts only the negative Signal and the positive Signal is added to the negative

signal. This signal ls then amplified by another operational amplifier and

smoothed and filtered usirlg a first order filter.

R:R:R ···0

o A_D.oI V.·~

r T

Figure 3.4 - Circuit diagram of one-channel ot the conductivity circuit

The differential pressure cell has an output signal of 4-20' rnA. This signal Is

converted to a voltage signal as shown in 'figure 3.6 by connecting a resistor
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Interface
board

DO~DO

IPC 30
ND Cord

t. _
Figure 3.5 .. A simplified schematic of the wiril1g diagram for the system

in the circuit and measuring the voltage drop across it ••

The solenoid valves are connected via relays to one of the digital outputs of
" 'J

the peso card which is a multi-channel anal<.?9to digital card that fits Into a
free 8 bit slot in the computer, The valves operate on .220 volts ACt actuated

I; . ,,'.'

by the pc-30 card via two 220 volt relays which are linked to a digital output
from the card. c:

The mixing tank used is a draft tube mixer and is described in more detail in

section 3.5':4. A variable speed motor is mounted overhead and is directly
H DI" ('

coupled via a shaft to a marine impeller.

fi
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3,,3 Operation of the equipment
The principle of operation of the equipment is c J:ollows (see figure 3.2).

" (I o
Valve A is opened connecting the top of the tube with the low pressure vessel

and the slurry is sucked up the tube until the top probe shows a step change

in conductiv~ty. At this stage the solenoid valve A is closed, and a reading of

the pressure is obtained. The pressure reading thus cbtalned Is u$e& to

calculate the density of the fluid using the fact that the static pressure in this

case is simply equal to pgh. The solenoid valve B to atmosphere Is opened,

thus allowing the slurry in the tube to drain under the influence of gravity. As

the slurry d:\ ,n~, the step changes In voltages from the con~uctivity circuit are

recorded snd hence the height of the slurry in the tube as a function of time
is obtained. From this data the drainage velocity is calculated. The apparent

viscosity of the slurry is a function of this velocity.

3.4 Software development
:Software was developed which operates the equipment on a continuous basis,

opening/closing'solenoids to draw the fluid up the tube, allowing the fluid to

draln and calculating an apparent viscosity from the drainage data.
':I

The apparent viscosity (as inferred from the drainage velocity) and density (as

calculated from the static pressure when the fluid is at a known height) are
plotted on the screen in semi real time (there is a slight delay of a few

seconds), and thus bhanges in viscosity can be noted. ~nthe final device the '

program could be placed onto EPROM on tl card, thus possibly eliminating the

need for a PC computer to operate the device. The viscometer could then have

vtscosltv and density outputs in the form of. two 4-20 mA signals. The

algorithlTl may be .rciughly summartaed as shown it) fig'Ore 3.6"
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At this stage the program also has no control functions built into'it. This can
be done at a later stage if necessary.

Figure 3.6 ~An algorithm of the computer program.

Use is made of digital output channel A to open and close the two solenoids.

Procedures were written to open and close solenoids, capture data from the

analogue inputs on the card and determine the position of the steps by

c.Uffemntiating the data and checking for a positive ch3nge in the derlvatlve.

There are two ways in which the signals from the conductivity board could be

handled. The first approach used was to add the signals together and use only

one channel of the pe30 card. This has the advantage of being a simpler

system from a hardware point of view - only one analogue voltage need be

measured (as apposed to five signals). A graph of the signal from the probes

using this configuration is shown in figure 3.7. This approach proved
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problematic primarily as a result of difficulties in finding(~~lesteps in the signals

which were of varying size, depending on the conductivity of the fluid and the

sensitivitY set in the conductivity circuit. Sometimes steps were confused with

noise. The second approach used was to feed all five channels into the peso
card separately. This proved to be more robust and reliable. Even large

amounts of noise did not interfere with the step finding routine.

The step finding technique followed initially used an interval halving technique

using the number of $tepJ (5) as the known variable. The mlnlum and

7

!] i.
1";

\
\ ~ -'Y.w,~ \..- ,'" -...

. , , , ,
0.5 1.0 1.5 2,1) ~.S ~.O ~.5

Drainage of a vertical pipe using a solution with a
"relativ~ vlscoslty of 204

10

G
0.0

Figure 3.7 - Step changes in voltage with time obtained by adding tRIG5
voltage signals to get the single voltage shown above.

Time Seconds)

maximum heights of each step were used as upper and lower bounds, The

computer then halves the interval between these two values, 8.1d tries this as

the next guess for the step ~~e. This gives a number of steps either greater

than or less than 5. If there (;ireless than !:l.steps the step size is too large and
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must be reduced and conversely if there are too many steps, the step height

must be increased. This was faJrly reliablr{but d~dsometimes fail as a result. of
excessive notse, ,Wit~ ~~q use of five sepadite" c:"3noel$, ior each channel the
difference between the vlJltagl? at t~~4>eginnjng of the measurement interval

(high conductivity) and that ,at the end of the interval (low ecnducttvltvl was
','

ha,lved and a search done to {.Jbcate the voltage whioh most closely
corresponded to that. Tho time 'i:~~~nfrom the beginning of the measurement

interval for that step was then calculated.

, F.lap,sedtime was simply calculated as follows :C~hesampling frequsncy is

accurate~y known since this is set initially and hence the elapsed time can be

calculated from the numb~rof samples that have. been taken (ie from the

posltlcn of the voltage value In the data array in the program). It should be

noted that t~e Intarnal clock has ap resolution whi~h is far too low for the

purposes of time measurement in OUrcase and hence is not used. Some of the
('

important parts of the program are included in appendix 1.

The graphing routines used were based on graphic;., procedures available In

uncompiled form from Quinn Curtis software. Using these procedures a real

time scrolling graph showing density and viscosity is displayed.

The data (density and viscosity) is written to a file together with the time

taken from the on-board clock in the PC. The file is giv~n a name based on the
current date. if this file exists ~h~data is appended, ctherwlse' a new file is
created. The operator may exit the program at any stage if desired.

The system can therefore run unattended provided the tuba does not get

bleeked up with slurry.
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3.5 Preparatlon for ~XIlijriments
The first step in the prej)~ral!rm for experimental w0.tk was the eholce and

-'

calibration of a vh~comate,' ~Nhich eQuid bs ~$ed to provide a reference

',~scosjtyof any tlu~dsUS~din the experimental work. Two vlscorneters'were
.1/

available, both cup and bobbin vlsccmeters, namely a Ht\';lakeand a Brookfield

viscometer. The Haake Viscometer was chosen as it can be usedto generate

the entire shear stress/shear rate diagram, and this could be used to obtain an

apparent viscosity. We will now examine the operation and callbratton of the
,',-
" ~\.1\

Haake viscometer as well as measures used to prevent settling of the slurr(es;.:\\
, \'

__/,

used. 'I,
)\'

3.5.1 Viscosity measuremenrwlth the Haake viscometer
Use was made of the MVH P Sensor system witn the Haake vlseometer. A

"
diagram of t_~~I'~ensor system appears in figure 3.8 while a diagram of the

CUP
I ,-

D
~m

Rotor
(Bobbin)

MY liP

O Top
view

rn
I

Side
view

.........-~-"=='"--"':":"'":~~----------.---,,:----.Figure 3.8 ~The MV II Sansor system
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Haake viscometer used appears in figure 3.9. The shear r~'~eis variable up to

a maxlmum O1f 512 revelutlons.per minute. It Clan be set to sweep in a ramp

fQshi(m from 0 to 512 rpm in a period of time sst by the user. A sweep time

of three minutes was found to be s:atisfactory. Teo low a sweep timia yields

results which are not v6rv reproducible. The apparentvtscosltv was chosen to

be that at maxlmum shear lEIS this was quite repronucibla.
- ~"" _ AtLc."__1~

Motor Md
torque s11~r .

Mounllng

G=i
brock(ilt

[]
~andnm bin

Figure 3.9 - The Haake viscometer

3..5,,2 Preparation of standards for calibration
In order to check the callbratlcn of the Haake vlscometer, viscosity standards

are required. Precision viscosity oils are expenslve randhave a limited shelf life,

hence such oils We~enot used. Accurate tables are available of the vlscosltv

of glycerol solutions, and a wide range of viscosities are obtainable. Glyceroi

solutions were chosen as standards. The glyr.erol standards were prepared

from chemically pure gl·,cero! and distllied water. In order to ensure the

accuracy of dilution, fA pycnometer (a standard 50 ml glass density bottle) was

used to check the density of each standard. Data from the CRe-handbook was

used to obtain the viscosities of the standards. This data was plotted as
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shown in chapter 5.2.1. It 15clear from these graphs, that the viscosity of

glycerol solutions is very sensitive to, changes in concentration at higher
densities, so an accurate measurement of the density is rs(}uired to be sure
about the viscosity' of the standards used.

3,?S,,3"Preparation Of slurries
Various slurries were prepared using solids obtained fr.:J01dHferent sources,

"
Most experimental work was done using a slurry made from mine dump sand.

"
"rhe"mine dump sand was passed through a SOOmicron screen and mlxed with

"
water in the draft tube mixil19 tank. No other special conditioning tit'

preparatory measures were made on this slurry. It was then readv.to be used

(> in the experimental work.

Slurry samples from the Western Deep Levels Gold Mine were also used.
Ii'

'These samples were treated with 'j 9 lirne per kg sample to adjust the pH

before the experimental work was performed 'in order that original conditions

lnthe mineral proces~~'ngcircuit could be tngre accurately reproduced;
)}

Slurry from the cyclone overflow at the Kinross mine was also used, lime being

added to adjust the pH in the ratio of 1,9 lime per kg sample once again to

approximate conditions In the plant more closely.
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u

3,,5.4 Te(~hniques'used to prev~nt settling of slurries
r· . . .'~

Slurries are always difficult to Worle with due to their settling nature. Steps had
to be taken to avoid settling 01 slurries in' any part of the system.

''1

The draft tube mixer was carefully designed to ensure that good m!xlng would
be obtained. The tank was d~slgned in accordance with establishad design

principles fer draft tube mixers. Oldshue (1983) examined general mlxer design

principles with particular srnphesls on systems containing suspsnslnns. He

1

Figure 3.10 ~ Diagram of a draft tl1be mixing tank.

recommends the use of a large marine impel ...-: so as to provide maximum

mixing conditions for .lower speeds of rotatlon and power input. Oldsnue
(1983) also stated that the impell~ should be located 1/3 of the impeller

diameter from the base of the tank. He also recommended the use of fillet

around 'the bottom of the tank, thus reducing the possibility of dead zones.
A diagram of tho mixer used is shown.Jn figure 3.10. Bourne and Sharma

(1974) provide a set of specifications of mixer dimensions as a function of
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tank diameter based on'Ja'Variety of experiments.

These dlmsnslons are shown in table 3.1, Most authors agree that for best

results the tank bottom should be contoured In order to prevent dead zones.

ih~ ideal type of contouring is shown in figure 3.11, while the fiilet and cone

approximation ;8 mustrated\~n figure 3.12.
'!\

Parameter Description

! T Tankdiameter 1.000L____"' __ ~~~ ~ ~ ~ ~I

D

c
Draft tube diameter

Propeller diameter 0.465

0.707----~-~--------CI~arance betweendraft tubebottomand 0.117

tank bottom and also between liquid level

: and dratt tube top1~~-----+--------------------------------_'-----------41
Length of draft tube 0.336

Liquid level 0.690

Baffle width 0.083

Clearance between wall and baffle 0,006

Cone height 0.333

,----------+~----__,~lI h- I Fillet width == fillet height . 0.100

ta~'~f.¢:=tvlixer dim~nsionas a"Tun6tion of tank d'fcuneter ' ====-..::::;===

Cone diameter 0.500

Even this mixer had problems keeping slurries of more than '10% by mass
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solids in suspenslon, primarily due to the relativefY'\,Neal<:stirrer motor used.

F.igure,S.11 - The ideal profile of ~he base of a draft tube mixer
\\,
v,

Figure 3.12 - The fillet and cone approximation of the ideal tank bottom

Another problem was related to the positioning of the Haake viscometer in ths
system, One set up which was tried was to mount the viscometer externally

and pump the slurry to the viscometer using a perlstaltlc pump (see figure

3.13). This did not work well since the slurry blocked up the peristaltic pump
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at percent solids above 65 p~rcent by mass. A dlfferent sot-up was also tried.

The viscometer was fitted on the inside of the mixing tank (see figure 3.14)~

This worked successfully with slurries of up to 71 % by mass, when settling
i\

Haoke vlscomster

~------.--------------------------------------. --------.----~Figure 3.13 - First method of mounting the Haake vlseomeier

3..6 Experimental procedure'
Once the Haake viscometer was cellbrated experimental wor,k began with the

use of glycerol solutions, followed by carboxy methyl cellulose solutions and

then slurries.

The slurry experiments ware started by mixing a dilute slurry of known

composltion and gradually increasing the slurry concentration by adding sand.

Rheograrns were obtained at each percent solids and about 20 runs on the

eonslstcmeter under Investigation were done on each concentration" before a
pre-weighed amount of sand was again added. Results from these experiments

can be found in chapter 5.
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------------------------------------------------------p---~--------~--------_.~~,----------~--------------I
Solenoid valve

1'1

Viscometer tube
with cOf'lductlvlty
probes

Stirrer motor
r---1'---

DP Cell

Heeke viscometer
c::i==::rl--J

Figure 3.14- Fin31mounting am:1llgement of Haake viscometer

3.6.1 Measurement of drainage velocity
The tube was fitted with conductivity prot '1;:~ \s detailed In section 3.2. As the
air/slurry interface passes a G~ndudivity probe, the conditioned signal voltage

from that probe drops. Software was written which could detect that step
change and record the time at which this took place. We thus have thJ! times

at which tl«, slurry/air interface wa~ at five different heights in the tube. A
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o

least squares fit is done to this data, and the slope cf the line gave the average
velocity.

3.6..2 Measurement of pressure
The top of the tube ,~sattached to a differential pressure cen. The pressure is

measured when the fluid Is at the top conductivity probe. Usin~ this pre,~suref
the density of the slurry can be calculated. o

3.7 Conclusions
In this chapter we have had a (oak at the design of an alternative 'viscometer'

for the rneasursrnent of the apparent viscosities of slurries 'in particular. We

saw that the device could also be used to measure the density of the f!uld In

question using the static pressure of the fluid when the fluid. is at a known

height in the tube, The opera~loslof the device was examined and the logic

behind the driving software y~asexamined.

u
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CUAPfER4
THEORETICAl., CONSIDERATI«iNS

The methods used to model the system can be based on two different

approaches, namely with the use of a microscopic Of mecroscoptc momentum
balance. These two approaches willl1()w be examined and some advantages

and disadvantages of' each technique will be given.

,-_:
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Theoretical considerations

4.1 Introduction
lt is of academic interest that a model be developed whlf!t, describes the

'-,'I

behaviour of the fluid as it drains from the tube. In 'this chapter a modal is
u

developed and solved using acceptable simplifying assumptions.

_J·'I

4.2 The Microscopic momeatum balance
o

4.2.1 The rigorous form of the momentum balance
A small unit element of fluid Is examined and a differentia' generalized

momentum balance done on the element, yielding th~ foUowing equattontsee
appendix 2 for more details):

where p :;: density of fluid
,;::;;-

t - time
v)t;:; Component of velocity in the x direction

v, =: Component of velocitY in the y direction

v;.: = Component of velocity in the 2! direction

r :=. Shear stress

9 =: gravitational acceleration

and

v=(.! +.2.. +.2..).or ae cz. (2)

and r, e and z are the radial, angular and axial directions in the co-erdlnate

system.
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Using. cylindrical co-ordlnates for the vectors and assuming the velocity profile
and shear stresses are independent of z, that is:

(3)

as well a~~neglecting :111 angular components reduces this balance to the

fo!lowing differential equation:

(4)

where P is the pressure.

In order to solve this. equation information about the shear stress as a function
of r~wouldbe required. Such information is not available. It is ne,pessary to
assume a fluid flow model.

4.2.2 Evaluation l)~ this approach
The microscopic momentum balance therefore has some drawbacks. We have

\'J

no experimental information about the actual velocity profile, -.,informatlon

necessary to solve for the system using this approach. It would therefo,re be
necessary in any case to assume some sort of velocity profile. We could

substitute a model Which relates the shear stresses to the velocitY gradients,

such as the Newtonian model or 'the power law, and aftec~tedious
f\

simplifications get a result, but such slmplt~lcations reduce the generality of

this approach and negate its advantages. CC'msidef'ingall the other assumptlons
required the microscopic balance loses a lot of its generality before it becomes
solvable, in which case it would be more sensible to start of with a simpler
approach which will yield an equally simplified solution.
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4.3 The macroscopic 'momentum balance
Bird (1957) presents an elegant derhn;jtio~ of the macroscopic balances

\\l)

starting with fundamental microscopic relatlonshtps. This approach was not

used but Is of lnterest.

(>?>
'.'4.3.1 The gener~ed form of the macroscopic.momentum balance

; f

In this case an unst~;ady state momentum balance is dona,~mthe entire volume
(('

or 1h.ii(Hfl the tube, as follows (in this case far the drail'lsge of fluid from the

pipe) :

[aooumu!ation] => [inl - [out]+tE forces on system] (5)

'~heaccumulation. term carl be described mathematically as follows :

[accumulation] ::::d(mYl
at

(6)

also

(7)

[out] = mv (8)

Forces acting on the system include the pressure force AAP, the force

resulting from the gravitational acceleration of the fluid, mg, and the friction

force. The pressure force should also take into accc.mt the pressure drop at

the exit of the tube.
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The generalised balance can hence be r.ewritten as shown below:

(9)
'J

The (acc@cmufation] term can be a.l(~t .;jed as follows, using the chain rule for
) .. . . ,

diffemntiation:

d (mv) ~ J!(pAh, d,h).• ;: PA('~,.)2 -I- pAh!!.,2h (10)
dt dt '\ dt cit dt~

and the )[momi3nturn out] term is mathematically described as follows:
il,

mv ::: pAf,d,h)2. \gf, n n

l.

h

Il~~ ~~_~~'.-:' __......, ~ _ ..J
f'.l;Jre 4.1 w [)etai!s Of the nomenclature used
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The pressure force can be derived as shown below (see ,figure 4.1 for symbols

used>:

AP ;::P2 ....Pi
assuming Ps ,. P:2 ;; -kv~

and substituting Ps;; pgh" -I" Fa1m
we get (P2-P1):=: pgh';' -} kV2 r:;: AP

(12)

The friction force is related to the shear stress as follows :

(13)

Substituting all the above terms into the general momentum balance yields the
foliowing equation:

( )2 2 (' ~2 ( '( ')2JpA ~~ + PAh~t~ =: 0, + pA ~J+ A pgh*+k .: •• .;-pMg + 2DRhtrz

(14)

4.3.2 Using the Newtonian mode'
The above expression can be ~uoh simplified by assuming Newtonian
behaviour, This assumption is qUite satisfactory for certain slurries (see section
5.4.1 )

Assuming Newtonian behaviour allows us to substltute the following into dur
friction term

(1.5)



Chapter 4
TheoretiMI considerations PagfJ55
------~-----. i?~~/----------------------------~------

.~nd hence friction can be expressed as follows :

(16)

) v But we kno}w that for a Newtonian fluid the velocity profile can 10(1;expressed
as follows:

(11)

(,

differem:iating vI!.with respect to r We get:

(18)

evaluating this expression at r =:R and substituting into the expression for

friction we get

friction :::;-Snhlldh
dt

(19)

Substituting the expression for friction into the original overall balance and

simplifying yields the folfowing equation :

d.2h + '.' dh (.fu! _ !..slh) _ Jall': + 9 :: 0
dt2 p cit . R h dt h

(210)

where h II is the height between the bottom of the tube and the surface of the

fluid and h is the height of the fluid in the tube from the surface of the fluid in

the sampling vessel and jJ is the apparent Newtonian viscosity of the fluid, k

is a proportlcnatlty constant for the pressure drop of the fluid as it exits the

tube as defined above.
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°rhis equation is difficult to solve analytically since it is nelthar homogeneous,

nor is it linear or exact. No obvious substitution is apparent either which would

make it Into a standard, solvable form but a number of different but

appropriate simplifying assumptions can be made. There are th~eiia~~two
approaches open to us. We could solve it numerica!!" OSil19some technique

such as Runge Kutta or make an appropriate simplifying assumption and solve

the slightly simplified form analytically.

~..4 Ninnericai solution of the di(ferential equation ..
In order to solve this differential equation numerically it is necessary to first

make an appropriate substitution. We thus substltute v for the rate of change

gf height With time and this gives us a set of two differential equations to be

solved simultaneously:

dh = v
dt

dv + a~v _ kv2 _ gh" + g = 0
dt pR ph h

This may be solved using Runge Kutta, A turbo pascal program w~s wrr .en

to solve this using 4th order Rllng(#Kutta. MATLAB was also used to solve this

sat of differential equations (MATLAB uses a variable step 5th order Runge

Kutta algorithm to solve boundary value. problems such as this one). The

Pascal and Matlab routines can be found in Appendix H. A plot CJf three typical

solutions appears in figure 4.2. It is clear from this plot that the,fll,dd quickly

accelerates to its terminal velocity. Finally the fluid osclllates a little, depending

on its viscosity. The velocity of the fluid can be calculated from the slopes of
:.~"

the best fit straight line through the data t~?)ween the heights of,O.S m and

0.2 m. The values tor k used are based on best fits of the simplified analytical

solution to experimental d~":adiscussed in chapter 5.
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Predicted drainage rates for a Glycerol solutions for a 12 rom diameter tube

Figure 4.2 ~ Numerical solution of the diNarentia,I equation describing the
system

4.5 Simplified analytical solution
The most appropriate simplifying assumption Is that of negrecting acceleratlcn,
since from the experimental' results as wall as the nurnerlcal sotutton above It

15 clear that the fluid only accelerates for a very short time period before

reaching its terminal velocity ~ see chapter 5 (we are also not partibularly

Interested in the 'translent behaviour of the fluid in the tube and this would be'

a diffic:ult to measure).

Page 51
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"

Hence neglecting acceleratlcn gives the following differential equation :

(22)

This is a quadratic in dh/dt and can be factorized using the qrJadratic formula

to give dh/dt as ofunction of h.

(23)

" \\
1/

'i it
In the above equation it seems that. the velocity is not con~~ant, but rather that

it is a function of height, however fron: table 4.1 shown below it is clearly a

very weak function of h.

Table 4.1 ~ The effects of changing the height using glycerol solutions of

different viscosities as calculated from the analytical solution for a 14 -rnm

tube.

c:_=;~;~':;~(~:)~~~w:~~:e~,o~c~it~Y~(~m:/S~)~:~~v~e~OI~C~itY~:(m~/~S~)~:'~'~~~el_O_~_;;~-_(=~_=/_S=)~~#=50 J.I:::: 150 p=250
" ,

1.2 1.04162 0.62594 i O.331g1

1 1.04162

0.8 1.04163

0.6 1.04165

0.4- 1.04167

0.2 1.04190

0.62595 0.33197

0.62597 0.33198

0.62601 0.33200

0.33201 ,

0.6262611
'\



Ch1llpter 4
Theoretical considerations c:;.;

\h .' ,',
{! Another simplifyh'lg assumption which can be made is that 91 neglecting'lhe

end effects - ie neglecting pressure drops as the fluJd exits the pipe. in that
{i

case the piffererWlai ~;quat!on ~implifies down to the following UnelEilrDE~

\)

This equation-may be simply solved using 0 operators operators of laplab~
tranSforrns~~~~~'SOiut!On of the: form :

,:.:?;:_>y

h == Ae4it + Sept (25)
\
\
\.

.,Neglecting J~d effects, as well as acceleration reduces to the simple solution:

(26)

This is oversimplifieg>t but still shows the underlying variables of lmoortance.
If it is interesting to ~~1~~Dat this is the same expression one wl~uldhave

\\ .
obtained from the expreselon of the average velocity in the derivation of the

Hagen-Poiseulli law for fluid flowing down a vertical pipe.

All of the equations derived fail to take slippage at the wall into account. It is

difficult to quantify this effect and hence thls effact is neglected. Roughening

the tube walls reduces the slippage and hence this effect should b~ negligible.

The results are presented in the next chapter.
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CJLlAPrER 5,

"

EXPERIMENTAL RESlJLTS ,AND DISCUssIoI~r

Experimental work affords us the opportunities to test OUf Ide{Js and In thts
.'

sense It ;s"excltlng as onei$ f(!ced with many unexpected results which may

require turther investigqfi.,.)l1S, or explanations.

~J
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5..1 Introduction
In this chapter we examine and discuss the results of batch tests which were

conducted usin!;J the new viscometer on different fluids6 including glycerol

solutions, carboxy methyl cellulose solutions and slurries. This chapter does
"

noi1~lude tests done on pilot mills (these results and a disc!Jssion of pilot mill
'-. '::.::.~ . . ,

test work can be found in chapter 6).

§e2 Experil nents using glycerol solutions
Glycerol solutions were the first fluids to be used in the experimental work.

I;'

"'Glycerol is convenient to work with and the viscosities of glycerol solutions are

well documented (CRe Handbook). Data from the CRe Handbook ha~ been

plot.ted in figure 5.1 {see appendix B for a table of viscosity data).uThe shar>

'increase in viscosity at higher densities is inter~sting, as this type of behaviour
is also exhibited by slurries.

~ IdI J.III

11l'1,,~1\1t3dfln.U'!I

Visco~d ty curve fof' Gl~cerQ\l solutions

:It......:-
L'!
II....,.
~..-::-..
II
lit

It

I.

I
1/

, .
I

I
L

",,_..,

Figure 5.1 - Viscosity of Glycerol solutions (From the CRe Handbook)
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5..2,,1 The rheology 'of glycerol solutions
RheOQramswere generate~ using the Ha~e viscometer with gl,~Ycerolsolutions
and some of these are shown in figure 5.2. It is clear from these rhecgrams

:Cl

that glycero! is a Newtonian fluid, the viscosity of the glycerol being the slope•. . . 0

Of the lines. The Haake viscometer was also found to be satisfactorily accurate
"for providing a reference viscosity, against which the axperlmentel results

could be:compared, since the viscosity of these glycerol solutions was known
\(j

and these valuE3$compared favourably to ·~trl0Sebased on data from the H~u1~e
viscometer.

Rheo·,grams for glL3cerol solutions

-- 92'1 I)lycerol
_ .........89~ 91!:H':61"01
.........._ as'! 91~eerol

It..
"i'C
d)s:
~

50.0

I .':=-..;:::: =, ..I I--
120 200

Shear rat-I!!) Cs·1)

Figura 5.2 Rheogr~ms for Glycerol solutions at T == 220C
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5,,2.2 Drainage data using glycerol solutions
Tests were conducted on the glycerol sclutlons using the vertical tube

viscometer and it was found that the velocity of drainage is almost constant

during the drainage cycle of the process (the height vs time curves are almost

straight lines as can be seen from figure 5.3).

Drainage of fluid f'r-o m a vertical tube

r»e il.llo
w

0.30

'II--t! wat.er ret ..p '" 1
e-----e reI p '" 89
+---+ rel p = 204-
"'___.. reI p :: 4GO

4.00

Figure 5.3 .. .Drainage lines for glycerol solutions in a 12 mm tube

This indicates that the fluid quickly reaches a terminal velocity after a short

period of acceleration, and also confirms t'tat the transient response of the

fluid is not necessartlv of interest in the interpretation of the results. It

therefore makes sense to use the average velocity and to plot this data as a
function of viscosity. The velocity (as seen from the slopes of the linesl clearly

changes quite substantially with changing viscosity. This is more clearly seen

in figure 5.4 where data for t'NO different tubes is plotted together with the

drainage data predicted from the model.

o.no 1.00 2.00

Time (seconds)
3.00
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"
Experiment'~' were done using glycerol with two different tube diameters at

different viscosities. The Inverse of the average velocity is plotted as a

function of viscosity in figure 5.4. The inverse is plotted as theory indicates

that we should expect volocity to be directly proportional to velocity~1, and this

is confirmed by the fact that these are virtually straight lines.
()

The strong relationship between viscosity and velocity is clearly evident from

figure 5.4. It is clear that in the 12 mm tube the relationship is stronger. The

reproducibility of the results is also evident from the narrow distribution of

data. It is therefore clear that the viscometer works satisfactorily well with
'>·'.'~I

glycerol solutions. The model was fitted to tht; .experlmerrtal data using a least

squares fit on the parameter k, (where AP == kV2) in the simplified analytical

: : : : : : : ; ,:1f : :.. - t:: 0 t ~ : ,." .. : ••.. ;0_ .. 12 nvn ~ ;,..~ . : 10 t ..~ "< •• i. ' .... ~. ",'.,, ....
~. .. II .. .. • :,;" .(I:~ J~ ~_: •..··]···!···!·~··!'··f··.:,..,.! •. (~ ... !
.f • .. • • _,.. • • " •

t: .,~' , • . . ., ,_ _ t. t' • • •

• • .. .. .. .. .. ~ J t •• ..,.,.. ' ~_•• -.,.If •• _" "" • II

.... of .- ... 1,( • " , .. • ..
.. • ..•. " '. • • I' • ill, •

" '," .. ,-"':, t_ , • .. 'Ii •.. ,.:! .. it,. fee " • t' •• ~ I "d ll"~'IfWo" • f ,. ~.• -lilt •• _ ..

fi::· .... :::~:::
,j['!".~'~~'~:."!"':"'!""'~:':~I<f"~"'!. -:Y. - ';'" 'f d "16"· ..
•• ,.1~""':'.;":~;".':'. ;""!"_!."~oi~.~
., ..;...+...:.;::...~ : : : : ~. ; .: :
.....!....:...! ill •• !. ". :-....'~.!",',.!JI- ... :; " ... !'.... _!.

.. . . . ~. ~ . .. .. .
o • 0 • .. • • • " •

Average ve!oeHy as a fUncffon of vlscosHy

~+-~~~.~~~~-4--~~
so,:) Isa 'so . ~so

VIscosIiy (cP)
450 sse

Figure 5.4 .. A plot of velocity·t as a function of viscosity using· glycerol
solutions. The theoretical data comes from the simplified analytical solution.

solution neglecting acceleration. 'The fit so obtained was a fairly good fltwith

correlation coefficient of 0.973 and 0.952 for the tube diameters of 16 and

12 mm respectively. This k value was then used In the numerical solution

shown in figure 504. The Mathcad program used can be found in appendix F.
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5.3 Experilnents using carboxy..methyl-eellulese solutioil~
Experiments were conducted on carboxv-methvt-cetlulose (CMC) sctutlons as
these solutions are non-Newtonian and we were lnterestce to check If WISl
would still get straight drainage lines as was the case with 9Hv©erol.

S..3.1 The rheology of carboxy ..metlli.yR"~®IDltmltUl§lesolutioRlS
CMC solutions are true solutions and are fairly V!SCOU1i), even in fairty dllute
solutions. These solutions are transparent and U"®s®rnblesome form ·01 gel.
Using the Haake viscometer, rheograms WEH"® g®n®rated for some CMC
solutions. It was fg!Jn(,'fthat very dilute solutions were fairlv newtonian but as
the concentration of solution increased, marked pseudoplastie behaviour
developed. Highly concentrated slurries are also pseudoplastlc; The rheoRrams
generated for CMC solutions are shown in figure 5.5.

0.1 0.2 u.s 0.4 0.5 lUI 0.7 D.6 0.9

Rheograms for CMC Solutions
-_ .... 2~byl!llltll

--~by~

Figure 5.5 - Typical rheoqrams for CMC solutions
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511~t2Drainage data from C~:lCsolutions
-------------- ........-------,-.~-----II .

;...:;

E>tperiments, ware done on CMC solutions and it was found 'that CMC

solutions also have straight drainage lines, with an almost constant drainage
velocity, indicating that the rheology of the fluid does little to change the

actual, overall shape of the drainage curves, faJspeciollyunder steady state

conditions.

iiOraina9S of a 5't CMC solution
<-"

(>j
'1~(

ir ~ 1.Dn
ir"\;i

'C

!-
~

\tlto....,,,

""1_-.:: <,
~

<,

K~ ,

u

""~"'( ~ .......
.~

-

\.!

Ii ....~
u
l~o.so
en
Ii
i:::J;l

0.20

0.511 '.po
Tlrne Cs)

0.20 l.lIO

It is possible that during the transient period, where the fluid is accelerating,

and hence is subject to changing shear rates, the rheology of the fluid wtllid

affect the drainage characteristics, however this time-frame IE so small that

accurate measurements in this region would be difficult to obtain. Under

steady state conditions, however, the fluid is subject to a constant shear rate,
\~\ " .. . ... ,,';0

h~fhce one would expect similar behaviour to Newtonian fluids. A ttri,:pical
d~1inage line for a CMC solution is shown ln figure 5.6.

Figure 5.6 - Typical. drainage line for CMC SOlution.
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The apparent viscosity of the 5% CMC sclutlcn used during batch tests was

calculated to be 137cP at the maximum shear rate (using the sirnplifiC3d
solution to the model neglecting acceleration). However the vlscosltv predicted

Ii
from the experimental work using the model and k calculated is 168 cP which

corresponds to the apparent viscosity at a relative shear rate of approximately

0.2 (on the rheoqrams). We can thus see that the shear rate in the tube is
lower than the shear rate used as a basls. for the calculation (»v apparent

viscosities frern the rheograms .generated using the Haake viscometer

(~ssumjng the calculations and data are correct).

This explains the difference in these two apparent viscosities. We can however

see from the rheograrns that apparent viscosities are sdll useful even at lower

shear rates, Naturally with Newtonian fluids viscosity Is not a function of shear

rate and this discrepancy would be smaller. It therefore makes $1$11$e, when

dealing with non-Newtonian fluids that the apparent viscosity from

experimental work should be compared to an apparent viscosity from the

Haake viscometer calculated !.ISingan appropriate shear rate as a basis.

Shear rate is however not only a function of the tube dimensions, but also

depends on the fluid properties, notably the rheology Of the fluid. We can

estimate the shear rate at the walls of the tube from the velocity of the fluid

using a velocity profile calculated from the rheoqrams and the apparent

Viscosity calculated.

5..4 ExperimelUts using 'slurries
Tests were done on a faw differ~nt slurries, by mixing batches of slurry in a

draft tube mixer and sampling directly from the mixer. The results of these

experiments are pr\~s0nted in the sections that follow.
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5..4.1 The rheology of mineral slurries
Rheograms obtained from mine durnp sand, passed through a 600 mItron
sieve are presented In figure 5.1, whUe the rheogratns from a sample of slurry
from the Western Deep Levels gold mine are shown in figure 5.S. The slurry

made from mine dump sand has a larger average particle size distribution and
it is of interest to compare slurries of different size distributions. ~ize
distribution data can be round in Appendix =.

Rheog~ms generated from mine dump sand

-,....~.~---~
--ss%
-b'7Y>

Figure 5.7 .. Rheograms from slurry made from mine dump sand

The apparent vlscosttv (at maximum shear rate) of mineral slurries changes

very little in the lower concentration region, and there is in fact only til

r&latively small change in apparent viscosity in the concentratlon range 10 to

50 % solids. This is evident from figure 5.8. Figure 5.a was oomplled using

the apparent viscosity of mine dump slurries at maximum shear rate (500 rpm)

i 'from the rhecqrams generated using the Haake viscometer.

Viscosity data for this slurry would clearlv only be useful in the %solids (by
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\_iViscosit~ verses percent solids

10.00 ao.n se.e
}-lulI! percent CQl~~~

'~,._..../

Figure 5.S - The relationship between %solids and viscosity for mine dump
slurry "

mass) region of about 60% and higher, (since it tS only in this region '~hat
1-/

substantial changes In viscosity occur with increasing % solids - a change in

\~% solids from ao to 70 % (ie a 11% change) in percent solids, is...accompanlad
by an almost 300% change In viscosity The Mmdischarge does exceed 60 %

\\

by mass solids, and hence bra in this highly sensitive region. Thls once again
serves to' illustrate that the accuracy or the viscometer is not critical, ahd that
this measure is clearly potentially more accurate a measure of consistency than
% solids, which Is in any case difficult to measure accurately on an on..llne

basis. The Western Deeps sample was treated with lime to adjust the pH of

tl)e slurry in order that industrial conditions be more closely approximated,

h;owever the efrects of pH on slurry rheology were not Investigated.

Minera! slurries show different rheological characteristics with changes In

concentration. It is clear from the rheograms presented that dilute slurries

seem to be slightly dtlatant, moderately concentrated slurries are almost
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Figurs 5.9 - Rheograms for slurry obtained from the Western Deeps go'ld mine.

Newtonian. while highly concensratedslurrtes are decidedly pseudopiaSltic. This
\_l. ..

is in ag~eernent with the results obtained in previous studie's<i{Kawatra, and
()

Eisele 1987). All the I'heograms where g€lnerated.at room tempe~~ture,and the

temperature was monitored to check if the mixer would cause a.-w significant
-:

temperature rise. This however proved not to be a problem. \\

It Is clear that the slurry sample from the Western Deep levels Gold Mine is
c,"'V

':!

more viscous than that made with mine dump sand. This is due to the different

size distributions of the slurries as ,well as possibly different pH's.
" ->

5.4.2 Drainage data for :minedump sand
As expected, the drainage velocities ware almost constant for roost of the

slurries exarnlned, and the drainage curves were tr,losely approximated by
st:aight lines. It is more informative to' examine how the' average velocity

changes with pipe diameter and percent solids.
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I~'J

The aVtarage drainage velocity as a function of viscosity for mina dump /~Iurry

is presented in figure 5.".0. TO«3effect of rougheningtha tube Is also clear from

these results. It seems essential that the tube be roughened, since this

strengthens the dependency of the drainage velo&ity of the slurry on its

viscosity. For the smooth tubes, velocity is clearly only a very weak function

of viscosity for tha 16 snd 20 rnm tubes, It is preferable to use larger tubes

.. since they would choke up less ,~requently,
, "\
J,_.:I

Slurry drainage data for different tubes

0.10

2ea

Figure 5.10· ..Drainage velocity as a function of percent solids for mine dump
slurry

The slurry results are interesting since over much of th~;tiscosity range it was
found that drainage velocities in larger tubes were lower than the velocities in

smaU tubes. This was not the case with glycerol. There are a number of

factors which may be causing' this phenomenon and this deserves further

investigation. There are cleariv two main effects which are present In this

system - namely viscous effects at the walls and the end effect. Based on

figures 5.10 (and 5.11 discussed below) it appears that at higher viscosities,
the drainage velocity in larger diameter tubes is larger ~a result expected over

the whole range of viscosities.
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Drainage c velocit~ verses percent solids

'.1

* Elmall rough tube
o medium rough tube

II *'*
*

I

10.00 ilo.C 50.0
HaBW percent $ollds

?G.p

Figure 5.11 • Drainage velocity as qj function of percent solids for a mine dump
( "'''-Ifry. II

\
;1-,

"there is some cross over point where viscous wall effects domlnate over end

effects, and this vlscosltv depends on the tube diameters.

Glycerol did not exhibit this type of behaviour, possibly due to the 'fact that the

glycerol solutions were not sublsctto mixing during the measuremerit process.
The draft tube mixer generates an upward clrculatlon patten around the

sampling tuae, p()ssibly magnifying the and eft'acts. Clearly with a larger

diameter tube more slurrv must be displaoed in the fluid balow and this effect

may be magnified when larger volumes of slurry have to be displaced against

this current. It was however found that mixing has very little Influence on

drainage vetocltles tOf water.

The drainage velooiw Was plotted as a function of percent solids, using mine

dump slurrv, with some interesting results (as shown in figure 5.11). Two

tubes were used with diameters of 12 mm and 16 mm.
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The first point to notice is that there is little change in drainage vsldi;f'fJes at

rower percent SOlids, despite the fact that the density of the slurry ts ~hanging

In this re91ol) (this Is not expected from theory and may result f. We kriow

from figure 5.8 that the viscosity of tha slurry is virtually constant over this
range so we could postulate that this Indicates that toe density 01 the fluid

does Utile to change the drainage VelocitY. This is good since it is further

evidence that there is a simple relatlonshlp between viscosity and drainage

velocity. It is interesting to compare figure 5.11 to figure 5.S which was
,_.,

g~nerated using the same ~Iurry. It is clear that the vlscosltv is relat~d to the

inverse of velocity, density being only a minor factor.

~-----~------------------------------------------~--~

~B.U

VIscoSity (oP)
'B.D IQ

Drainage velocHy verses vf$cosliy

Figure 5. '12 - Drainage velocity verses viscosity for Western Deeps slurry

Figure 5.12 shows drainage data from the Western Deeps mine slurry sample.

This slurry consists of smaller particles and although there is quite a lot of

scatter In the data the trend is clear and this verifies the fact that t~7e'llnes

cross inl':Jicating the transition from end effects dominating to viscous wall

effects dominating.
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5.4.3 Density measurement u~ingthe new 18viscometer'
As dlscuased previously p the viscometer \l\(asfitted with a a'iffer.ential pressure~
cell from Which the density of the s~urrycould t1obtained. Thi~ data is plotted

in figure 5. 13 (wher~ the theort)iica~ density-is plotted' based" on .a. solids
dems!ty of 2~50 kg/rrl3 and data from two different batches of slurry is used

. .~:d·'

to verify the reptod'ucibifity of the data). Ti'2$;)results deviate slightly from those
predicted using the percent solids, and density of th~ solids as can. bEtseen

from the. figure below. This is attributsd tl'-,the calibration of the differential, J.~.,.. ~-,,~
pressure cell. It may also be al")<indicatio~I>.}~f the slurry is not satisfactorily
mixed, but based on the clearly visible turbulence at aUbut the highest percent
sollds'lt is believed that this is rot the cause of this deviation.

~---------------~,~--------,--------------------~

30.0 511.0 fO.D

Mass percent solids

Measured densit.~ verses percent solids

if

1000

Figure 5.13 • Density as measured using the new "viscometer" verses % solids
by mass
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5..4.4 Drainage data from Western Deep l1evels"Gold Mine
slurry ;-1 'I

In figure 5.14 drainage data from a slurry obtained from the cyclone underflow

at the Western Deeps mine is presented. Once again the lnverse.retatlcnshlp
is clearly noticeable, The average particle s,izefor this slurry is lower than the

slurry made up from the mine dump sand.

110

% lIolldl bymas.
Figure 5.14 .. Drainage data from a Western De~p$ slurry sample r. .-;

5.5 Conclusions
The viscometer seems to work satisfactorily in batch mode In the laboratory

environment and It is possible to correlate viscosi,W with density and drainage
velocities, but how would it perform in the industl'lal setting, operating in
continuous mode? This is a question which will be looked at In chapter 6.
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CHAPTER 6
PILOT MILL WORK

the u!tim;1te test i.~in the field. Although pllct mills are IIDt as demanding as the real

thing, they ore nf#v(Jr~the..I()$jf!.:$imilal'ifl many ways to Industrial scale mills and tests
\

on 8pilot mill would at lelJt;lgive all1indlcation of the possibility of euccese:
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6.1 Introductlon
Tests wets conducted at two pilot mmSt one \~t the MINTEK research labs in

, "
Randburg, and one at Anglo's research labs at GatJ?way Industrial Park with varied
results.iThe tests at the Anglo research pilot mill (,have not been completed and ar~

u

ongoing and so I c~njonly report the late~t results on this mill.

6.2 Work conducted at MlNTEK
Experimental work was conducted using a. pilot scale mill at MINTEK. This work is

examined In the following section.

6.2.1 Description of tests conducted on pilot ball mill
Ahe mill used was a screen discharge. pilot ball mill and the equipment was set up in
"''' .. ,,/ I'

such a way that the discharge of the mill flowed Into the mixing tank (Into which the
/'

tube viscometer is lowered) and then into the vertical spindle discharge pump as

shown in figure 6.1 •The effect that the mixing tank would have on the system would

be to dampen the response by introducing a lag and a first order response. This is not
(:;:

ideal since changes In viscosity would not be seen as step changes, but the

measurement would still be of value.cThe feed water to the mill was set at quite a low
value (3 IImin), and then a step change was. introduced in the feed water 'flow rate,

by increasing the water flow rate to 9 I/min. After a period of time of about 30

minutes the water flow was again reduced to :3 I/min. Data was electronically

captured all the time. The results of the test are discussed in tt jOlliowing section.
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een
"

Mill
,

('

Spindle, pump

r--... ,.:';. . .• .• ". . ". '1--.-_ -_-- _
Figvre S~1 - The arrangement of the~iscO{'t.< .""", ,Ipiing sy~tem used at MINTEK

"'\"
''''¢';>-::

6..202 Discussion of results
'~I

The results of this test are presented In figures 6.2 and 6.3. Figure 6.2 Shows ho",!,

the measured viscosity changed with tlme, and figure 6.a shows the response of .~he

measured density (also from our measurement device). it is clear that the

measurement device is functioning, at least in that it gives an indication of the density

and consistency of the slurry. In this respect the results are encouraging. Everything

went well and the experiment was successful, The duration of the test was limited

as the feed solids were being depleted fairly rapidly,. It J~ clear f(om thesE:>reSt.,lJts that
there is a substantial lag in the response which was much larger than exp~cted, since

the volume of the mixer was only 5 litres and the flow rate of slurry varied between

5 and 15 I/min.
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6.3 Work conducted at the Anglo American research pilot mill
Experimental work was <attempted on ~ pilot scale mill at the Anglo research facilities.

These tests are still un progress. Thera have been problems with the mlxlng tank. The

s!uny is very coarse and the motor bearings are effected by sand, Early lndlcetlonr.,
from attempted experimental work, which did yield a few minutes of data, are that
these problems Can be overcome. There were however DiO useful results to report at

the time of writing.

6..4 'Conclusions
(t

The device shows promise on pilot scale mills, The real test would be on an industrial

mill. The main prob'tem is a$sociat~d with sampling the stream ~ creating a level of

slurry into which the viscometer can be immersed. The viscometer may choke up on

large partlolee (particles larger than ~ mm) but some slrnple device may be used to

prevent such partlcles entering the tub13. The biggest problem to overcome would be

that of designing a sampling system for the viscometer which could present the

device with a level of slurry from which a representative sample could be drawn Which

is free of large particles. If this can ~e done, the Q~vice could probably be successfully

used in industry.
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CONCLUSIONS

"In this chD(Jter ~lfOsummarise the results (if the research and dtecuss th~potential of

the measurement device. The salient points In this thesis are highlighted.

c:
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7.1 Benefits of this research
Thls research has gone Iii long way in the development of a potentially very useful

concept, a vlsevmeter suitable for use with slurries, and capable of operating In an

industrial environment, Further tests remain to be conducted, the main obstacle be!rlt;J
the design of •3·· sampling system, to create a hwel of slurry from which 3

representative sample may be drawn. This problem Is not lnsurmcunteble, and no
doubt, with further research will also be solved.

\1

The results obtained using this viscometer show that it does work, with slurries of

particle size of less than 600 microns. Partlctes larger than 5 mm in size seem to

cause a 16 mm diameter tube to block sporadlcallv (based on experience from the
Anglo American reseasrch mill), so with such a system, some sort of separatlon

device will be required on the feed to the viscometer.

7..2 Interesting points to note
The importance of slurry rheology in milling was made clear I and itwas confirmed that

such a measurement need not be very sensltlve, since in the viscosity range of
operation of most mill discharge streams, a 1% change in solids content results in
about a 30% change in viscosity. This shows how much mare sensitive a Viscosity
measurement is as opposed to a percent sollds or density measurement.

The fact that this Is only an apparent viscositY at a fixed sheaf' rate does reducethe

value of the measurement. If different shear rates were 11gededths'.' could be obtained
by imposing different overall positive pressures across the viscometer during the
drainage' cycle. This would however complicate the device and the necessity M such

• i1

information is questionable.

With correct calibration the density measurement on the device will also prove to be
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useful. The measurement is reproducible under most conditions, and is not an

expensive option.

7.3 Concluding comments
We have achieved all the objectives stated in tho Introductorv chapter, namely by :
Gaining a broad understanding of the field, developing thtZlvi~com~ter and density

meter almost to prototype stage, producing analytical models to describe Its operation
and testlng'the device on a pilot mill.

'\1
\\

W';J have, IOl'rinclple a simple device whlch gives an 'apparent viscosity and den~!ty
of the slurry being sampled, on anen ..Une basis. Thf>'-.~i~--·~~~.terern sample at a

.> '\"f '--,< c: t) ~--..._i

frequency of abou~ once every (:) seconds, whl.c9f ~'" ,~$lJfficient for the
control and monitoring of the dIscharge stream ()t~ )1'hl'~"')~,)~ftlatercould also

" <, ":":: It ,,' " '
be used to measurS~the dansl~y and vlscosltv of :lifmt'i~:iin other applications, sudh\tls

in floatation elrcults, ctassif!cation operations a"({\m~n~/,other 01111(1);;11$ processing
_. !/

operations. The main problem tt}"overcome Is devising a mechanism which will
produce a leve! of liquid from wh1ch the viscometer could take a, rapresantative
sarnple,<~nd this can be achieved with further experlmentatlon,
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Appendix A .. Listing of main elements of Pascal program.
{ $m 3200,O,655360} {Allocate extra space on the stack}

{$N + ,E -:-} { 8087 Emulation on. disable software Emulation}

{$S+} {Stack checking on}

{$1+} {Brror trapping on }

{$G+} { Genemfecl 80286 instructions - for 80286 only}

{$A+} { Alisn VllrS and COnstants on word boundaries }

PROGRAM Viscous;

{ Written By : Darrell Bailie
University of the Witwatersrand

Johannesburg

Date (ver 1) : December 1993

Current Version: 2.8

LAST REVISED : 12/94 }

USES printer,rtscreen, rtgmph,graph, rtstdhdr, rtgsuba, rtchart, dos, crt, pc30j

TYPE arrayl ;:::ARRAY(1 .. 16] OF INTEGER;

amy2 t::: ARM \'[0 .. 2550] OF INTEGER;

llttay3 == ARRA \'[0 .•500] OF INTEGER;

ar.ray4 == ARRAY[1..20] OF SINGLE;

CONST

badd == $700;

TotNumSrunples :::; 2500; {number c)f rwnples taken for all chanels]

NoOfChI(:.nels == 5:

VAR
Chanels

al1_data
steps

Position

armyl;

errny2i

array4;

{ list of chanels to mo.~~tor}

{ raw duta from aU the ch....,.1U1els}
{ time data at each step }
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delta_time; vel, viscosity !mAL;

pos,fil.num,density: IN1'EGER;

plot

hoW',minute,seoond,secl00 : WORD;

STRING;

Ie, if
tags
yvalues

}'Valuesl

ydata

: rtin.t.artnytype; {line colors &. styles}

: tagtlrn\ytype; {taS nameG}
: rtvaluea..t'l'aytype. {hold current R~T value}

: rtvaluearraytype; {hold current R~Tvalue}
: ARRAY[O ••l000) OF RealType; {random data}

title : titlet:ype; {scroll gmph title}

units : tagtype; {sctoll gt'aph units}

mach! : BOOLEAN; {staircase method}
ti~int, samplefut, miay, maxy : RealTy.Pe;

rt, lalarm, halann, stpnt, pinum : RealType:
nt, grid, xdecs, ydecs, i
rob

index

: INTEGER:
; string[S];

: r:ONGINT;

PROCEDURE cleat_data {fiUs the data array with zeros};

VAR i :INTEGER;

:SEGIN
FOR i:== 1 TO TotNutnS3lllples DO

all_data[i]: =0:

END;

{======================================-============}
PROCEDURE Get_tUne(V AR time : REAL); {gives time in seconds}

V~R hoUt',rninute,second,seclOO: WORD;
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BEGIN
GetTime(hQut .minute~oocolild.secl00);

time :::;: (hour*3600 + miDute"'60 + second + ~~00I100)$l000;

END;

{===::;:==~===~~=~~====~=========================~=====}
PROCEDURE ver_cbk {checks data nquisition card};

o

VAR
K REAL;
i,k IN'l'EGER;
qllit_f': BOOI.EAN;

BEGIN

k:= diag;'
o

i :;::::version]

r :::;::bi(i) + lo(i)/l00;

6oroXY(22,2);
WlU'l'ELN('PC·SOIPC-l26 Driver version " 1':4:2);
quit_;i :::: false;

ifk <> 0 then begin

writeln;

writeln('PC ...so dignostics report AID not instslled or other fault. ');

quit_{ ::::: true;

end;

end;

PR.OCEDURE rood_data; {reads dt.:J.n from the list in the variable chann~18... }

{taking a fixed nUt'lbet of S!lmples set by TotNurnS?W'p~} {and also ca1cu~ate.!

the toJ,lleincrem~ts}

VAR

i~i,m.presclt,lldock
timeD, time, freq

INTEGER;

REAL;
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)BEGIN

PlTeOO!t:=20;
<:li'lock: =f)O;

FOR i:=0 TO 15 DO r>et_gnin(i,O);

ml.JP.r~er(pl\'eSclr)!

00_ clock(MJock);

fteq: ;:;:;2000000/(presci.r*llClock)i

rtc...off;

m:"'" dil_ehan(CbllJllels, TotNumSamples, oUjlata[l]);

rtc on'- ,
delta_time:== lIf.req;

END;

{;:;:;==l:t;::: ==::::;::::::::::::;::::::;;:;:"";:;:;== ==:::;::::;: ==:=::: ==::::: ==;"':=:::: == == ==:::: == === === == == == == == == == "'" ""':::: =i:_'" == = ===l
Procedure OPEN_ CLOSE_ valve(ehnl,value:mresol');

{OPt'JlS Of closes the solenoid valves, depending ")n the integer Value}

:SEGlN

d_mode(O,O,O);

d_out(chnl, value);

END;
{===:::;=====================::::====;:;:;=============;:;:;==========}
PROCEDURE SingteChannel$ample(channel_no,n6_samp:INTEGER);

{Takes a set number of samples from n single analogue chanel}

VAR i,k, presclr, aclock : INTEGER;

BEGIN
prescln =20;

oolook:::.l> 100;

FOR-i.:=O TO 15 DO ilet_.gain(i,O);

tAd_prescaler(presc1I');
nd_clO¢k(nclock)j

FOR i:=0 'fO 15 DO seuain(i,O);

k::::;~';..Chan(cbannel_no,n().Jlamp.aU_data[O]).



P.pjJi:>i1dlx A
Listing of main elements of computer program

END;
{=:::: == ""':::: ====:::: =:::::::::::::::: == === == == == == <::: ==:::: =""'= == ;::,{""::::;==::::== ==:::: ::::c;;:;c:::: ==::::== =I
PROCEDlJl.'m GetDensity(HeigntOtFJuid {cm}:Xl\iTEGER;V AR Density {kg/m.3}:XNTEGER);

fo(watd;

~==-==::::=========.=====-===-=========================}
PROCEDURE Sample;

{the maw' sampling routine ~ operates ~e viscometer}

VAT!.. average, new _1l'l1e.rage : integer;

BEGIN
0lP"lil_close_vnlve(O.O);

gotoxy(2,12);

wrlte1u('Valve Ii2 is closed');

SingleChmmelStllllple(10,6);

average: =round«aU_data[O] +nll_dattl[l] +a1I_oota[2] +nlt_ootar3])/4);

{close I:Itmosphenc}

open_close_ vnlve(O, 8);

gotox.y(2,12);

wrlteln('Vnlve #1 is open ');

REPEAT
gotoxy(20, 12);

wnt.eln(' •');
Sin,gteChannelSarople(lO, 6);

new _average: =:round«all_data[O] +a11_Oata[ll +all_data[2] +311_data[3])/4)j

{open vaccume]

umTI.. (average> {new_nverage+SO»i

WRITELN;
open_ close_ vclve(O,O);

gotoxy(2,12.);

write1n('Vwve tIl is closed'); {close vaccume]

delay(3000);

GetDensity(S7,density);

open..,.close",:"ve1ve(O,16)i

gotoxy(2, 12);

Writehl('Va!ve 112 is open'); {open atmospheric}
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END;

PROCEDURE initialise;

{ initialises PC 30 card}

BEGIN
aet_bnse(badd);

vet_-Ch!q

wt;
END;

PROCEDUP.B sele9t_channels;
{genetat<i*la list of chanels to 'be sampled}
BEGIN
chanels[l]: =2;
cbanels[2]: =3:
chanelst3]: =4;
ebanelsl41: =5;
chanels[S]:=6;
cbanels[6]::::16:

END;

{=~===================~=============================}

J_l

PROCEDURE get_steps;
{Locates where the step changes ill each chanel and makes sure there are }
{only 5 steps in total}
VAR

Ch!!JlelNumber,YVo.1ue,i,j,co®ter : IN1'BGER;

BEGIN
countell':=t;
FOR CbanelNumbe.: 01 to NQOfChaneis DO



Appendix A
Listing of main elements of computer program Page 95
---------------------------------------------------------------~-------

BEGIN
.J: :::;Cbtme!Number;
.. j~~Tc;iNumSamples+Chrul~1Number-100;

YVnlue: =Il'OUfld«nll_ datalil + lll1_datam)/2);
REPEAT

counter: =c.ounret +5;

UNTtL(ruJ"",daf1![ootmrer]> YValue) OR (0000001>2500»;

:w Comater> 2500 THEN
BEGIN
Botoxy(2,14);

WlUTEtNCStep 1/ ',Cha!1elNwnber,' not found');
SOUND(lOOO);

DELAY(2000);

NOSOUND;
BND

ELSE

:SEOm
gotoxy(2,14);
writeln(,Step fO'Qndon Chanel no.;' ,ChnnelNumbel',' at time :0= .,

c.ounter*delta_time:5:3,' and position :::t ' ,collllter)j

PositioIl[ ChnnelNulllbr.7r]: :::t counten

St~psrChane1Nulllber]: "'"counter*delta_ume;
I)

countel':;=COlmtel' +1;

END;

END;
laND;

PROCEDURE SIlvo_sreps(k:INTEGER);
{wrltea the steps to a file}
VAR
iJ : lNl'EOER;
f : TEXT;
fill;',ulUlle,tlo : STRING;
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BEGIN
sU(k,1ao)f

filename: """'c:\kintoss\S30' +no+' .elm';
gotoxy(l,12);

writeln(~Snviilg data to rue !.pfilena.me);
ASSIGN(f,fi1enrune);

REWlUTE(t);

WR.1T.ELN(f,l);

WP..ITELN(f,5);
FOR i!= 1 to 4 do

:SEOm
WlUTELN(f,sreps[i]:6:3,' , ,(l-O.Z"'(H»:4:2);

END;
'WRl'l"ELN(f, 'TUne :;::::"hour,':' ,minute,':' .second);

II

WlU'I'ELN(f, 'Density = •,density t t kg/m3 ');
WRITELN(f, 'Drainage Velocity = t tvel:6:2, t mls');
WRl'l'ELN(t', •Apparent Viscosity ::;: •tviscosity:6:2, ' cP'):

CLOSE(t);

END;

FROCEDt.l'RB show_steps;
VAK
i :INT.EGER;
BEGIN

W'Rl'I'ELN(Ist, 'Run number"" t ,fil);
WIUTELN(lst,'Avernge Velooity (tuls) = "vel:4:3);
WIUTELN(lst, 'Thne (i;) Heigbt(m)');

FOR i:=::: 1 to 5 GO

BEGIN
1r~'R.ITELN(!st,st.epsril:S:3" ',(1..().2*(i-l»:4:2);

18~b,
WlUTELN(lst);

END;
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Procedure GetAvgVel®ity(VAR velocity: teal);

{®1cu1ttt.esthe avemge velocity from the slops of the best fit sttmght line mwg le$t squares]
VAll i :INTEGER;

SigmaX,SigmaY.SigmnX'll'.SigmaXSqr: REAL;
CONS'!' 110=1;

:BEGIN
Si~:;::;O;

SigmaY:=O,
SigmaXY:cO;

SigruaXSqr: ",,0;

FORi::;::l TOnDO

BEGIN
$igtnaX:=SigmnX+steps[i]i
Sigtn.aY:t:=SigmaY +ho+(1-i)+o.2;

SigmaXY: ::;(SigmaX +steps[i])"'(Sigma Y + ho +(1-i)*O.2);

SigmaXSqr: ""(SigxnaX +steps[i])*(SigmaX +sreps[i]);;

END;
Velooityr=(n"'SigmaXY.SigmJi.!X"'SigmaY)/(nil<$igm.tiXsqr-Sigma..'t*SigmaX);

END;

~== __ ====_===_=_t:=_=t:=t:=~=_====~================_==t:==t:=)
PROCEDTJRB Oetviscosity(velocity:real: Vat viscosity:real);

{calculates the viscosity from the velocity}
BEOIN
viscosity: =952 ..1578"'velocity +6S701tvelOQitY'''v~10¢ity;

{WlU'l'ELN('Viscosity (ell) ='~viscosity);}
END;
{

0======t:=t:===t:==========~===,=============t:===Rt:===~==~_t:=}
Pll.OCE~ipRE OeIDensity(HeightOtFluid {cm}:INTE~.ER;VAR Density
{kg/m3}:lNTEOER)i

{Oll¢mates the denaity from the pressure in the tube}

VAR i :INTEOER;
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Pressure,cmB20: n:aAL;
CONST constantl :::::0.21850;

constant2"''''''224.18;
BEGIN

cmIi20::::::Qi

SmgleChannelSample(13.100)i
FOR i:==0TO 99DO
BEGIN
cn1H20: ==cl11H20+All_Data[i];

END;
cIi'lBZO:=(cmH20/100)'~Constant1 +OlnstantZi{CaUibtation and 14'1its}

cmH20: =cmH20 +2.5;

Pre:3S'lJre::::; 10*9.8*cmHZO;

write1n('h*ight of water :::::1.er0H20:6:2);
Writeln('Pte$SU!'e (pa) :::; •,Pressure:6:2);
Density: =ROUND(pressure"'l 00/(9. 8"'HeightOfFluid»;
Density: == round(O.68*density +724);}

Wrlte1n('l)ensity(kgfm3) == • ,Density);
WritelnCPress enter to continue');

END;
{===-==-:::;:::::=========:::::==:::::==================:::::============}
PROCEDURE ShowData;
{ displays the data on screee}
:SiGIN
GOTOXY(2,3);
WlU'I'ELN('Run no :::::•,til); ..

WlUTELN('Time == "hour, ':"minute, ':' ,&eOOnd);
WR;ITELN(,Density :::::~,density:6,' kg/m3');

WlUTELN('Drninnge Vel9Pity = ',vel:6::2,' m!s')i

WRITELN(,Appl.trent Viscosity :::; ',vjscosity:6:2~' cP');

END;
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{_~==_~=~===__==== __a=__==_. =_=_==_=.======_====_}
ProoedUfe LrigtoFlle(\Ticcosi.ty : REAL; Density: lNTEGER);

{ writes data to Q file with the curtent date in the fde name, If that }

{file exists it appends the file}

VAR vis,den : TEXT;
filel,fiIe2.nol,no2 : STRING;

Ye:u',Montn,Daj' ,DeyOfWeek.
HouttttUnute,second,secl00 : Word;

BEGIN

GetDate(Year,Month~Day,DayOtWeek);

GetTitne(Hout,minute,second,secl00);

atr(month,nol);

str(day ,0(2);
file! :ea 'c:\anglo\vis' +nol + '_' +002+' .!ita';

,file2:- 'c:\Mglo\den'+nol+'_'+no2+'.dta'i

ASS1GN(vis,fi1el)i

ASSIGN(den,file2);

{$I-} A'."'.. END(vis);

APPEND(den); {$l+}

IF ioresult« >0 THEN

BEGIN

REWRITE(vis);

RE'\1RlTE(den);

END;
WlUTELN(vis,fil, I •,Hour:2,' •,minute:2,' ',second:2,' ',Viscosity:6:3)j

WRITELN(den,fil,' •,Hour:2,' '~minute:2,' ',second:7X,' •,Density);
II

CL{...3E(vis); \;

CLOSE(den);

UND;

{.======~==~====~======-======================~=======}
Procedure SetUpGmph;

;11,($ up the SeNt" graph for real time graphics}
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begin

{ lNlT1ALIZE THE GRAPIDCS ADAPTER,

SET UP 2 REAL m4E WINDOWS}

rtinitgrnphics(defaultbgidir ,2,1)j

II
1.1

Ii

{ RESIZE 2 WlNDOWS }

1rtSe~l"C¢lltw.indC)w(rt.stat[O].O.Ol,O.01.0.99,O.49),

rtsetpercen.twfudoW(rlstat[1],0.OltO.50~0.99,O.99);

{ VALVES FOR LIMITS}

timeint:= 30.0; sempleint:= 0,2; miny e= 0.0;

maxy 1= 500.0; rt r= 0.75; nt t= 1;

grid ; '-= 10: 1. ldOl1 := 0; halarm := 0;

stpnt!= 0; tatf".f:= FALSE;
{tags[O] ;::= 'Viscosity';

tags[1] := 'Density';}
le[0]:=1;

If{O]:=O;

~twindowcoll)rs(rtstat[O], 7 ,0,1,4,15,15,15);
rtinitWindowcoloro(rtstat{l], 7 ,0,1,4,15,15,15):

{ REFER TO EACH OF' THE FOLLO\v;ING fUNCTIONS IN THE

USER DOCTJMENTATION FOR A COMPLETE DESCRIPTION OF

SPECIFIC PARAMETERS}

rtsetupscrollgtaph(rtstat[O],tim.eint, sampleint, 0, 200, rt,

nt, grid, Ialarm, halarm, stp)llt, 1,1;Viscosity'. 'cP"
tags, lc, If, mtchf)i {viscosity}

rtsetup3Ctollgraph(rtstat[1],timeint, s.nmpleint, 1000, 1700, rt,
nt, grid, lalarm, haliU'Jll, $tpnt, 1,O,'Pe:nsity'. 'kg/nf'3' I

tngs, tc, If~mtclrl); {~ensity}

{ PUT A BORDER AROUND THE WINDOWS}

rtbotderwindow(rtstat(O],l5);

ttbotderwindow(rtstat[1].15);

END;
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{========-========================:::::========='ib=:::;::::=="",;:::::}
Procedure Graph_update;

{updates real time serol graph}

bezjn

yvalues[O]: =viscosity;

yvp.luesl[O]: =density;

{DISPLAY RANJ)OMDATA, uPDATE GRAPHS ACCORDING TO PARAMETERSc:

SET!N SCROLL SET UP CALLS }
xiltJlpdatescroUgmph(rtstat[O],yvalues); {UPDATE EACH WINDOW}

. l'tUpdatescroUgraph(rtstatUl.yvaluesl); {UPDATE 'EACH WThT])OW}

lNC(index, 1);

END;
{===\"!===:::===============,=============================r=}
:BEGIN {main program body}

clrscr;

num:=O;

fil: ==0;

index: =0;

SetUpGmph;

Initialise;
select_channels;

clear_data;

REPEAT
iiI:=fil+1.;
Sasnple;

GetTime{ho'Ul',minute,second,seclOO):

get_steps;
GetA vgVelocity('vel);

GetVisoosHy(vel, Viscosity);

Gtnpb_updatei

opeu_close_ vnlve(O,O)i
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LogToFlle(Viscosity ,Density);

d~lay(2000);

UN11L «keypressed»;

rtclosegmphics(l);

END. {main progmro}

..~
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23 GL YCEROL, CHlOHCHOHCH~OH.......(C()Q¢lI'l~~j

AJI. " c. M c. ,Cot· ?c;·J:::::~,o '."" n.•1 l 0 S 1 ~ " r l'
by WI. Diu Djg &1 g·mqJl IJiI a.1 • Ill' n 'C OSIk. jj.moll) I,.".. .s rho mmho.cm "'m~H........___..~
$.00 1.00'17 1.011$ ~G.$ uSIa 9'U lM~, $8 U3ga 1.070 O.$QO o.ns 11:' 1.116 ~U.lI
~.(IO 1.01~0 1.01l8 ttJ.1 .0.6$9 9$1.3 ~.~ 10 I.J4QO 1.316 0.108 0.38$ I.U' 1.143 86.44
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14.00 1.0)11, 1.03:!9 144.4 I$M 686.7 111.5 167 1.)~96 l.~69 186.1 1.004 1.442 1.401 b9:.::l
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l4.\lO 1.~)61 I.OSIIG m.l ~.1$l 81)1.6 19S,b :9~ l.l6l4 101 ~.n I.y~ 1.9M 1SSl ~l),)1
20.00 1.0664 1..11683 !!JB.6 3.~4) "6t,g :)0.4 341 1.)676 8.77 4.71 :.370 ~.l74 Hl6 4)$9
n.oo I.Q710 1.0189 H4.6 374l 73•. J :65,9 400 U730 10.74 5,'S .lSl.J. :.6)l :,«9 )7,91
}6.(IO I.OfI6 1.0896 J9j,1 4 ~$Z 696.1 3Ol.~ 41.1 1.3135 IM6 b 91 ),:16 ).08% UI\I }Z.JS
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~6,00 1.1419 11439 63vA 4.~iIiI ~OM 49,.8 '39 1..11)69 u.m 7311 1I,9g
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dO.CO 1.10&$ 1.:106 9~6.~ 10.498 ~411 "SM 1101 I~'\I $9,1d ~9 " 161
84.CO 1 !19~ l-:!I" IO~4.l II.I!I 19$.1 M~ 116~ 1.«9~ d417 ,691d 119
HH 00 1.::99 l:l!U IOH~,) lI,m 1476 ~,o.) I!.U I.~'" 147,: 11'19 ooa
9~.OO 1:404 1,:.a::!6 II~I.I I:,~IJ: 99 : g990 rU4 14hlJ W1 3100 tJ.lb
9b.1lO I :~I)g 1.~~jO I~\)lp 1).0)9 lOll 94~.: 13014 \.4b14 '~8.~ h!41l O.U
100.00 1 :611 1 !63) 1:61 1 IH9iI ~O 99g! 140$ l·n.l~ I'.~U IJ'l6 I 01)6~

\~;

Viscosity data for glycerol solutions (CRe Handbook)
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9:=.S VI. 1
81$.7 11.G
71.;; 9•.48
G4.1 7.7/3
41l.a 6 • .:19
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~--------~-----------------------------------------,----------~Size distribution data for Kinross sample
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Appendix E ...Unprocessed data

Data for figure 5.3 g Height verses time for the drainage of different glycerol

solutlcns from ~ 12 mm tube

Height
em)

Time (seconds)

p::::88 11=204 I p=4GO

0 0 0

0.31 0.46 0.15

0.53 0.87 1.50

0.74 , 1.34 2.23

1.13 1<.81 3.02
--=

1.0 0

0.8 0.09

0.6 0.19

0.4 0.30

('!.2 0.42
'....,.-,

Data for figure 5.4 - Drainage velocity of glycerol solutions

Viscosity
(..:I?)

1

88

Velocity (m/s)

- --

1.69

0,12

0.69

204

460

1.38

0.43 1.02,

0.28



Appendix E
Unprocessed Dat(l Page 116------------------~~---------------------------------
Data fall' figure 5.6 - Drainage IOf a 5% CMC so!utuor'Q from a 12 man .mooth tutn~.

Time (8):' '~':~=-

H~19ht!m'~=::::Jr:~: ,',

·rr ..... ··_·_c"___ u_ "
0 1.0

0.42 0.8
- . -

0.84 0.6
;

0.4-''1.24
(

'.65
I: 0.2

- - _, --=
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..", m~e .4 =::;:;; ...

1.25

% Solids

50

60 1.21

1.06
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Appendfx F ...MeAD program for simplified lBlli1aKyticru solution
It := 13.7

gravitational acceleration9 := 9.8

i := 1 •• 6 H ::::Height :7 := 3. •• 6

#l : '"
i

50
55
60

62.5
65
6"1

13.4
16.3
2S

33 •.4
52.6
80~1

6
2.65-10

p :=
i 2850 - 16.S-M

i

Vel ;,..z
i

Ii :=
j

0.8
0.6
0.4
0.2

1.2
1

1.084
1.013
1.031
0.986
0.915
0.869

R := 0.06

k

v
i

1.238404
1.171777
1.0417

0.976195
0.900853
0.854467

" ,Vel
i i

0.15

Ii
j

k :: 13.7

1.1
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Appendix G ..~Overview of previous work
A brief discussion of selected publications is given in sequential order of publication dates to
give the reader a. feel for some existing literature relating to the rheology 9f~~~nsions and
slurries.

Clarke (1967) used a concentric cYfulder viscometer with provision for recirculation of solids
in/hi-~eXI>en.\qlental work. (See figure At). He used quartz, glass and polymethylmethocrylatc

.~.;.>.--,." . . "._ .' ---'>,"",

as solid suSpensio9s in water, using particle di~qleters of up to 210 I'm and volume percent
solids of up to 5.0%. His suspensions were found to be mostly dilatant, He also found that
the addition of detergent reduces viscosity while increasing particle diameter, shear rate or
pensity increases the viscosity.

Figure A 1 ..Sectional view of system used by Clarke (1967)
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VaUentyik (1970) Investigated the operation of what he describes as a continuous, on-line

consistometer, He used a screen to remove the oversize particles from the feed and obtained
some encouraging results using a bobbin type rotary viscometer operating at a fixed shear
rate. The sampling system he used is pictured in figure A2.

Hansford ~tni (1976) used a Brookfield viscometer for his experimental work. He also
looked at models available from literature and made some comments on the usefulness of
capillary viSCQJl1el:ers. He also derives the formulas relating the shear stress to the shear rate
in the cup alia bobbin arrangement. The effect of concentration, temperature and pH on the
rheology of slurries is also examined.

Jeffrey and Acrivos (1916) reviewed experimental and theoretical work done on the
rheological properties of suspensions, focusing on systems containing rigid, neutrally buoyant

"\1

particles suspended inNewtonian fluids.

lIemm.mgs and Boyes (1977) described the potential benefits of better control of sIuerJ
rheology in milling circuits. They use a rotary oU1' and bqbbin viscometer to obtain an
apparent viscosity at a fixed shear rate. The system they used to measure viscosity and

density on an on-line basis is specially designed to avoid settling problems and is relatively
simple, reliable, compact, robust and sensitive (See figure 2.10 for a scheQlatic of the
mounting setup of the viscometer). The mill discharge vIscosity was automatically controlled

by using the viscometer output signal to regulate the mill water addition using a {eedback
control loop.

Boyes (1978) performed field tests of an on-line slurry measurement technique at the Savage
river mines and describes the main problems encountered which mainly relate to the choking
of the n}easuring device. He used a Brabender 'Consistometer' process viscometer together
with an Ohmart density gauge. In his paper it is suggested that an optimum viscosity at
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Figure A2 ..Sampling system used byValentYk (1970)

®
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@ SW;:PlY Yen"

which W(~tgrinding mills should operate is 150 c Poise. It was em"eluded that the viscometer
he tested did work but lacked long term reliability,

Kimpel (1979) t'lsed both a BJ~ookfield a..id a Haake viscometer in his research and
investigated the yariation of shiny rheology with fineness of grinding. He also discusses the
effects of viscos:~tyon mill performance giving the reader some interesting information.

Cheng (1984) reviewed some 40 items of literature on vis'1?sity Ul0;:t.surements with slurries"
of spherical particles and concluded that the steady shear pi~peclbof a dense suspension 'are
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Figure A3 ~Viscometer mounting used by Hemmings (1917)

not characterized by a unique viscosity or flow curve but are rather described by a
distribution of curves.

Blaszczyk and Petela (1986) used a concentric -cyllnder viscometer modified so that a
continuous co-axial flow could be obtained to eliminate settling. Their work concentrated on
coal-oil slurries. Relationships between shear stress, shear rate, ten~perature, mass fraction of
solids and particle size were determined for a coal-of! slurry. The power law coefficients
were calculated and their modified viscometer operated satisfactorily with a volume
concentration of solids less than 0.4 as well as a maximum particle diameter of less than 0.3
mm and a viscosity of less than 30 PaS.



Appendix G
Summarized Articles____ ...",...........__ .....__.;;._....._- ..- .......... --......;.0 ...

I:';

~> . I -~: .. ..... . . . __ _ ,_ .~) _ _ _ _ _ \i
Dabak and Yucel (1986) uS¢ a three parameter model to calculate the shear vlscoslty at
different shear tates for a sllspension and obtained results in quite close correlation with
experimental data reported in literature. .~

Abbas ad Crowe (1~8'i) performed experimental work on the flow properties of
homogeneous slurries 'Usinga range of Reynolds numbers from 1200 to 30 000. They worked
with a silica gel- chloroform slurry and used 96 #LID and 210 jJnt diameter particles in
concentrations up to 30% bye'volume. They measured the velocIty profiles of the slurry
flowing in a pipe and'the pressure drop across the pipe. One of their goals was to "establish
the adequacy of rheological models for slurry flow properties. They found that the presence
of larger particles in a slurry delays the onset of turbulent flow. They fitted their profiles

.~} - . . . ..

using the "law of the wall \l model and concluded that neither the Bingham nor the power law

were a~~uate to describe the logarithmic profiles they obtained.

DOwnW81'd ~t21 (198'1) gave some advantages and disadvantages of capillary and rotary

viscometers when usedwith suspensions and examined factors effecting viscosity. He also
discussed practical problems be encountered with the use of a modified Stormer viscometer
he used in his lab rest work. Problems included that of alien particles entering the bearing
mechanism. Downward used ferosilieon suspensions.

Kawatra and ]i';isele(1988) showed that milling efficiency can be improved by better control
ofslurry rheology and that the rheology of' the slurry effects not only the fines )!roduction
and mill operation but also the separator perforrnance. He used a cup and bobbin viscometer
as shown in figure A3.

Montini and M@ys (1988,)describe a technique for the measuretpent of slurry consistency
inside a grinding mill based on the rate of slurry drainage from a condw::tivitYprobe mounted
through the mill shell. If successfully applied this measurement would allow for tighter
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I
SIUflY
outlet

Slurry
Inlet

\"_'

~----------------------------------------.--------~-----------Figure A4 ;. Schematic of coaxial cylinder viscometer used by Kawatra and Eisele
(1988)

control of mill behaviour (see figure 2.7 and 2.9).

Mol's (1988) investigates the effect of slurry flOINrate and viscosity on the load behaviour
and how these variables effect milling @fflcienc)),and load behaviour. He also discusses the

usefulness of conducrlvit.y probes in the shell pif fihemill and' the use of a force probe
mounted on the mill shell was also examined (see figure 2.8).

Tangsathltkulchai. and Austin (1988) u~ a H~\ke viscometer to investigate the rheology
of concentrated slurries of natural size distHbution cf ground coal and quartz. They found a

, "\\
yield stress at higher concentrations of solidst and a1$9 found that percent solids as wen and

size distribution are the two most important parameter~\ governing slurry rheology.
\\

\\
1II;
Ii
Ii

Ii
i!
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Herbst (1990) examined the potential hellefit§ .of con.rninution system optimization based on
sa~gs achieved at various plants around the world. He also includes some oostlbenefit
analysis for optimization projects. Sources of savings include improved de$ign (15-40%
saving), better control (10-25% saving), use of grinding additf~es (2-8% saving) and use of
better materials (3-14% saV,ing).

Nguyen and Boger (1992) give some iliteresiliug information on the different techniques used

to measure the viscosity of fluids. The various shear stress formulae are derived for the
different systems. They provide a good introduction to the field of rheology of fluids. Be
provides the reader with interesting information.

Whitten et til (1992) examined the measurernent of pulp viscosity using capillary
i' ,::1

viscometers, in particular in the high shear rate regions for which turbulent or neat turbulent

~nditions exist. He found that slurries have a less mark~ transition from. laminar to

d~rbulent flow and the onset of turbulence is delayed as the percent solids in the slurry is
increased.
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Appendix H ~ Matlab and Pascal routines for the numerical
"

solution of the model

[x,v]=ode45('deJ,O,5,t1.O 01);
plot(X,v(:,l»i

function aer = de(x,v)
%parameter x,v; v=(y,U)

,
lflU=50!1000;
rho=1200;
k=O.{)Ol;
k1=s*mu!(rho*0.006)i
k2=k*rno;
k3==O.5;
k4=9.8;
der(1)=v(2);
der (2)>t::"'kl*v(2) '+k2*v(2) • ~2 ./v(l) +k3 ...tv: 1)-k4;

DAAW.M

DE.N
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l':t'og'ramRt1l\TGE_KO'l''I'A(Input,output);
VA:Rto,hO,vO,h,N,v : real;

data ~.text;
Const :mu=SO;

rho=1425;
R=O.006;
k=8;
qa=9.8;
hsta.r=o.()9j

FUnction f(v~Real):REALi
Begin

r:=v;
End;

Function g(v,h:Real)iiREALi
Begin

End;

PI:ocedute R_K(tO,vO,ho,dt:REAL;N;integer);
Var kl,k2,k3,k4,tn,t,

kkl, kk2, k}(!36 kk4, X~n:REAL;
count:Integeri

Begin
assign(data,dc:\msc\runl.dta');
rewrite(data);
writeln(data,l)i
writeln(data,100);
t:=tOj
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hn~=hO;
For coUnt:=O to N-l DO

Begin
tvriteln('h at t= l,t:2q

'
il!;;g , qhngjU)::6u

Qanci 'II == f/ Qt~U4:2) f
iiriteln (dat-E;l,t:3 , ' I Qh~4:3qv:4:3);

.:~;;:.-;~/\)kl:==dt*f(vn);
kkl:=dt*g(vn,hn);
k2:=dt*f(vn+O.5*kl);
kk2:=dt*g(hn+G.S*h,vn+O.S*kl);
k:3:'=dt*f (hn+u, 5*h) 3
kk3:=dt*g(hn+Oo5*h,vn+O.5*k2);
k4:=dt*f(hn+ll) ;
kk4:=dt*9(hn+h,vn+k3);
t:=t+dt;
hn:=hn+(1/6)*{kl+2*k2+2*k3+k4)i
Vn:=vn+(1/6) * (kkl+2*kk2+2*kk3+kk4);

End;
clot;;e(data);

End;

()

Begin
R_K(Oto ,1.2, o , 01.,500) ; {to,vo ,hO, delta til11e,no of intervals}

Em1-

()
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