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- AsstrRaCT

in South'Africa 'mirié'ral pfuces'siﬁg' 'i;s a 'very impbft&n’f éctivftv and with
_ dechning ore grades and increased need for farangn revenue itis necessarv ta__ .

B davelop methods which wsll keep ore processing eosts as Iow as possibla.

Milhng is an example of a capital intanslva umt nperatnon which has much'
scope for mnre efﬂcient operation

Better cor‘utrol nf fhe viscosuty of the slurry duschargad from a rotarv grmdmg'

Paged

mill wili result in Improved mdllng efﬂclencv and hence a8 savlng in electrimty' :

_and Steel costs w;ll be exparlenced More effaatwa and conslstent grindlng in
| 'the milll will also result inan nmpmved mmeral recovery. '

| Slurry rheolog‘v is ‘thé variahle nf interest in moﬁitoring and controlling & wet
' grlnding mill rather than other measures of slurry cnmpusition presently used'

* {eg percent solids). Up to this polnt in time however this. variable has not been

- successiully used due to the tact that a sufficiently reliable and robust device
- for measuﬁng the viscosities of slurnes on an on-line basis has not been -
avalilable, ' ' - '

- This project was undertaken to develop just such a device {which is'in the

process of being patented by Professor M H Moys), The flow rate of a fiuld
down a vertical tube is a function if its vnscasuty as well as cther quantiﬁable .
* variables, This Is the basis of the operation of the measurement device Usefui
features of this device include the fact that It has no movrng pans, is
inexpenswa and rabust and is sub]act tu little wear. “The measuretment can bie
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f performed directly on tha stream in quest!on and it is unlikely m he i Ock od up_ D
. by ﬂbresﬂparticlas. A salf c!eamng ‘Eaciilw may also be lncludad |

B Based on the 3"9""‘"9"‘3' resuts the technique shows much promise and it

Is antuclpa ted that the basic dasign could aasllv svolve into @ useful, praatical- =

v
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- Tha device has been tes**ed an p]!ot mills at MINTEK's research facllity as well
T as the Angia Amerlcan Research labs, with. «arymg degrees of succass.

. E .
o .

B

" device for the mwsummem of the apparent viscosity of Seﬂ“ﬂg slurries as. .
~ well as other fulds. it 8 differantial piessure cell'is aiso connectad to the
B _devms it  may be used to obtain the density of the ﬂum being sampied SR

| _A rnodel baaed on the pnnmpl’as of canservatlon of. 'nomentum was devetoped = B

L _and solved numericallv using MATLAB ‘which uses Sth order Runge Kuttal as’ '_ '

e well as a Turbo Pastal program using 4th ordar Runge Kutta. The modai was _

alsor s]mphfned slightlv by neglecting acceleration of the fluig\ (a simpﬁﬁcatiun R

| whlch was shown experimentally to hold} and solved analyﬂcal]y. The results

- pradlctqd by the model diffar only siightly from tha experlmentally determlned )
. thsults ' ' '
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" Chapter 1

nwoduction. 0 Page2

- _1 1 Motwatmn of the prq‘geet

N Ex:sting techniques used far the. measuremrant of the viacosities Df fluidg are
. niot well suited for use with sattling siyrritas. Tha discharge: straam from a '
_rotarv gnndlng mill Is a good example o such a fluid,

_lt is nnly in the racenﬁpast that the performanca of cemmlnuﬂun operatians _

o _has been tha sub]ect of mvastigatlon and hence: this ﬂeld has nnt been ful!y .

: explored in all itg cnmplex:tles Research has shown that impmved cantrol of |

slurry Wscosrﬁes in milhng cirouits ‘lwould result in substantial saving& At

) _prasemt however a rellable devlce which couid be used to meaaure shurry
: v_iscosﬂy In the harsh e ._rim 1ment of a milling circu:t Is not ava:lable_. -
' 'Much heneﬂt w:ll be gafﬁed Wa devlce could be deva!aped to reliabiy measure- _

 the vlscasities of slurries in an indusmal envirunmem. Professor M.H. Movs

recentlv proposed a technique which could potantlally be used to measure the 5 R
_viscositv of such ﬂutds. The concepts developed bv Professon ans desarved e

~ further investigation. slurry viscometer could be. daveloped using these -
'fundamental and craative ideas As with most gmd inventions the pruposed _
device would ba simple having few moving parts, it would be inexpensive m,' |

manufacture and reliable o

The Author of thls report decided that the he would like to Investlgate the

_concept in more depth and develop the idaas furthar, in order to determine tha.
' operabllity of the soncept - : :



e

e

‘““"“““"‘*“ e e P

_1.2 Objectnves oﬁ‘ thxs dnssertatmn |

w-

oy
o instrument descnhed in {li) above. :

of slurries o

' 'the device is on—line. o

acil .
=4

B 'I'he obgechves of tlus dﬂgsertatmn are as fallowsv -

Gain & bread understanding of the importance of the measuwmant of |
slurry wscosity in an industnal enwrunment as we!t as the underfying _
- :techniques invalvad ir the characterizatmn nf the rhea!ugical pmmmes '

T i,
\{\,___. :

Develap and produce a 'slmple. robust dwice which while uperating in _
‘anindustrial enwronment will provide an on-‘linarmeasurement of slurry R

: -viscosrty

Ptoduue analyt:cai madels to des‘cribe the operatlon of th& measuring S

Test the dewce on an operatmnal grinﬂmg rnill. and perform some'
- ‘experimental work, inc!udlng step changes in fead water flow rate while

-{'.-.

L AR / _

CE

Lt

s



. Chaptér 1

- lnﬁruducﬂon 3 Pags 4

= .

1 3 ﬁtrucmre 01’ the dnssertahén AN
This report is ‘structured j is the folluwing way: .| o |
_i Chapter 1 forms a genaral introduction by providing the mpt'vatian, for the

_ projact as well as the objestwas and aims of the author a’f thf: ‘thasis. Includad o
in chapter 18 the tayout of the thesis. “ o L

ln'C}mpter 2 'thé reédér Iy prnv’ided w&(}ame baékgrodh& 'ihfnrmaﬁon Ion the
dlffsrant wavs in whlch siurry rheciogy can be charactarlsad. A lttaratura .
- survey is alsn ancludad, in which the waork of some prevlous research work in

| this field :s hlghngmed o u

Chapter 3 inc*lude a descrlption of the* equtprnant usetf as wall as the-
axperimeﬂtal procedure. We examine the way in which tha equlpment works__ -
: and loak at related topics such as the davelﬁpmant m‘ 3ofmmra and the e
: pmparatlnhs reqmred for experlmeﬁtal Wtk ; S -
&-_\

In Chapter 4 some theoretical concepts are examined uinc!uding a model nt

the \dynamic respanse of the system derived fram tha funuamental momantum L |

. balance. The model is _salved numarically using MATLAB ewhich uses._ 5th ordar

'Ru nge I(uiktai as weil as using a" Turbo Pasc“al' pragram wr&ten '{'usinig 41;h cfder

- Runge Kutta). The -slightly simplified mode! of tha system (in wh!ch |
acceteration is neglacted) is solved analytlc-llv. o | -

In Chapter 5 we look at the résults obtained and discqrss some interesting o
effects whlch are ahsewed when using slurrres
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* Chapter 1

e,

dlscussfon are given

.'\"_10.

Inroduction o { N Page&

Cﬁaptel‘ ?i daais with t;/pllut il wgrk eonductad at MINTEK'S piibt mill in L
Randb""’g as well at the Anglo research lab§7

Then ﬁnally we get 0 Cﬁmpter 7 where the aoncluding comments and

&
<

22

Gy Lo
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A

. '.Despife the pmfus:&n pf work dane in mcent years o tapms reiated to me B
charaaterizaﬂon of the rheolog:cai propertie‘s af s!urrfes, a reliable device for o
 the measuremem‘ of even an apparent visc.‘gs:ty of a s!urry in the :'ndustsfa] __ '

en wmnment has nat been developed

| :' 77ze ifterature presented hare is Inrended to give the reader ] braad overview T
of some urdeﬂymg issues related to the measuremenr af the rhealogical" o

'prapertfes af s!urries as well as the reasaning es to why sucip a measurement

 should and wauld be of fnteresr in an industrial environment. The ditficulties e

It
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expeﬁenced by previaus researches are also exammed, Short summarias of '

some selected pub!:catians are fnc!uded m appendtx G far the. reader s E

: -'convemence. |
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3, 1 Introductmn

_ :_'."In recent. vears thara has bean much rasearch done in tﬁp field of siurry "
" . xhenlngv with 'zhe result that 8 pmfuslon of work has bean pubiished on thla
--:-"'sub;ect i this chapter it has been my aobjective. to summarize the mpgst
g impwrtant f'ndmgs af thls rasearch and to revaai some . of the problems _
. vgsearches have’ been faced with In measuring the rheoloqtcai propertiesnof
; °_f L slurries. A seleatﬁm of published articies are brleflv summarized in.appendix G
i ardsr tu Q‘ivh the reader a feeling for the typa of ilteratura available. C

K -wn‘tro!

£

S Ths rasults of mv Bteramra survay conﬂrm the helief ?hat informatima on shjrry -
'5'.__'___'_-'rhanlogv wolild ba u&eful irﬁnprwmg the eff‘mency of mﬂling circults lalse -
e _'_shd“ Qne tnain reasnn for ths fac:t tﬁét this vriable is not utilizéd for the |
o HI‘E’TQ (fircuuts is due to the lack of 8 reliab[e, rebust instrument o
o f.jwhtch could be, usad to maasure the rheolngmal properties of slumes in the L
S industr%aﬁ envtronmant. o : o =

. .Q: . k_' s .

52.,2 'Hle imﬁortance of vxscosnty in mmeral prnz:essmg

' S _Pulp viamsitv Is an important parameter in all minarals processing nparatlons__ B
and affects the efﬂdiency of opération of mills, cyclones, fiotation cireults,
. 'classiﬂcaﬂon operations, heawmedium separation,dewatering systems, s!urry_
s | pipalme tranﬁportatmn, tatllng clanﬁcation (Laapas 1882) and the [13 process' ' _
- e (Thomas et al 1989). In this section, however:, the focus Is on tha lmportance
B | .af viscositv In the operation of milling czrcuits. Uhtil recentlv knowledgs oftha _
--'-ﬁ-.impartance of s!urry rheology in mlll performance has been !%nﬂted (Kim;ael,-: e

1979).
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The viscnsity of slurry in mﬂimg circuats has been largely neglacted due to k-t i
numhar of factors, inpluding the fallawmg '

A1) The ro!e of slurry vigeosity in comminution operatnons has only come

ynder close scrutlrw during the last 15 vears orse. .

: ,\_(25;)' The magnitude of the potentlal savings has not beeh fully recagnlzed.. -
. (3} Commmution is twt mnsndered as 4 separate ﬂeid of research andis .

interdiscipﬂnarvby natura (Herbst 1990), .

4 implementation of new untested technology Invalvas suma rusk which L

. mines are often not willing 10 assume. .

o | (5) The slgmf‘canca of slurry vlscositv has not been fully appreclated tn o

industrv (Muvs 19891

S (6) “The ﬂifﬁculty of making on-line measurements of the viscosity ofdense

mineral‘tlurtjes {Mays 1989. Kawatra and Eisele 1988)..

i:)asmte the i‘at:t that thls matter has baen the sub]ect of many invastlgations
in rscent years a robust, reliable and effectwe davice to measure slurry

v:snomty has not baen develaped. The Iack of suitable. reluable equ:pment to
maasure sls.m‘y viscbsity is a problem, - : _ _

-
e

Potentlal ‘beneﬁts t)f bettor control of wscosntv in mlllmg-_i
operatmns. | | |

Mnﬁng is one of the most energy-mtenswe operatuons in the mmerals- .

prac_ess_lng_ _ind_uat_rv and consumes as much as 2_5%_. of the power used in.

_:mijnmrgﬁ' processing (Kawatra and Eisels 1988). In some industries, for
| ekample the processing _off metalliferous ores, energy used in comminution
o 6pératlons cnnstltutés- 50% 'o_r' morg of the total energy raqui_raments for raw -

~ minerals processing {Herbst 1990). Miling is an inherently inefficient process
“with typical efficlencies of less then 5% (Herbst 1990} and the efficiency of
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& wet grlndmg msi% cary ‘be umproved by bettar confrnl of slumy fh%lﬂgv._"- C
(Kawatra and Eisele 1983} T C) - . |

e

. Even a smgall increasa In effictg‘ncy wlil result in 3 substantlal savmg (Kawatra' '
1988. Hsmmings and Bnyes 1977). Not dnlv weuld there be a savmgs n
_elactncitv but. also a sawng on steel custs -An Improvamsnt in mmara!_._;.: .

o l’euoverv would also follow from better contra* of sh ologv in mrlhng carcu!ts-'b L
¥ |

(Hemmings ancl Boyes 1977, Movs 1939) A
) The potentaal a‘conomsc benaﬂts of batter contro! of millmg circuits have heen - B
' estsmated by Herbst (1990) who shnwed that ehergv savtngs could amount.

B to betwesn 10 and 20 percent from better control of grmd:ng t;lrcuits alone. |
Sawng in stee[ tosts as a result of teduced wear of tha media and mlll lining
_.would reSuIt in savings df at’ Ieast “tha Same order of magnnude. o

’-\.

: : Accordmg to Kawatra. and Eisele (1988) the grinding eff:cnency of the ent:re R
grinding circult ina tumbling medna mill may be Improved by betterjcnntrol of -

mill slurry rheolagy, sime the rbaology not ohly effects the rate of fines
procluction but al?.o the functlonmg of the hydrocyclones. Smtable un—sfream
| ‘sensors are essential for mors effectwa control of mlneral processing
operations, particularlv grmdang circults (Hammings and Bovas 19‘77)

Atldns'__ and-H_inde-('_'«i 975) h_ave shdv\fn'that undet manual.con_t_rol a .t\'(fpical_
g_rinding diré;ulf_ Is subject to unnec_éssarily large fiuctuations resulting in
inefficient utilization of grinding capacity. Increasing automation may thus
result in improved recoveries and more .___efﬁi:lient aperation of tha 'plant. By
Implementing controf over mill watei*_..addition on the basis of miil dis_éhérge
viscosity measurements, both a production benefit and reduced grinding media
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wear are indicated (Boyes 1978 o+ o

~ The main difficulties assoclated with ménoal ontrol include. 'larige'l'agi times, -
 diffieulties in coping with disturbances and human’ hmitatiom eg futigue, on .
" the other hand automation ‘has advantages 6f sensitivity to prooess '

o _disturbancas, reduced. res;mnse time, conistent res&onse to dusturbances and _

- rollabihtw without human Iimitations (Hemmings and Bavss 1977)

' 'Tho devalooment of & suitabla dovioe whlch will measuro the slurry wsoosaty " -
i ‘will lncrease the scope for automaﬂon In the mineral processmg indwstry
- resultung in the abo\fe-mantioned benefits The accuraoy of tha measuring-
| devuco Is howaver not orutlcal bacause of the very strory relatlonship between

- percen‘t solids and shurry viscosity in the region of eff‘oient mill behav:our a Et '

: 1% nhange in percent sohds results in on averago a 35% change In ws}cosity
intha range of peroent so!uds typical of the rnlll discharge of an average go!d
_ mine (Movs 1989).

The role of slurry v:scomty in n:ullmg

B _'As we can sea “from the foregomg paragraphs, the wscositv of the: slumf |

“directly effects mill beha\nour Tha slurry should be viscous enough soasto
be homogeneous thus thmly coatang the grmdmg media and yet it’ should not.

- be s0 viscous so as to adhere to the mill wall throughout the rotation of tha
| mlll. It should also be ‘thln enough to flow fairly rapidl\f thmugh the il under_ =
" a relatively Iow_hydraulic gradient (Hemrmngs and Boyes 1977}, ”

If th'e viscositv IS too ‘high the officlonoy of the mill ié redocé'd'due to the fac't _
that the thick pulp restricts the movement of the grinding media and cushlons
thelr 1mpact thereby reducmg grinchng aotivity (Hommmgs and Boyes 1 977,
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Taggart 1954 C’ress 1967). The grmding behawour dev:stssfrom ﬁrst order o
_' when the slurrv inslde the mill dm:slops a slgniflcant yield value snd th:s ieads
: j_'to Jower brsakege ratss { Kiimpal 1979, Kawatra and Eisele 1987). The

effsetivs dismeter of the mili msv glso bered uced and prsmsture eemrifuging

. oan oceur (Moys 1989, Tangsathitku[chai 1989). At higher viscosities the risk N
of bheking the m!ll slsb mcreases. o : :

o o

1 the viscosity is tcm low there wﬂl be mcemple‘te coverage of the media bv
o the pulp resultlng in Increased wear rates of the media and hners. The grinding -
rﬁe&ia mske direct centact w;th eaeh other and with the mill llmng as aresult
- of tl;ne much ‘thinher Iavar of slurrv covenng the media and the mill iining._ -
o Redueed mlll heldup with thin pulps also: unnecessarily reduces the capacity
of gﬁennﬁel (Herqmmgs and Beyes 1977) Fram an economic view;mlnt. hlgh:,. o
o wefr rates lmpléxse a mmimum operating visgosity in a miil Power Is alko -

sted in tumbllng the excess water (Meys 1988)

' !t ts interssting to hote that the residence time is also an Important factor
-affecte,d by pulp censistency. At hlgh pulp viscosities, the Iarger resndence_-
-:'_tumas snd Innger sxposure to grindmg forces may compensate for reduced :
grlndlng Efﬁciencies Conversely, at lower pulp uiscoslties where grinding may
be mme effeetive, Iewer residence times may reduce overall parformance. An :
_ -_eptimum slurry viscosztv exists and it has been suggested that the optlrnum '

_l_les. _areund 150.¢P (Hemmings. and Boyes 197'1' and Boyes 1978).

2 3 The rheology of mineral slumes

in order to familiarise the reader with the underlylng pr!nciples ef fluid

rhseiogy, same background :nformatnon Is given and underiwng ideas bt aﬂ,f_.'
| axamined. We will f_Irst look at a definition of rheology and _than-_ _exan_ulne, _
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some typical fluids,

‘The study of rheology of fiulds covers the " techniques used_to descr'lbe the

- flow chareeferisties of fluids, in partieu'lar 'their'shearing ch:a'l'acteri'sties" To
o Hustrate the concept we wal[ refer to a fiuud between two paraliel p!ates, one | |
'pla‘te being stat;onary, whlle the other is free to move {ses ﬂgure 2. ‘8) '

 Veleoly v
Beety v, £

W

Sfaﬂénw f

g Figure 2 1 A fluid between two parallel p!ates. subject to a shear force

A Velocltv gradient IS set upin the flund As the velocltv gradient or shear rate _
is increased, so the shearing force required aiso increases. One of the goals of |
-rheological studles Is to describe how the shear stress applied is related to the

shear rate (velocutv gradient}. Fluids are classed into different categories, "

depending on which maodel most _closely describes their behavmur under ”

shearlng conditions, Many different models exlsts, the most simple being the

- Newtonlan model, where thera is a linear relationship between shear stress {r) -
and shear rate, the proportionality constant being the Newtonian viscosity. _'
few diﬁ’erent models are illustrated in flgure 2.2,

Minera?l \elurr'ie_s are difficult to _characterize _'partialiy as 8 result of their non-
Newtanian behaviour, especially at high percent solids. Another difficulty
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o Pseudoplasﬁc
gin “"".‘_ i yield

; Shearstr;e's_s'_: |

Rc:’re of Shet@

' Figure 2.2 - Different modeis_ for the rheology 'of-"ﬂuid?. T
relates to the settling nature of _sI'u_.rrieé; !-Ha'hsiford atal 1976)- Shear stress is .
~ generally a non-linear furictlbh'af_ shear rate especially for highly _concent;ajtpd.
slurries. Thus if the shear stress is measured at a fixed shear rate this provides
| only one point on the shear stress/shear rate curve. Thls single point gan -
__ provide the apparent viscnsitv which is the ratio of the shear stress to shaﬁr
rate. _ _ g

) ‘There are a large number of variables _Which"infl_tjence the way slurries behave
“under shearing forces and this further complicates attempts to model the.
behaviour of mineral slurries, Factors efféc_ting siurry rhealogy inciude particle

Pseudoplcssﬂc Pt
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_ | Dllute slurries behave approximataly as Newmman ﬂuids but thelr beﬂawaur: ) :
" -davlates suhstantlally from Newtonlan with increasing percent su!ids. Typzcal o _
. 'mmeral slurries display dilatant behawour up to 0% sollds by volume (g)arke e
187, “"059381“9 the cnncentration changes the behawour progressfvely to-
.pseudo plastlc w:th hfgher conc&ntraﬁons diSpiaving a vield #aiue (Kawatra and - :
_ Elsete 1987, Austin at a! 1984) -

b

iy

LW ) [l

| iza d:stnbutnon, _ average partncle siza, shape m‘ partmies. partlcle"
-concentramn. surfase; pmparﬂes of the solid, pH as ‘well a8’ temperatura ; |
 Volume. 'fractaan on its own is not adequate to characteréza the rheolug:cal__ S
: _properﬂes oi} i sh:?rv (Jeffgev and Achrivos, 1976)« A lmear relationshtp ex!sts .
betwaen the apparent viscosztv of a shuery and temperature {mamly LY result
 of its effect on the wscasity of the carrier fiuid). An exponentlal relationsh:pﬁf
o exists batwean slurry viscosh:v and concantratlon Thereisa direct re!axionshtp' o
_ _betwaan the siza of particles ana iha wscoslty in minerai slurries (Hansford at'-

- al 1976, Llarke 19971 T o

Abbas and Crowe (1 987) reported that the slurrv thev used ﬂttad neithar the ':_ o
: Bmgham plastuc e power law riiodels and suggested use shoutd be made of |
) turbulent mixmg modei analogous to Prandtl’s mixing °Iangth concept. Cheng | :
(1984) aven suggested that there is no unique viscosity curve fora fixed solids
| cuncer:*—ration, rather a distribution function of curves. Vatious models have -
‘been used to dee.crube the rhaalogy of suspensions mcludzng the Ostwald-de
Waele equation, the Rabinnwitch equation, the Ellis equation, the Frandt!- |

Ewing equaﬂon, the Reiner—Phﬂlppoff equatlon. the Willlamson equatlpn, the:

- Cross aquatlon, the Oidroyd aquatmn, the Van Wazer equation, the puwer iaw

and many rffore wnth vaned success (Jinescu 1974)
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*4 Techmques for vmcosnty measurement

" Varlous tachniques exist for the fneasurement of the viscos:tv index of fluids
but faw can succassfully be used to characterize the rheology of slurries. Many
. difflculties arise when attamptlng to characterlze the beha\nour of slurries.

ustrations of some samp!ing systems tried by various authars can be found _
in sention 2.7 as well as appandsx G. S ' '

Problems-_ancduritﬁéd include seitling of the slurry during measurament, wall
slippage due to the presence of pure liquids at the solid-iquid interface,
- turbuleﬁcé gffects:a;)d. difficulties in obtaining a representative sample.

2.4 1 Roto-v:scometers «

There are vanous types of roto—wscometers aveilable, but the mriost cornman_ '
commerciany avaﬂab’ta 1aboratory vis»ometar is the bob~and~cup viscometer.

" _ The underlylng pnnclple of operatnon of the rutational type \.iscometer is as '_ .
foll{ms (sae fngure 2,3) i a rotating bodv (commonlv cylindrucai in shape, but
use is also made of conical shapes) is immersad in the fluld and ls subject to’ |
" a viscous drag or retardi’ g fnrce This tirag force is the result of the shearmg' R
forces se; up in the velocity gradient “yrmed and the amount of drag is a
function of the gaometry of.t’hs_sy'ste'm. the nature of the fluid and the shear
' rate. A common form of roto-viscometer Is the bob-and-cup viscometar which’
?emplbvs two concentric cylinders. There are two possible arrangements,
nam:  .hg Searie system and the_ Coulette system {Skubnik 1972}, The Searie
_svSt_t- %S a'statian_ary- outer cylinder and an inner cylinder which is free to |
rotate while the Coulette avstaéin the outer cylinder rotates abbut the Inner
stationary oylinder. A velogity gradient Is established In the liquid between the
-oylinders when the innef_lbuter cylinder s rotated, Typical examplas of this "
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a Figura 2. 3 (a) A cup and bob vlscometer, {b) A cona. Viscon’ eter.

| characterizlng the fluid.

e ———

”m!usuww ) o .. S . | -..'Pagaf__‘l'ﬁl'_ S :

iyl

'typ‘}e of; vist__:@me*mr..;ihciude the 'Haske-'and th@ gibak‘fi_eld -'v'_ls_cbméte;?sl_ §

o -

_Torque sensor - e—— .. |
cand'motor. Tt F %]

el O | _Bote 1

S

| The Bronkfiatd viscomnter operates at a flxed shear rate and psaovidee. an .-
. apparent viacgsity at that shear rate. For non-Newtqnian ﬂuids the raievanca o
of this data ls rmt well astablished although such data. is of soma value. -

"-’"l"ha"Haake viscometer is capable of aparating at a 'v'ariable shaaf 'rais énd can |

be used to plot the entire shear stresslshear rate curve thgmby fully

The use of the rdtm\riscbmatér_ for the measurement of slurry rhablogv'has

~ been examined by many different authors Including Hansford et al {1976),

Hemmings arid Boyes (1977), Kimpel (1978), Moys (1987), Blazezyk and

Petela {1986), Reeves (1985) as well as Tarzgsath_itkulcﬁai and Austin {1988).
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- Bxsadvantages ef a Rota—wsa:ometer T

;t"ll " Roto typs. vlsccmatars are subjact to Vand walt effects (Whiten et-al
| 19928 iayer of pure liquid forms between the slurry and t’ha cylineiar,. :

: causing slip and unraliable viscosity measurements. This effect may bé h
L _mduced by atching groaves in tha bobbin pamendicu\arto the directlon c

ofrotation. , -

{2)  The formation of Taylur val‘tlces at hlghar rotatlonal speeds may occur.._ D

: (Whiteﬂ at al 1992!

- B ‘_(iis ‘Farbulence may oceur at higher rotat!aﬁal speeds and its effect on the

' viscaslty Is difficult o quant:fv

E "(_41': --Ru:twviscometers are usually nut robust enough to use in an industrial'

'“‘-arwlronment, B L 4

R fldw-thraugh models. the passaga of fluud *hmugh the shearing gép -

L _during aampling will have some sffect on the calibration {Dealy. ‘!984)

A degrae of turbulance may be Introduced which may Introduce some <

form of error {Duwnward atal 1987).

(6} l,fnless suffuclent turbulence is maintaqned, baarss sauds wil éhttla and
- __;che viscosity reading will not be representatlva. Hawever the' presencs . -

' of turbulence in the measurlng system introduces scatter in the data due
', totorque fluctuatnon.s onthe rotating mechamsm IHemmIngs and Bovas |
.- 1977 ) SR > .

{7}  The gap betweqn the two surfaces s usualiy qqits smali, and %‘hen L

dealing. with suspensians it is important that the Iargest particle

* diaseter is small enoygh not to lodyge. baatwaen the two surfaces, . ! |
8 There are problems associated with sampling d:fﬂcuitms and problems :

"I obtaining reprasentative samples for maasurernant

Lo
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- Advantages of Roto-vlscometers s

1) The: Haal:s v:scometer can be used to genarate an entire shear
 stress/shear rate curve. | | -

{2) The Contraves and Haske vlscorneters are avallabla in modaels which'
have a magnetic torque coupling to avold the use of rotary seals and are. _

o available_ in both flow thr'ough_ and immersloh__;quels.

[

242 Caliillary tube vnscometers

:Tha caplllary tube vlscometer uses a relaﬂunship betwaen the fiow rate of &

- liquid downacapnl!arvtube and the prassure drop o gfv "\l‘i *qram:\ scosity
(Downard et al 1987} The reader is_referred to. f‘*‘ ,x - 4 sghematic.

 Fepresentation of a gravity flow type capliary vig, ;tar - u&miilary tube
viscometers have bean examired by Laapas mqs‘?; ard Whiten bt al (1882).

(:ohen and Metzner {1 986) examine apparent slip P‘ow af palvmar sorutions in
- a caplllary viscometer. Y

)

De Vandc‘-iv and _S.heltdn_ (1886) used a device they called a consistometer. This

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

flow 'condit'itm'. namely froe fall through 'a small bore tube {Marsden 1962).
This is not a true caplllarvtube but the princlple of oparatian is similar, As can
be seen from figure 2.5 thereis a relatlonship between the flow rate of slurry

- down a narrow bore vertical tube {12 mm) and its viscosity.
Disadvantages of the capiilary tube viscomater :
{1} The caplllary tube s subject to Vand wall effects {Whiten et al 1982,
| Downward et al 1 987) resulting In _a layer of very dilute slurry forming
~ at the wall of the tube. Plug flow can thus ocour In the tube hence
giving unveliable. results (Downard et al 1987 and Whiten et ai 1992).

- This phehoméha is we!l“t_:_lncumehted {Jinescu 1974). This problem may .
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Figure 2;4 A s::hematm representation af gravuty flaw tvpe capillary -
v;scomet&r '

. % .

Skubnik 1972), = . ' ' (iw

be partially solved by usmg rm.ghaned tubmg iBa:he g-';g Stewart 1 992, o

The effects of turbuienca are dlfﬂcult 1o quantify afthaugh for mors

concentratad slurries thare SEBNis to be !ass ofa marked transition from

slowlv (Whlten etal 1992}, Turbulence may tharafare not be a problem

of slgmﬂcance and the effects of hugh Reynolds numbers in capiliarv )
~ tubes requirss further investigation,

These units are usually not callbrated dlrectly and are most often'
calibrated using flulds of known viscosity. - ' K
They give an apparent vlsccsity ata partucular shea? Tase dde’rmln"ed by
the physical dimensions of the tuba* This is known (s the Fahraeus -

| Lindqvist affect (Downward et al 1987)

~ laminar to turbulent flow and this transition appears to- oceur more .

Al
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* Apparent viscosity as.a £n of % solids

o
it

-
=¥

=84
] 1I| gt

fipparent viecosity (eP3

wa. | ma e 8

- Masag purcant. snllds

_ Figure 2 5 Apparent Viscosity of 8 mineral slurrv as inferred from its ﬂow
- down a vertical tube using a Newtonian Model - Bailie and Stewart (1992)

)

The effect of swirl on wscogiw Is not known (Hansford et al 19762.:' |
although thzs effect may be ?aducad hv careful das!gn of the tubs

i antrance.

- (6)

(7)

The tubs may become blacked, but this problem may be overcome by
~ using a larger diameter tube. of a more eiaborata sampling. system:

“howaver laminar. flow should be maintained {by for example imp&sing
a relatlveh,z low pressure drop across the tubel

: ln the unsteady stata system start-Up fluw may bea factar {the mitua!lv - "

K stationarv fiuid has to accelerate to a termlnal velacity), although this

W

' is usuaily negligible {Dutta 1986}, This is conﬁfmad by the author's
work which indncates that the ﬂuid qu:ckly accelerates tos terminal_

' velocity.



A

Chapter 2

" htaramreSuwav R S Papelt -

| Advantages oE the Caplllary tube vnscometer
BuUl J‘t s slmple 1o cnnstruc't and maintaln and can be rnade from readilv o

' available matérials.

2 ¥ desl’gned correctly it should ba robust enough for industrial usa.
3 has no maving parts, A ' _ |
{4} " 'Thev are particularly. suitable for the measuramant of low viscosutnes : o
~ such as those of Iight hvdrocarbcns and agusous solutions as wellas

_'highly wscnus matarials such as- asphalts and molten plastlcs (Dealv
'f-1934) : - R

| 72.4.3 Other techmques

Varluus other thhniques hava baan used wrth rmxed resu!ts.

| -viﬁ-‘ra'tiohal 'vtsco‘-matars' work on the prlnciplé th'at'a ﬂuid has & tendency 1o ‘
' darnpan the vnbratnon of a probe which is 2 function of the product of the_'
| viscositv and dansn:v of the fluid {Dealey 1984) lnstallatian is ralatlvely simple

as thera are no pumps or motors mvolved and the response time is Iow. in the
order of a few seconds. Kawatra et aL (1 888} tried using a Nametre vibratlng

» sphera via,cumeter (sea figure 2. 5), but they experienced numerous problems
- - with drsft and dependenmes of the measured viscoanty on the flow rate. After B
“several modifications most of the problems were solved twa certain extent and

" some relatlve success was obtalned. | | E

‘Some vihrationai viscomsters use ultrasonic pulses (notably tha Bendix and o
: Unlpan mudels) and may be more sultable than the Nametre viscometer used

bv Kawatra.

- Fallingécylindér'viscbm:atars' are covered by a Czech patent gnd_the_ only
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cnmmercial model available is mada by Ncrcross Thev are not sditable for use. | - |
with slures. < | | : : : :

: 'Anm;hq'f :nével deVicé'US'et_i' for the mQasufémEnt of bu_l’p__ Vié_pbélty is fh;é_"'-drag n

o blade a'niatal plate mounted on'the's"ide of a pipe 6‘3."'*'?'"9 'the"suspens”ioh,_ .

b such a way that the total ?orca exerted on It by the ﬂowing ﬂuid can’ be -
measurad LA o

5

| 2 5 The theoretlcal approach | N
The purely theoratical approach has besn adc:pted by some authors to quantlfy
the behawour of slurries. Howevar many assumptions are requlred the primary
| one belng that of Spherical partucles, _Theoretlcal models based oh the
interaction of spheres have failed 1o describe the rhaolagy af real suspanslons '

' over the fuli concentratlon range (Mandersloot 1979). '

This apprdach d'uas h‘ave sume marit for'_dilt.ite suspensions of 'sp'h'erlcal
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-part!cles and pmvidas quite satisfactory predictions under certam -

' curcumstances (Dabak and Yucel 1986)

Einstem did work on the rheologv of suspensnons ‘and his work. s quute' -

| froquently referred to, and forms the: basis of early. research work ddne in-this

B _‘__ﬂe!d. Einstein cansldered a suspension of rigld spheﬁcal partlcles with the

' hydrodvnamics belng gaverned by Stokes iaw. o

The t_hgoret!cal ahp'rﬁach-'.is c_om'pl'icé\ted: b'v'“the -fat;t--tﬁat there are so ma-riy .
- factors affecting the rheology of suspensions. Fundamental forces acting in~
- suspensions include thermal forces, electrical forces arisiﬁg'ﬁom charges on.
' partlcles and many others This has lead some researches ) (6] investlgata duuble '

 layer charge thaury and - charge formatmn in- suspenslons, Ieadmg 1o

complncated theuretncal relatnonshlps which are often of little practical vaiue,
hut are of interest never the Iass {Jeffrey and Acrlvos 1976) '

| _2..6 The sgmficancg Of cbnduﬁtiﬁty measu.fgmentg"'_' -

~ Fromi the results of Investigations carried-out {Moys 19‘_8_8,-'Vermeul'e,n"et al
1984, Montini and ivioys 1988) in thé use of a conductivity probe boited o |

the shelt of the gnndmg mill it appears that patantlal exists that much useful

information can be gleaned from the use of & conductwltv probe. Possible _

‘useful Information includes locating the: *qe and. shouider of the load, indzcatlng

- whether the. {oad is centrifuging or not, and providmg a fairly accurate index |

of the viscosity of the load, Figure 2. 7 shows one posslbie way of mouriting--

-the cnnductwlty probe (Montmn 1988), figura 2.8 shows the response of a

| _ conductivitv probe with two- mtatmns of the mnl! (Moys 1 93?) and ﬂgure 2.9 -'

- shows how the response of the probe changed with different :;oncentrataans B |

of slurry (Montani ‘19881
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- o .-'As ths conducﬂvlty probeenters the Ioad, the canductlv:ty 1ncreases gwmg an
R 'mdication of the location and size of the Ioad in the mlll /}see figure 2. 8). |

&

- 'However the most mteresﬂng area in the conductmty gfgnal c\\m'es around

__the type nf drainage that takes place as the probe Ieavas the Ioad (see Fgure .

. 2,8),The rate of drainage is a measure of the slurry viscnsnty Hthe slurry has

" ahigh viscosity the drainage would be Jncomplete and the probe would still be

'caated with slurry when enterlng the load agam. Therstore by analyzang the--

- - n_aftura.___of the drainage one can obtain an indication of the slurry viscusity.

Advantages of the c'onductivi_tv probe Include the fact that lt does not suffer
from the large lag times associated with techniques which are based 6;’: |
meaSUreménts_ _fr_onj! the mill .di'scharg_e making it easler to tune the controiler, -
~ The conductivity probe is also of low cost and installation procedures are.
simple, : ' ' ' '

'.ﬁisad\fantagas include the fact that the probe must withstand thé harsh
-~ conditions in the mill and may need regular replacement. There are certainly -
_ potential benefits to be gained from the use of conductivity probes in a mill
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F'QU"B 2*3 F‘Bsponse of a probe for 2 rotations of a grinding m;tl (MoVs o
1987) o ) | o

\ i

'sheu alone orin oonjunction with other moasurements and thoar use: doserves
further _investigatnon. ﬂns problam is tha mterprotatlon on tho slgnals from

ST

TIEL tas)

Flgure 3. 9 - Avarage probe response at diﬁeront concentrations (Montani o
1988) o L
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o __such pro_bss to gam as much usaful information as poss:bie. Suitabla electronic R

- procassiﬁg would 'clean up’ the mgnais and maka the data so obtained more

: useful (Vermeu!eneta! 1984) - S P S

- :2 T Techmques used to overcome samplmg problems

-Q].“

Sampling problems are difficult to overcome. The discharga from @ wat ml! B g

includes fibres, wire and large partlclas, which «easily choke up-the vfscositv'
measuring device. On. hne measurements are alsa made mare dufﬁcult by the 3
o settling nature of slurrv' Exben in batch systems settling i us a prablern, V‘arious ‘
- attempts have been made to nvarcume thaSe prabtems and soma lntaraatingi
_r*ewce§ hava I:raen deslgned m this sactlon we w:ll axamme snme of these
 ideas, - o SR

: Batch systems have to be»ﬁtted wlth s::me sort of circulatuon or ag’tatlan o
__ -sﬁstem. An axample of such a svstern was that used by C.larka (1967) as
- illustrated in figure 2,10, CIarke used a dra% tube type mixer, with the impeller .
' 'mounted in tha base of the ccmtalner This results Ina unlform flow of slurry

around the bobhin Itis also possibie to circulata the slurey in a batch system o B
o at a sufﬂmenﬂy high fate to maintam the suspansion thus ehminatmg tha need -
 for a stlrrer,

woE

' Cdntinuou's systems have to handle the Jerger -pért'icles, ‘fibres and wires
discharged from a miil. Thess systems usuallv requira S0/ sort of screening
- first. Vatentyk ( 1970) used a rntatmg scraan for thls purposta as nlustratad m
~ figure 211, - x -
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2.8 Conclusion o |

B H_‘-"ra'm the _I*rtér;atuw; .sur_vfev__ﬁ 1Is claar._fhat' shurry rheblbgv is a very impbrt;a'nt__

parametér in the efficlent _uperation of many minaraf '#meeéSifig_'o?aieratht-ns!,
milling In particular. We can see that the measurement of tha rheological
properties of slurries is problematic, due to many, factors including the settilng -
nature of slurries as well as the harsh environment in which such devices are
-_required to operate. We see howeve_r that there is a large potential savings to
be gained from improvements I'ﬁ the efficiency of operation of milling ciroults
and that an online viscometar capable af oparating in the mddﬁtrial
| karw;ronment would prove 1o ba venf useful - '

\.‘}.-
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me human sp:rit of :fiscavery :s anmafched by any arkar creat:an, and it s
this spirit whlcfr dﬂves us ta discover new remtaries and expand the envelope

.<r

experimema! proaedura, analﬁr some cancius:ons are made wrth respecr to

rhiswark._:;f S _' Sy

SR afhuman un dersrandmg. Wirh this sp:r‘t in Mad we en thus:astfcally rackfe the |
o probtgm of the m@aquremenr of slurry rheology. We examine the evaiutmﬂ af _
R :‘dsas fnro passibie solurions, fmm the initia! concept ro the ﬁna! desr‘gn -

. ‘Mepmpararmn for axpenmemaf wark Is alsa examfned includfng faarore such -
a8 the - use of stcosffv standards, prepararion of slurries, ana' acrual . |

.............
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3 1 Iﬂtr@ductmra

i Let us start w:th some kind of ohjective ln mind as we begin to explora the
| .possibilities of discnvery Our objective: the developmant ofa slmple, reliabla,
- robuyst viscometer or consistometer for use in the industruaE environment, The

. devuce should pmfarably tiave no moving parts {or only a few moving parts) :

and should pruvzde a reliable indzcation of tha consmtencv or apparent wscoslw :

- of a slu&w ‘ '

"_‘_'ln tha’ lltierature' survey we looked at the two most useful approaches to this |
problem, namety the rota-viscometer and capillary viscometer. We saw that

the use of rnto~viscometers had bee! _velftrled by numerous authors and that =

Zrblockage of the relativeiy narrow gap batween the stationary and moving'_
surfaces was a blg prnblam., and that the rotary type viscometer was
. 1ﬁharently not very robust due 16 the raqulrernant that the torque on the

| rotating shait be accurately measured. For these reasons we dld not pursue_. _

“this concept any further. We did howaver Use A slightly madified Haake- .
o bohhln viscometer d uring the experimental phase to obtain rhangrams forthe

_. _slurries used, .
The caplllaty viscomater has also bean tried by some ressarchrs and also had
_prﬁbléms with choking as hoted from the literature survey. But what if we
ware 10 use a conventional tu? ‘~2 df sliahtlv larger diameter in & similar way to _
' ‘that in which a capillary viscf ieter operatas? If the tube were large enpugh
it would be uniikely to choke up with slurry. We saw In the literature survey
that under cbﬁditions of fixed prassurs drop the velocity of a fluld flowing in |
‘apipeisa funation of the ﬂuid pmpartles, 1nciud|ng its viscosity This princlple N
' could be usad +a obtain a value for the apperent viscosity of a liquid, but how?
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- -_E%riy research facused on the use of a tube open ta tha atmosphere, thmughf
- which glurry Is aﬂnwsd to flow on @ continuous basis {see ﬂgum 3.1), This
. technique had some drawbacks, howaever, since it required thatg side stream

-~ ofslurry be pumped to- an opan tmugh at the top of the tube, This slurry then

ﬂows dawn the tube under the inf]uence of gra\flty and is alloWed 1o rejoln the o
main Stream. This Is nat varv convenlent. :

__25 '

e £y O

:

il |
( Emm

o _-"'?Purm_

LU

Figure' 3"1 . biagrar‘h of éa‘rly 'viécometar-dasfﬁﬁ '

e

Professch H Moys suggested uslng an idea he had develaped, whlch uses
a simitar principle, except it operates in a tyclieal, batch mode, as will ba'

o 'explainad in the next saction. This Is the approar:h that was adopted.

3.2 Desngn and cf’mstructmn of eqmpment

A diagram of the equipment usad appears in figura 3.2 The“m\.ﬂpmant used
~consists of a vertical tube fitted with five palrs of contiuoﬂvity probes, The
~ bottom end of the tube is immarsatl in the slurry or fluid of i’m‘arest. contamad
ina draught tube mixing __'tank tq prevent the slurry from settling. The upper



~ Chapter 3

Equipmant uséd and experlmental pmcedura o o Page: 32 e

: end of. the tuha Is conneated toa DP cell to measura the pressure, and vua

B solenoid valves 1 & vanturi vacuum pump and to the atmosphere. Tha
cnnductlvitv pmbes and solennids ara iinked to a computer. which ‘takes
maasuremants and cofitrols thr vlscometer

Figure 3.2 - New 'viscomster’ developed by Prof M.H. Moys. "

The tube itself is a clear PVC tube, about 1.6 meters long. Six different tubes'_' -
were used, In total. Three smooth tubes of dlameters 10mm, 12mm and

18mm, and three roughened tubes of dlamaters 10mm, 14mm and 1ern.
Roughaning the tube was accomplished bv scoring a groovea of ahuut 2 mm
in depth relatively avenly in a spiral type fashion inside the tuha. The

: conductivitv probes consist of small pieces of Tmm diameter stainless steel

wi\‘@ fitted into holes drilled in. the sid. of thb tube and glued i place us:rg'_
- PVE \aament. (see-figure 3.3) | -
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SR \ PVC cement ¢
%% o e%;_*—mm Stainless -s_’ree_l- wli'e

= clear PvC tube

CoE ::'_'—' .

: Fagure 3. 3 Conducttwty prnbes

The cnnducﬂviw probes are wured up to a fiva channel conductwity board -

 which uses -a_high frequency voitage of 4kH_z to excite the probes. 'Th_e_

--rectif'ed,' filtered signals are éargt "t'b five :..halogué inputs of a PC30 data
acquisiﬂcan card. A circult diagram of one channel on the conductivitv board
appears in figure 3.4 while the w;rlng diagram for the whoie system appears '
in figure 3. 5 ' ' C

- A brief déscription of the operation of the conductivity circuitry is as follows.
A osciliator (a NES5S integrated circuit) is used to-gerierate a square wave of -

ad;ustable fraquency of anproximatel\f 4 kHz. The mark/space ratio is also .

varial:le and was setto unity (to ensure a svmmatrscal wavaform such that the
pariod during which the voltage signal is high is equal to the perlod when the
voltage signal is low). This square ‘wave is c_hoppad anc.} _smonthad to
a pprqxim’até a sine wave and t_hl.é signal is sent through a referénce re_sistoh'td o
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the one probe of tha oonductmty channel paiz. The other probe is oarthod The
feference resistor is thus connected in series. with the maasurement probes,'.
and the voltago is maasured across this reslstor. I the resistanoe of the fluld o

Cis low, 8 iarger current flows, leading to .2 higher voltage drop across tho-'_ _'

 reference resistor. This voltage is rectified, using. an arrangement of two

_' diodes in conjunotion with an oporational amplifier, The operatzonal amphﬁer' _

lnverts only the nega‘twa signa! and the posnﬂve s:gnal is added to tho nogatlve g

signal. This algnal i then amphfied by another operatlonal ampliﬂer and o

smoothed and ﬁltered using a flrst order f‘Iter

.Aill.
LA b

: av
T 9
— ,1&['_ 1.

| Faguro 3 4 - Cn'cuit diagram of one.aohannal of the oonduotivitv clrouit

Tha diﬁ‘erontlal pressure cell has an output signal of 4-20° mA This signal is
converted t0 2 voltage Stgnal as shown in Figure 3. 5 bv connectmg a rosistor
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o Figura 3.5 A simpiiﬂed schemat:c of tha wiring dlagram tor the system

. dn the circult and meaSurmg the vnltage drop across it.. SRR
. The saienoid vaivas are connected via: reiays to one of the digital outpms of
_ the PCSO t:ard which s a multi channe‘l analog to. digital card that fits into a
: free 8 bit slot in the cnmpui‘ar The valves operate oh 220 volts AC actuated '
by the pc-30 card via two 220 vu}t relavs Which are linked to a digltal output' '
fram the card L -_ E

| ‘fhe riiixihg tarik used is a draft tube m!?ter and is diesci'ibed" in mote detail in -, :

: sectiOn 3. 5“4 A var;aj:ie speed’ motor is mountad overhead and is directly.
coupled via a shaft to a marine :mpeiler. s - -

(;"
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o 3. 3 Operatmn of the eqml?!ment B

| '_ The pnneiple of eperatren nf the equipment Is ¢ “ollows (eee ﬂgure 3.2)

| o \falve A Ie opened connecting the top of the tube with the Iuw preesure veesel -
' and the slurry Is sucked up the tube until the top probe shows a step ghange
Coin conductzwty At this stage the soienerd valve A is ciased end = reeding of
- -_-the pressure is ebtained. The. pressure readmg thue cbteined !s used 'to

: caleulate the densitv of the f!uud using the fact that the statio pressura in thls '

o ,ceee s ermply equal to pgh The eelenoid valve B to atmosphere is opened R
| -"thus eliowing the. slurry in the tube to drem under the lnﬂuence of grevity As - - .
“the slurry dx n.., the step changes In voltages from the cnnductivitv circultare

o 'recerded and hance the height of the slurry in the. tube as a function of time .~

S is nbte!ned From this data the dreinage velocity is celcuiated. _The apparent.
" _'visr:osity of the slurry is-a function of this veioc:tv, |

: ;-3.4 Software development

Seftwere was developed which uperates the equipment on a continueus besue, | |

_ openinglclosingeolenolds to draw the fluld up the tube, ellewing the ﬂUid to ©
S ﬂfaiﬂ and caicuiating an apparent viscesity from the drainage data. | |

The apperent vlscosity (as inferred frem the drainage velocltv) and densltv (ae
_ calculated from zhe static preseure when the fluid isata known helght) are
-plotted on the screen in semi real tlme (thera Is 8 slight delay ‘of a few

_ seconds), and thus changes in viscositv can be noted. in the final device the

progrem ceuld be p!aced onto EPROM on a card thus possrbly elrmmeting the
. “need fora PC computer to 0perate the device. The. vlscometer could then have
_ vleensitv and densrtv outputs in the form of .two 4-2.0 mA eignale. The .
elgerithm mav be reughiy summenzed as shewn in ﬂgure 3 6. '
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At this stage the program also has no contmt functIOns built into ut This can
be done at a Ia‘ter stage lf nacessarv o e

2

. Figure 3.6 - An sigorithm of the computer program.

Use is made of diglta'l"output channel A_to o'p'e}u and close _the two solenoids.
- 'Prbcejdures.weré writtén ‘t_t_ibpen and -elose'_soia'noid_s_.' capture data from the
analaogue inputs oh-thé card and determine 'tha_ 'posiﬂdn of _thé Steps by
differantiating the data and checking for a positive change in the derivative.

o Theie are two ways In which the signals from the cond uctisfity board could be
handled. ‘Thé ﬂrst_app'r_oat:h used was to add the signals tcigé_ther and use only
 one channel of the PC30 card. This has the advaritage of being a simpler
system from a hardware point of view - only one analogue voltage need be
maeasured (as apposed to five signals) A graph of the signal from the probes
using this ‘configuration is shown in ﬂgure 3 7. Thls approach proved |
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. problematic primarily as 8 re'sult of dlffuaultues in ﬁndmg *ia s'teps in tha signa}s '
: which were of varymg size, depending on the cond uctivityof the ﬂuid and the |
sensitivity setinthe conductivlty circut. Snma‘times steps ware confused with "
noise. The second approach used was to feed all five channels into the P030
card separatelv. This proved tu be more robust and rallable Even Iarge '

N amounts of noise did not interfere with the step fmding ruutme |

The stéh finding techhlqu'e followed initially Uséd an Interval halving technique - |
using the number of steps () as the known variable. The minium and

Dralnage ofa vertlca! p;pe us;ng a sn!utlon with a
' relativan v:sccs:ty of 204

"’H T 1( ™

o

Sigrat sirangth {vols) _'

e A 15 z.o % oe . as
Tlme gsamnasl
Figura 3 7 - Step changes in voltage with time obtaingd bv adding tr‘ba 5

voltage slgnals to get the slngle voltaga shown above.

: -maximum .helghts of each stap were u."séd '_as upp‘er and lower bounds. The

_ corhputar then halves the interval between these two"vélués, and trles this as- |
the next guess for the step ®ize., This glves a number of steps either greater

“than or less than B. If there are iess than 5 smps tha stap size Is too large and
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- _ must be raduced and conversaiy lf théra are tcm many steps, the step haight
- must be iricreased This was fajriy reliable but did sometimas fail as aresult of N
_ axcessiva naisa Witb u.'% use af five: sepaia‘te :mannels, for aach nhannal tha q
__tinffemnca between the vﬁltage at :b%hegmning of the measurament lnterval
~ {high conductiwty) and that at the end of the intsrval {low conductivitv) was
o halvad and’ & search dona to Ic:cate the voltaga whuch mast c!aselv a | __
o 'corraspondgd to that. Tha time taikan from the beginning of the measurement .-
. intervat for that step was then ca!culated |

. . .".
o4 ‘_z

- Flapsed tima was simplv calculatad as foliuws :Che sampling freqwancy is

| accuratefy known since this is set initially and henca the elapsed time can be |
L calculated from the numhér of samplas that have; bean taken (ie from the

i 'pasitlun of tha valtaga value in the dlta array in the meram) 1t should be - -

' 'noted that the intarnal ciock has & resolutlon whlqh Is far toa low for the

e 'purposes u‘f ttme measurement It ouEe case and hence is ncat usad, Some of the

o _ -_important parts af fhe program are mcluded in- appendix 1. : |

| -'The graphing routanes USed were basad on graphica procedures avallable in
s uncompiled form from Quinn Curtis software; Using these procedures a real
: tima scrolling graph showing densitv and visoosuty is dnsplayed.

.Tha data (densltv and wscns:tv} is written to a ﬁle together with the trme
*taken frorm the on-board clack in the PC. The file is glvsn a name based onthe

'current date, If this file exlsts the data is appended, ctharwise a naw file is
' -created i‘he operator may exlt the program at any stage if deslred.

The systsm can therefore run unattendad provided the tube does not get'

bleicked up with slurry
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The ﬁrﬂ step In the preparai on for. expanmanta! work was the. cholcs and -
-_ callbratlon of a v!scometes whlr:h could bc usad tcr provlde 2 raference o

v scosity of ; any ﬂm&s Usad I the experimentai wark. Two viscometer, ‘were

avai!abla, both cup and bobbin viscomaters, nameiv @ Hiiake and a Blookfleid

' viscometer. The Haake viscometer Was ahoscn as it can be *meﬁ io generate
' the entiré shear stress/shoar rate d:agram. and this could be used to obtain an

e apparent viscosity., We will now examine the aperation ang galibration of the' :

- Haaka viscometer as woll as measuras Lsed to prﬁvant settling of the slurrﬁea\ \\

_ used

it . _' . T . Lom . E. ED

L h.-_::

3.5.1 szcosnty measurement mth the Haake vn&mmeter

Use was made of the MVII P Sensor system with the Haake vlsqometer. A ]
o diagram of tba sensor systam appears in fgurs 3. 8 while a d:agram of ths

- Cup T
Rator ' e —— S viogw.'
(Bobbin) _ o -

" Ei!g -

Figure 38- The MV 1 Sensor system

c-"{\:lr ,

. F\
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. Haaka vlscometer"uséd appgarls in ﬂgure- 3.9, The shear rate Is variable up to
& maximum of 512 revolutions per minute.' i ean ba set to sweep in'@ ramp
fashion from O to 512 rpm In & period of time set by the user. A swesp tims

of thraa minutes was found to be satlsfactarv. Teo low & ‘sweep tifne vialds' -

results which are not very reproduclble. Tha apparent. viscosity was chcsen to
be that at maxfmum shaar as this was guite reproducnble .

. | ﬁ BB

| .Figure 3.9 -The Haake viscumater |

.562 Preparatlon of standards f‘or ca]ibraﬁon

" In order to check the calibration of the Haaka viscometer, viscosity standards
are required. Precision viscosity olls are ‘expensive and have a limited shelf life, -
hence such oils were not us_aé'd. Accurate tables are available of the vlgpaslty o
of glycerol solutions, and & wide range of viscositles arg obtainable. Glyeerol
solutions were chosen as standards. The glycerol standards were prepared )
from chemically pure glvcerol and distiliad water, In order to ensure the

necuragy of dilution, a pvcnometar {a standard 50 ml glasgs dansitv bottle) was

used to check the density of each standard. Data from the CRC handbook was
used to obtain the vlscosltles of tha standards. Th!s data was plattad as
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shown in chapter 5. 2.1. ftis clear frnm thnse graphs, that the vlscasity of ° |

glvcarn! $0luﬂons i varv sensitive to_thanges in. concentration at higher_.
- densitles, sa an accurata measurement of the dens;tv ls raquirad ] ba sure
_ about tha viscns:tv of the standards used. o -

3»5 3 Preparahm ot‘ slumes

Most experlmental work was dane using 3 slurry made from mine dump sand.

"he mma dump sand was passad through a BO(J m:cron scraen and mixed with | S
wataf In the draft tube mixing tank. No .other speclﬂi condltioning or
preparatary measuras were made on thls slurrv. It was then readv to be usad

in tha axperimentai work. -

- ‘.'./..
Ll -

SIurry samplas from the Westarn Daep Levals Gold Mlna warafmso usad : o
'Ihesa samples were treated with . 1g lime per kg sampls to adjust the pH R
befare the experimental work was perfarmed in nrdar that orlglnal condltions: :

" in the minaral process\hg circuit couid be mx‘a accuratalv reproduceda, '

Slurry' from the"'cyclohe uverﬂﬁw atthe Kinrn"%s mine was also used Hm'e b‘ei’nb -

‘added to adlust the pH in the ratio of 14 lime per kg sample once agaln to
approximate com!ltions in the plant-more closelv. ' '- '

" Various slurries were pre;»ared uslng solids abtained fram dlfferant sources, _' T

o &



Figufre 3.10 - Diagram of a draft _tttba' miking tank. —

_ R
__ bmmwr3 :: ) . '.D' q.ﬁ . . . L _j3f -f__ . :
. __Equipmsnt usad and axpaﬁmantal procedura S B “‘\\ o e -E’aﬂe-#& S

. 3. 5. 4 Techmques used ta prav@nt Settlmg of slnrrxes

. Slurries am always dlfﬂr.:ult to work with due 1o thelr settllnﬂ nature. Steps had :
to ba taken LY avnid sattllng of slurries m anv part of the svsmm. | -

;_Tﬁé: dr__éft -.tuﬁ? miXer___i;Ja's 'c'ar-e?fullv designed to ensurs that good: mixing would |

" be 'bbt'airifed The tank was designed in accordance with astab’lisﬁéd dasiéh'
) principlas for draft tube m:xers. Oldshua(‘lQBBl axammed genarai mixer dssign
o prinslples with particuiar amphesis on systems sontaining suspenainna. He_ .

CE .

: ] N“anu+m—ug_'

o o ’ . ’
Iﬁ.‘..‘. . o .
L Al e kst i h e T

{ L1 e s e b e s . i

& =2

I e ”
[ s u") :
F{__..,....;r_hw-r . "“ .

recommends the use nf a large marine lmpe!... s0 as 1o provide maximum

- mixing- canditions for: lower spéeds of rotation and power input. Oldshue
{1983) also stated that the impells ;_should be lacatad 1/3_of the. lmpe_ller -

diameter from the base of the tank. He also recommended the ‘use of ﬂliet :
around the bnttom of the tank. thus reducing the possibulity of dead zones.

A diagram of the mixer used is shown.in figure 3.10. Bourne and Sharma
{1974) provide & set of specifications of mixer dimensions as a function of
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tank diameter based on a variaty nf experiments.

o Thase dimans!ons are shown in table 3. 1. Most authors agree vhat for best L
T rasults tha tank buttom should be contoured in order to pravent dead zones.

 Tha ideal type of contourlng is shown In figure 3.11, while the fiilet and cone -
_l-approximation is lllustrated\\n figure 3.12. o

Descr:ptlon

| Tankdiameter 0 .oao

T
D Pmpellerdlameter - 0465

|
]
D |Drftwbedamesr | o707 |

' -. | c Ci«arance between draft tube bottom and R 0,177
o tank bnttom and also between liquid Ievel 1
ey and drait tube top '

[Cength of drattwbs | 0.338

L
'z jLquid leve | oeswo |
B

._.:Bafﬂewidth | oves |

_Clearance between wall and baffle | o - 0,008

h _Cone height - -0.333

- Conadrameter MR | oso0

b | Fitlet wEdth = fllle't halght T o0

_Even this mixe. had proﬁlerﬁs kééping slurries df' more than 20% 'by mass
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-"-sollds _ln suspénsion,'pri'marily dué to the relatively‘wesk stirrer motor used, - |

| Eign_zﬁbg,._ﬂ “The ideal profile of the base of a Graft Tube mixar

M

W
",

hav

Figure 3.12 - The tillet and cone approximation of the ideal tank botiom,

L

Ariother problem was related to th-e po’sitlbning of the Haake viscometer in tha
- system, One set up which was tried was to mount the viscomster externally
“and pump the slurry to the viscometer using a peristaltic pump (soe figure
3.13). This did not work-well since the slurry blocked up the peristaltic pump' '
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at percsnt solids above 65 parcent bv mass.. A dlfferent sa‘t-up was atso trled

‘The viscometer was fitted on the inside of the mixing tank (see figure 3 '34) L

This worked suct.essfully with slurrles of up 0 71 % by mass, when settiing
accurred. . N |

Fw&a’romcmmp 'nrcrrummmr -

' Fugure 3 13 Fnrst method of mounting the Haake viscomamr T

3.6 Experunental proeedure

" Once the Haake viscometer was caiibrated experimental work began w:th the -

use of glvcerol solutions, followad by carboxv methyl cellulase solutmhs and L

then siurries. | e S
Tha sl'urr_'v"exp_efimenfs' were s_tartad by miicing” a' dilute slurry of k_noWn'
~ composition and gradually Increasing the slurry concentration by adding sand.
-Rhaograms ware obtained at each percent solids and about 20 runs. on tha
conslstometar under investlgatlon wera done on aach concentratloh. beforea
} pra-welghed amount of sand was again addad Besults from these experiments '

" can be found in chapter 5, S T



Chaptara N T e T
. Eqummamusad and axpaﬁmemai ptocedura LT s Pagedr
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 Solenold valve

¥

: i :Vlscomefer 1ube
N =~ wihh cc:-nc:‘ucfhftrv

A . ’ AF _._” ) 'S

k LIl Hacke vicometer |

b Stirrer motor
T O DP Cell

b m = [ Overﬂow._'
Pk | L3

'- Undarﬂow TN

o Al Eﬂse Mounﬂng
: : ptlcﬂ‘e__ N

Figure 3.14- Final..rhounfi'hg :arracigeméht of Haak_e vfscamet_.er |

| _3 6.1 Measurement of dramage veiocnty

. The tube was fitted with conductivity prok 1 is detailed in section 3.2, As the'
air/slurry interface passes [ qqnd uct!vity prabe, the cond itioned s.gnal voltage
from that probe drnps. Suftware was written which could detect that step
- change and record the time at which this took place. We thus have the! tlmes :
“at which the slurry/air interface was at five diﬂe_rent h;el_ghtn'. in the tube. A
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3.7 Conclusmns | o S

I this chapter we have had a look at the design of an alternatlve 'viscameter’ AR

_' for the measurement of the apparent wscnsaties of sturries n particular. We =
- saw that the device could also be used to measure the deﬁsity of the fluld In
- question using the static pressure nf the: fluid when the fluld is sta kriown

" helght in the ‘whe. The uparatlon of the device was examined and the logle

“ _behind the driving saftware was examlned. R

SN

o least squar os fit is dona to s thls data, and tha slope of the lins gava the avarage' a
o vaiac!ty. o |

Ce : S e S . B

- 3.6 2 Measurement of pressure _ |
L Ths top of tha tube Is attachad to a dlfferantiai prassm'e ceil The pressure is-

. 'msasurad whan the fluld is at the top conductlvltv prabe_ Usmg this pressura, _ o

. tha dansity of 'ths slurry can be calculatad. L L e T

L

) Y
sl
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CHAPTER 4

THEORETICAL CONsmERAﬁONs

o .

. The methods used 'm model the sy:m‘em can be pased on two different
- approaches, namely with the use of a microscoplc or mamsbopzc momentum .
- balsnce. These rwo appraaches wili now be examined and same advantages

and disadvantages of each techmque wﬂ! be g:ven. o
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41 Intruductmn

ok Is of academic: interest that a model be develapad whlrJ:\ dascribes the:
| -behaviour of tha fluid as it drains fmm the tube. In ’thls chapter a mode! is_ -
' deve[oped and solved using acceptab!e simpllfvi’ng asmmpﬁor%s. -

"%4 2 The chmscopic mnmentum balance o

B -_-'4.‘2 1 The ngoreus farm of the momentum balanee

'A small unlt element of fluid Is examinad and a differantial genaratized o

_ momentum balance done on the elament, ylalding thp fallowing equation(see_ |
appanmx 2 for mare ﬂataiis)- : : :

P"*(_"n + '"v-,_- . v - épvixi ~Vp-V+pg 1)

I

dansity of ﬂund
= time - 'f‘i -
| COmponent of velocltv in the x dlractlon
- %, = Component of velacity In tha y direction
Y, = Component of veioc:ty m tha Z d:rectaon
7 = Shearstress B
S gravitational acnelérfatlbh' o

- _\_néhera'ﬁ:f " --'p _.

e
I

T
il

and “ |
Vo [aim b e o] o - {2)

and e and z are tha radial, angular and axual directians in the ca-ordinate _
' systemt '



. and. shear strassas are indapandem ofz, that ls:

. thapted T
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Using cyhndrlcal co-ordlna'tes for the vectms and assumlng the velocitv proflle o

a‘zz

T o

wnere P is the pressure

-

o In order to solve this: aquatlan informatlon about the shear stréss as a function -
*.of rgwould be requlred.. _Sunh !nformation is not available. !t ls nepessa’ry to_ -

- assume a ﬂuid flow model. o

4 2 2 Evaluatmn v* thxs approach |
' The microscoplc momentum balance therefora has some drawbacks. We have o

'_ no experimentat information about the actual velocitv profile, - information
g nacassarv to solve for the system using this approach, It Wnuld therefore be
o necessary. In any case 10 assume some sort of veloclty profile. We could
” ‘substitute a model whlch relates the shear stresses to the velocity gradients,
such as the Newtonian model or ihe powar law, and afteu tedious -
_slmpliﬂcations get a result, but such slmpl;‘ﬂcations reduce the ganarallty of
this approach and negate lts advantages. Cﬂnsidenng all the other assumptions
o réquired thaf microscapic balancé loses a lot of its generality -befora it becomes
o solvable, in which case it would be more sensible to start of with & simpfer .
approach which wnl ymld an equally simpliﬂed solution,

e

- . na-'-—- @ ._,...,..,..,., = 0 e 2 o (3,
& 0 and az m--az_ 0 __
'_ "'as weli A negiacting ait angu!ar components reduces this baianca to the"_ o
"-fouowing dlfferantnal equation. ﬁ e
o 7 P e, wm
] e e —— L2 ; T o, ‘4) ) -
at azr e



Tlmoraﬂcal consideratinns .o Paged2

43 ‘I‘he macroscop:c momentum halanca
" Bird f’1957) prasents an elegant darivaﬁoqk of the macroscopic balancss:

. startlng w:th fundamentai microscopio relatiunships. This apprcsach was nut' -,

usad but is of interast. o

f“‘-/ .f\.

4 3.1 T’he gener@iseﬂ form of the macmsccplc mqmentum balance .; o :

In this aasa an unsté’:ady state mamanturn balance is déne :m tha entire voluma

o ni‘ ﬂuld f«n the tube, as follows (in this case far the drairfage of ﬂuid from the

pipa} AR _ _ . . . _
o Iamnu!aﬂon] = llnl Iom]*lE fm“’es on 5?3‘9'“1 o

E W tha accumulatnon term cari be described mafhematically as follows :

| [mmumlj”ia;-- . | -   @ .
) : N o |
: ” t5‘;‘1'_=_°5-._ - | (7)
[out] = | | - o o o

Fomes acting on the svstem include the pressure force AAP, the force
resulting from the gravitational acceleration of the fluid, mg, and the friction
- force, The pressure force shouln* also take lnto accu.Jnt the pressure drop at
the exit of the tube. : '
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~ The generalised balance can hence be rewntten as shawn be!nw-

-l"-;'l‘-’l - 0 - thv +A(P2-P,}}mg +1=meﬁ _'-191-.

\‘.\. -

“The [acmamulation] term can he axpé, ‘”‘ad as failuws. uslng the chai‘n rula for _

C d«ifferentiatian*

dt

=1

- " ahd 'tha m"“‘“““‘ out] term is mathemaﬂcallv described as follows- . s

. "‘L

) F.uare- 4.1~ Uetaifs of the nomenclature Ty

'T:lj .

(mV) = --(pAhdh) - pA(dh)z . pA h.._a;h.. .' (10)
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“The pmssure fnrca san be uerwed as shc-wn belaw (see f;gure 41 for SV bols .
_used} : | o
assumlng Ps Pa - ~m3 D _.”23 S
end substituling Py = pgh*+ Py
e 98? (Pg-Pq) = pgh‘ + !wa = AP

The fr!ctiun forne is relatéd to the shear stress as follows :
- frlction - areawc,z S T

Cem

e o Substztutlng all the above terms Into the general mamentum balanca yields the. .

'followlng equation- '
pA(th Ahd o 0 pA(:;"J A A(pgh‘+k(dh]zJ . pAhg . 2nnmr,
_ (14) . o o
B '432 Using the Newtoman model o e
T he above expression can be much simplif‘ed by assuming Newtonian.'_-

: --bahavlour This assumpﬂon s gquite satisfactory for carta:n slurrias (se& sectibn

Assuming Newtonian behaviour aliows us to suhstitute the followmg mte ciur '

~ friction term
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and hence frictwn can be exprassed as follaws

Hoon = F.'nﬁhp-——m - e

as fnllmﬁls T

B differentiating ¥, wath respect to r we gat

v _oceny B _san (1"s) |
--dl' ﬁa Ha Ha d{ B '
o evaluatlng thns expression at r=R and substituting intu the expresslon for
frxctnon we gat o |
fton - _am.g;. - ms "
Substltutlng ‘the expresslon for fnction lnto the original overall balance and-
s:mp]lfwng vields the fol!owing equatlon y ' '
&h , idn(8 kdh) S Lga0 0 Go
d;?-”pat(ﬁ-'hdt h g -
where h* is the heugh‘t betwean the bottom of the tube and the surface of the
“fiuid and h is the height of the fluid in the tube from the surface of the fluid In
‘the sampling vessel and 4 is the apparent Newtonian viscosity of the fluid. k

Isa pruportlonality constant fo-' the pressure drop of the fiuid as it ex:ts the
tube as deﬂnad above. .

;."?But we knﬁsw that fm* a Newtonian ﬂuid tha velocltv prof:le can be expressed L
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Thls equation Is difflcult 10 solva ana!yt!caiiy slnce |t is naather hamoganaous,;_ '

N rior Is It Ilnear arexact. No obviouss substitution | is apparent either which would B
make it into a standard, solvable form but a numbar of different. but -

: "appropnate simphfying assumpﬂans can he made. There are theﬂfa\@ two
-approaches open to us. We could solve it numerically us!ng some technlquei_
| $uch as Runge Kutta of make an apprupriate sampiifving assumption and solva '
| N the sl!ghtly simplifsed *arrn analytucaliy. ; g

19 4 Nﬁmer:cal solutmn ol’ the dnﬁ'erent:al equation. -

| In order to snlue this differentlal equation numerlcallv itis necessary ta ﬁrst .

B .make an appropriste subststutlon We thus. subsﬂtute \2 far the rate of change S

."nf he:ght with tims and this gives us a set of two dafferantial equatlons to be
solved sImu[tanaously R : __ .

S %‘% =V
E! 8 ﬂh: » B L
Tt pFl ph ho 9" ° L

| Thns may be sokved usmg Runge Kutta A turba pascal program was wr’ en
' to solve this. usmg 4 order Runge l(utta MATLAB was also used o soive this

B . set of dlfferential equataons {MATLAB uses a variable step 5* order Runge. _' -

Kutta algonthm to solve boundary value problems such as this one). The.
Pascal and Matlab routines canbe found in Appandlx H. A plut of three tvpical
~ solutions appears in figure 4.2, it is clear from this plot tha't the' ‘ﬂuid quickly
 accelerates to its terminal valoc!ty. Fmally the fluld osciliates a littla, depending -
~onits wscoslty. The veloclty of the fluld ean be calculated from the slopes of
the best fit straight line through tha data Laﬁwean the helghts of.Q. Smand

‘0,2 m. The values for k used are based on best fits of the simplified analytica! k -

- solution ta experimental da‘a dIscussad in chaptur S -
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Prodicted d;r#inag'e.fr#teé;foif a Glyosrol solutions for a 12 mm diameter tube

Time (a} v

T

4 '-:__'isvstem

: '..'ri )

4.5 Sunpilf" ed analxtlcal solutmn N o
ey ""The most approprlata simplifying assumption Is that of nagl’acting acceleratian,,_
| "since frbm the axperlmentat results as well as tha numerical solttion abova L
s clear that. the fiuid only accalerates for & very short time period hafore |
. rteaching its terminal velocity - see chapter 5 {(we are also not partibularly

-..!nterersted in the transient behawour of the ﬂu:d in the tube and this woulﬂ be:
. a Jdlfficult 1:(: measure) ' ' : _

S :.,.Figura 4. 2 Numerical sciutidh of the dif.farantial equatiun describlng the n

S

L
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a

) Hence neglectlng acceleratnon glves the folluwmg dlfferential aquation P

hdt

k(Y . Budh _ght,
] pFldt h *9 0

o Thts is 8 quadratic in dh!dt and can he factoglzed uslng ihe quadratnc formula | '
' to glve dh!dt as ofunctlon of h. | L T

- s@ﬁ.;ﬂﬁ._z:) o

& o Ng®R: _oh
&t B

very weak function af h.

a

e

- In the above equation it seams that the valoctty isaot coné&ant. but rather that B -
-?t is a fuﬁction of haight., howevar fron table 4 1 shown below 1t Is claarlv a

- 'Tabla 4.1 - The. effects of changlng the height us!ng glycerol solutmns of'_' |
o dnffarent viscosnties as calculatad from the analvtical solution for a 14.mm

Height (m)

velocitv (mls)
ﬂﬂ_EQ E

_ veulcitv (m)

=150

|- velootty (mist |

p-—250

1.2

 1.04162

. 0.62594

0.33197

1

| 104162

- 0.52505

0.33197

o8

1'.'041.63 '-

0.62697

."6.3319'3 :

0.6

.041 65

 o.62601

0 3'3200'

.041 67'

0. 62607

| ﬁsszm- |

1.04190

0626261 ];5.»
}
|
L

o 3321:3 -
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Another s:hplify!ng assumption whiah can be mada ls that gf naglactlng thg : L

'_ ﬁnd effects ‘e neglecting pressure drops as the ﬁu}d exlts the plpe. in that
casé tha ﬂ:ffarenﬁa! .q;quatton §impliﬂes dawn to the followlng llnear mEﬂ s

, a:a ,,n @t

This aquatiﬁn mav be sfmplv sulved usmg D aparators upera'tors nf Laplaﬁn
transfnrms é&\ gsw{ so!ution af thaﬁorm S R ; __L._ S

S b= Aauwsgm - f' (25)

t_.

" R \ ,,u ! \ _ . . vg - R2 | o !26)

o B

Thls is averswnpliﬂer& but stm shows the undarlving vanables of importance

' Neglecﬂng é‘qd affects, as well as acceleration reduces ta fhe sumpla solution- L

\' .

) 4 Is intéresﬂng to naﬁﬂat this is the same expressian one wd)uld have:- :
. obtained from the expression of the averaga velomty In- the darr\’ratlon of the

Hagen-Puiseullt Iaw for fluid ﬂowmg down a vertical pipe

difficult to quantify this effect and hence ;hls effact is neglected. Roughaning

_ the tube walls red uces the siippage and hanca this affact should b negligible. -

The results are presented in the next chapter.

A'll of fha equéfions d’ériv‘ed fai'l to té'ka slippage at the' wall into account Itis

B
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. EXPERIMENTAL REsﬂmsAm DISCUssmN -'-

_\ | Expeﬁmenfal wark affards us rhe npponunmes to m.xr our ia’eas and ia th!s
o sense It s exf:mng as one, ;s J%ced with many unekpected resufts which may

o reqwre f:.rrt:‘:er :nvesrfganms, ar explanat:ans. S

i
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51 Introduction

»in this chapter we examine and discuss the rasulta of batch tests which were "
B k conductad using the new viscomater on dn‘ferent fluids, mcludlng glycerol .

e salutions, carbnxy methy! cellulosa saluﬁans and slurries, T his chap‘ter does'
o ne'}\‘qglude tests done on pnla‘t mills (‘thase results and a duscussion of pnlot ‘-nitl " -

“test work can be found in chapter 6) --
g 2 Expernnents usmg glycerol solutlons L

o Glycernl sulutluns wera the flrst ﬂuids o be used in the experimentai wark.-
' Glycarel is convenient to work with and the viscosities of glycerol solutuons are

L

- well documented {CRC Handbook). Data from the CRC Handbnok hak been' -
o plotted in frgure 5.1 {see appendix B for a tabie caf vlscos:ty data} «The shar~

: _ _increase in v:scostty at higher densitles Is lnterastln., as this type éf hehawour

:' is also axhibited by slumes. .

' Viscosity curve for G’l&iﬁ'eréi solutions
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F:gure 5 1- Vlacoslty of thceral s::lutiuns (Frnm the CRC Handboak)
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S _' 5.2. 1 The rheology of glycerol s’alutmns | |
C 'Rhangrams wiere generated uszng the Haake viscometer w:th glvcernl soluﬂons. |
: and sams of thesa are shown in f‘gure 5. 2, itis clear from thase rheograms.
B :,_'that giycaml is a Newtonian fh.ud. the wscosity of tha glycsrul being the slope o
T ' r.:f the: iines. Tha Haaka wsc:omatar was alsa faund to be satisfactonlv accurate' -
B for pmvading a referancra viscoslty, agalnst which tha axperimental resuits

S could b compared, since the viscosity of these glycerol solutions was known -

- .__and thssa valuas compared favourably to ‘mosa hased on data fmm the Haak o _. : .
o '-'f;_.'.’\FiSOomﬂtBrn e B . o ) N .
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522 Drmnage data usmg glycerul solutnons

- Tests were conducted on the ‘glycernl solutions using the vertlcal tube _-
viscomater and it was found that the velocity of drainage is almast cbnstant
durlng the uramage cycle of the process (the helght vs time curvas ara almost
| straight nes as can be :;een from figure 5. 3)
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| Figure 5 3 Drainage Imes for glycerol solutions in alz mm tube B

This md:catas that ths fluid quickly raaches 2 terminal velocity aftar a shmt
penod of accelerdtion, and also confirms t':at the transient response of the
fluid is not necessarily of m_terest in the Interpretation of the results. It
therafore makes sense to use the average velocity and to plot this dataas a
| function of viscosity. The velocity (as seen from the slopes of the lines) clearly
changes quite substantfallv with changing viscoslty This is more cleariy seen
in figure 5.4 where data 1for wo diﬂ'arant tubes is plotted togather wuh tha '
drainage data predictad fram the model. . '
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': Expanmants were done Usmg glycarol wnth two different tuba diamaters at

o _dl‘f‘fﬁl’ﬂﬂ‘t mscosities. The invarse of the average velocity is plotted as a
function: of wscosh:y in figura 6.4 The inverse is p!crttad as thoory indicates

ST that we should expect vanc:ty tobe dlrectly propurtlonal to v%lacit\(“ and this o

' _:s cnnﬂrmed bv the fact ﬂ"aat these are v:rtual!y stra!ght !lnes.
) Lo g‘\l ; -

T he strong relatianshm betwean v:scos:ty and velocrty is r:leariy ewdent from

- figure 5.4. itis cIear that In the 12 mm tube the relationship Is stronger. The .

| _-'.raproduciblllty of the results is also evident from the narrow dista'lbutlon of. '

' ;-data. It is tharefare clear that the wscameter works satlsfactonly well with

| ' glycerol solutlons. The mcndet was fitted to the\l experimental data using a Ieast | _
L 'sc;uares fit on the parameter k, (where AP kv’*‘l in the sumphﬁed analytica{ .
-

. Avercige velocﬂv qsa ﬁmcﬂcn okaeosﬂv

N 'Figura 5.4 - A plot of valacitv" as a function of viscos;ty usnng glycerol-
: salutinns. The theoretical data cames from the slmphﬂad analytical splution. -

' solution neglacting accelarataon. The fit s0 abtainad was a faiﬂy good fit. w:th

: __.correlatinn coefﬂclent of 0.973 and 0.952 fnr the tube dlamaters of 16 and

12 mm respectlve!v This k vaiue was then used In the numarical solutitm: :

shq_wn in figure 5.4. The Mathead program used can be _f_aund in appendix F.

X A
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B 3 Expernnents usmg carbnxy-methy!-ceﬂul@se sa!utmma B

* Experiments were cbnducted on carboxy-methyl-celiulose (CMC) solutlons as

these solutions are non-Newtonian and we were Intsresicd 1o check i we

' 'wouid sﬁll get straight drainage lines 45 was the case with glwﬁ:arol.

5. 3 i The rheeln@ af carboxy—mei]}nyﬂweﬂﬂuﬂ@sa saﬁuﬂ;msas

cMC: solutions are true solutions and are fairly viscous, even In fairly dilute

~ solutions. These solutions are transparent and resemble some form of gel.
Using the Haake viscometer, rheograms wera generated for some CMC

- . solutions. ft was f ound that very dilute solutions were fairly newtonian but as |
. the concentration of solution incressed, marksd pseudoplastic. behaviour
 developed. Highly concentrated slurries are also pseudaplastic.‘rha rheagrams .

generated for CMC so!utlnns are shown in figura 5 5. -

R.heograms for cmc Sclutions
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\' anuro 5 6 Tvpioal drainage Ime for CMC solutnon.
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Itis poss:ble that during the transnam porlod, where tho ﬂuld Is accoleratlng,-
and henco is subje&t to ohanging shear ratas, the rheology of the fluid weald
affect the dralnage Gharacterlstics, however this time-frame ig s0 small that
accurate measurements in this region wouid be difficult to obtain, Under
stoady state oonﬂitlons, however, the fluld is sub]ect toa constant shear rate, -
:hegce one would expeot sunilar bohaviour to Newtonian f!ulds. A trufpioaf ) '_ N
nage hne for a CMC solutuon Is shown in fi f'gure 5.6“ e
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o Se.S Z Bra.mage data from CMC solutnons ) ‘_ :
Expeﬂmenta were done on CMC solutions and it was found that CMC o
_ sohurions also have straight dralnage _Iin.es._wlth an ‘almost censtant drainago- .
~ velocity, indicating that the rheology of the fiuid does little fo change the
' “aotuol. overall shapo of the drainago curvos, ospaoiaily undor steady state -
: conditions. o ‘
o
S
o



'_,,_.E*p'eﬁmezntal-re_suits“.-i T Paga&?-

The apparant viscasuty of tha 5% CMC aaiution used during batah tests was ”
”calculated to bea 13‘7cP at the maxamum shear rate (ualng tha aimpliﬂad

* -solution to the made! nagaaatmg accalaratlon) Howavar the VISCOSIIV predictad

from the axparimental wark usmg the moda! and k calculatad is 188 aP whsch "
corresponds to the apparent visaosnty ata ra!ativa shear rata af appraxnmatalv
0.2 {on the theograms). We can thus see that the shear rate in the tube is
Inwa'r than tna:'shaai‘ rate used a‘s'a basis. for the t:alculatitmbf a?pparant
_viscomtles frgm the rhaograms ganaratad using the Haake viscomater -
(assuming the calculations and data are carre"t) '

This exp!ains tha diffarenca |n thase two apparent vlscositiaa We can howaver_
_ see from the rheograms that apparent viacasitias are sti!l usefu! evan at lowar
shear ratas. Naturally with Newtoman fluids visaosity is not a function of shaar

. rate and this discrepancy would be smaller. It therefore makes ssnse, whan |
_' daaling wlth nonaNewtonlan fluids that the apparent visaosltv from |

‘experimental’ work should be campared 0 an apparant v:scﬁsmv from the

Haake vlscomater calculated using an appropriata shear rate as @ basis '

Shear rate ls hawavar nat only a functian of tha tube a:hrnansianar but lso

 depends on the fluld Properties, notably the rheology of the ﬂu!d We can -~ °

~ estimate the shear rate at the walls of the tube fram the velocity of the fiuid
~ using a veloc:ty praﬂla ca!culated from the rhaograms and tha apparent
viscosrty calculated. ' '

54 Expemnants using: slurrias |

Tasts were dana ona faw different s!urrias, by mixlng batchaa of slurry in a-’
'draft_tube mixer and sanipling .diraat_lv fiom the mixer. The results of these
axparirhents ara_p'qasantad in the sections that foliaw. _ o
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- _5,45 1 The rheolugy of mmeral slumes

'Bheograms obtainad from mine dump sand, passed through a 600 m{a;ron -

L sieva ara presentad in flgure 8.7, whila the rheograms froma sample of siurry

from the Westarn Deep Lavels gold mine are shown in figure 5.8. The siurry

made from ming dump sand has a larger average particle size distribution and

it Is of intarest 1o compare slurdes of d’rferent size distributlons, $iza -

' distribuﬂan data can ba found in Appendix e

Rmaﬁﬁa‘m‘s gene‘_rated from mine dump sand |
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Figure 5.7 Rheograms from slurrv made from mine durnp sand

The apparent _vlscosity {at max;mum shear rate)} of mineral slurr:es _changéé’. :
very little in the lower congentration region, and there Is In fact only a

: 'm!atively small change in _a‘ppafem viscoslty in the congentration range 10 to

850 % solids. This'-is"avident from #igure 5.8. Figurs 5.8 wag compiled using |

- the apparent v:scosity of mine dump slurries. at maximum shﬁar rate 1500 rprn) :

‘*from the rheograms genierated using the Haake viscometsr,

Viscosity data for this slurry woi.:ld clefar'!y only be i'mfulﬁ in the %solids:(bv
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Viscosity verses percent solids
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Flgure 5 8- Tha relatianship between %solids al‘id vlscnsitv for mine dump
slurrv .
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mas‘:_s} ragicm-ﬁf abaut 60% and highet, _céin_ca it _ésr_;on'lv.in i;lits -réglon that

~ substantial changes In viscosity oceur with increas'lnfg % solids - & change in
"% sollds from 60 to 70 % lie & 17% change) in percent sollds, is a—zccompaniad
by an alniost 300% changa In vlscasitv “The Milt dlscharge does excaed 60 %

bv mass solids, and hence élre in this highly sensitive regicm Thns once again

serves to'illustrate that the accuracy oi the viscometer Is not eritical, id that
- this measure s clearly potentially more accurate a ieasure of consistency than
% solids, which is in any case 'dlfﬂ'cult to meastre acburaftely on an on-ling

basis. The Westem Desps sample was treated wuth lima to ‘gdjust the pH of B
the slurry. in order that industrial conditions be maore cfosely approximafed, ’

hpwever the effects af pH on slurrv rheology ware not Irwa.;tlgatad.

 Mineral _slurriés show different rhablog’ical charat:teristics'_ with.changlé's. i

concentration, It Is clear from the' 'rhaug'r_a'ms presentsd that dilute slurdes®

~ seem to be slightly dilatant, moderately concentrated slurries are almost |
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Newtonian.wh:le highly concengratedslurrias are dacidedly pseu@nplasm This -

' 'Flgum B. 9 Rheagrams for slurry cbtamed fram the Westem Daeps go‘id mine. o .

+ I8 In agreament with the results obtained in. previous studias }Kawatra, and

Eisela 198‘2}. All the rheograms where gereratad atroom tempe;ature, and the

o temparature was monltored to cher*k if this mixar would cause a:w sigmficant - |

‘\\‘ .

c tamperature rise. This hawever proved not to be a prohlem. .

n\\

!t is u;lear that the slurty sarnple frarn the Westsrn Deep Lavels Gold Mi‘.e is =
more viscous than that made with mine dump sand. This Is ﬁue to the dlfferent _
s:za dlstributions of the slurnes as we!l as posslbiy diffarant pl-l's. o '

':.“-n

5.4, z" I)ramage tf’ata for mine dump sand

As expected. the dralnage velocities were almost constant for most of the '_ N
slprrias examined, and the drainage curves wera t;iasaiy approximaied by -

t:aight lines. It is more informative to examine haw the’ average vaiucitv

changes wlth pipa diameter and pBI’Gﬁl‘lt solids. B

.___\. .
\_ A
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 The average drainage'-va’lo'él{y as a function of vis'cosi'ty'fof mins dump phurry
~ lIs presented in figure 5.10. The effect ofrougheningthatube Is #lso clear from
~ these results, |t seems assentiai that the tube be mughaneu, slrice this
 strengthens the dependsncy of the drainage velo&lty of the slurry on s *

- _v:scasltv For the smooth tubes. velogity Is clearly only 8 very weak function o

| of vnscositv for tha 16 and 20 mm tubes. it Is praferable to use iargar tubas _
" gince they wouid choka up less frequently. o IR :

£ : 2

. Sluny drainage data for different fubes
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" Figure 5110 nralnaga velacuty as a function of percant sohds for mine dump |
sIurry o o )

: The s!urry‘ rg'smtsaref zintare'sg."_ting since over much of _thq’;{r:iséos'iw range it wés o
found that drainage velocitiés in lar'gé_r tubes were lowsr than the vatbe&iés in-
simall tubes, This was not the case with glycardl'. Thera are a number of

- factors which may be causing this phsnomenon and this deserves further

:nvestlgation There are clearly two maln affects wh!::h are present ln this

| s_vstem 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 dramage velocity In iargar diamater tubas is !argar k-] rasult expected over
| the whole range of viscositles. '
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_ | Figure 5 1 ‘! Drainage vel’omw 858 functtqn of parcent solids for a8 mine dump‘

i

Glycérbl. did riot exhi_blt t'his type of .hehaviouf. pqsslbly due 't'u-the- fact‘ that the._ i |
glycerol solutions were not subject to mixing during the rﬁe_asureﬁmqﬁt.p;d_eess.
- The draft tube mixer generates an upward circ.'ulatioﬁ patten around the

sampling tuae. possibly magnlfying the end eﬁscts. Clearly with a larger
diameter tube more slurry must be displaced in the flujd below and thls effect

this current. It was however faund that mlxlng has very little Inﬂuence on

' dramage ve!omtles of water,

o Thareis some cross aver. point whera viscous wall effects daminate ovar end
| effects, and this viscoslw depends on the tuba diametets.

:may be magnified wh&n larger valumes of s!urrv have to be dlsp!aced against

- The drainage velocity was plotted as a function of per;}ent'éolids, using mine -
“durnp slurry, with some interasting results {as shown in figure 5,11} Two
tubes were used with dlameters of 12 mm and 16 mm. ' |
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o T_ha_r first point to notice is that there Is little change in drainage velocHies at

Lol
L]

lower percent solids, despita the fact that the density of the slurry isphanging
In this reglon (this is not expested from theory and may result f. We kﬁbw
L _from figure 58 that the viscusity nf tha ‘slurry is virtuslly constant nver thls

.. range $0- wa cou*d pastulate that. this ind:cates that the. dens:ty of the fluid -

_ duas llttle to shange the ﬂralnaga ueioclty This s guod since it is further S
evidence that there is a simple relationship hetween viscosuty and drainage T

velocity, It is’ interesﬂng to compare figure 5. 1" 1o figura 5.8 whmh waa.
generated using the same slurry. itis clear that the viscositv is reiatgd tg the

” _: mversa of velobity. dansitv baing unly a8 mmor factor

14 12 mm

R, — i
W . b : ey e

| o VM =23 o _
Flgure 5.12 - Drainage vélb&ity verses Viscosity for Western Deeps slurry

- Flgure' 5.12 shows drainage data f-rcirh .the'\A{estern Deeps mine .slu'rr'y sampla, |
This slurry consists of smaller particles and_'althﬁug_h there is quite a lot of |
scatte'r in the data the trend is clear and this verifies the fact that tha‘llnes -
cross inﬂicating the transition from end effects domnnating to vlscaus wall

effacts dominating,

Pen



. "5.4 3 Bensnty measurement uﬁng the new "wscometar”

As discussed vaiouslv. the viscumetar was fitted With a diffarential pressure |

 cell frGm which the density of the shurry could &9 obtainad. This data isplotted
-_ _in *1gura 5,13 (where tha theor@tiaal dansitv is Plottaﬂ ‘based l:m & solids '
N _dems!tv of 2550 kgh@ and data from two different batches of slurry is used' -

| tg verify the raprcd uciblllty of tha data) Thg rasults devlate slightly from thasa - -
a prediatec! using the pement solids, and density of the sol:ds as can ba saen

from the, flgure below. This Is attributad trughe ualibration of the ﬂifferential_ .

 pressure coll. It may slso be an Indicatior:, " 5¥ the slurry s not satisfactorlly

rnixed but basad on the crearlv ws:bla turbulent:e at alf but the highest percent S

- sohds 'it is balieved that thls s not the cause af this dewation. .

U-_-

- Measured density verses percent solids =

r ) ﬁ ._3-:\.
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Figura B. 13 Density as measured using the new viscometer“ verses % solids
by mass- _ . S
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R 5.4 4 Dramage data from Westem Deep IL@vels Gold M:m

= . |".r’

slurry | '_ S

'_ ln ﬂgure 5.1 4 drainage data from a slurrv obtainad from the t:y@lone underﬂow -

" at the Westem Deeps miﬂe is presented. Dnce agaln the inverse relatlonship

Is ciearlv nottceabla{, The average particla slze far this slurry is Iuwer than tha o

e slurry maﬂa up from the mina dump sand.

o

Brainage velocity Varees % solids for Wostom doops shumy
B - | B . R w . w o . e . .‘.‘.. .
. suo!lu:bvms o I " "o

Figure 5 14 Drainage data from a Western Deeps slurrv ﬁampie

= .

55 Conclusions

- The viscomater seems 1o work satisfactarilv in batch moda in. the Iabnratury
* environment and It is possible to correlate viscosity with density and drainage
- velocities, but how would it perfarm in the industrial satting, operating In
comiriuous mode? _'This is a questlon which will be looked at in chapter 6,

L
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. ?he uir:‘mate testls :‘n the figld. Am& ough pflet mills are ;wt as demandiny as me real. =

. thing, they are n&var—ma-!asmsimﬂar in many ways to im;fustrlal scale mf!ls and tosts
-zm a pﬂat m;ff wuld at ISt yfve em indicat!an af fha possfbfiity of su::cess }. _ .

‘Iha mil! at Anglo Ameﬁcan Research Iabs - | . _' — B
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6.1 Introductmn

. Tests wire cnnducted at two pilat mills. ong @t tha MINT EK resaarch labs !n' o
: Handbu’rg. and one at Angio's rasaarch lebs at- Gat&,}way Industrial Park with varied .\

resultsf’ﬂ'he lesta at tha Anglo research pilot mill jmave not been aompleted and ﬂre_ _

: ongoing and so l cun’. only repart the iatea.t rasults an this mill

| '6.2 Work con&ucted at MINTEK

Experimental work was conducted using a pilot scale rni!i at MINTEK. Thus work as' o

-_exammed n. the follawing section,

6 2. 1 Desmptmn of tests conducted on pxlot ba.ll mﬂl

_ -'Rhe mlll used was @ screen d:scharga piiat ball mill and the aquipment was set up m -
- such a way that the d:scharge of the mill flowed into the mixing tank {(into whlch the_

| _' tube viscemeter is lawarad) and then inta tha vertucal spmdla discharge pump as

shown in figure 6 1, Tha affect that the mlxlng tank would have on the system would _ |
beto dampen the response by introducing alag and a ﬂrst order rasponse This ls hot . -

ideal since changes in wscosity would not be seen as step chapgas, but the

| maasuremant would still be of valua.:rha foed watar to the mill was set at Guite a inw_f
value (3 Ilmin), and then a step change was lntroduced In the feed water flow rate, - |

by lncreaslng the water flow rate t09 \/min, After 8 penod of tirne of about 30

m‘irlutes the watar ﬂow was again reducad to 3 I/min., Data was electronically

captured ali the time, The results of the test a_re dlscuSsed inth -‘_followmg section.

»o
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]:.[ot mill werk .. e RS - C .'ﬁ? ;*\ - _ Pege?& e -
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R Figillre é 1-The errsngement of '.th Isce o ‘""f_ ,eﬂing systern used at MINTEI(
N \\\ﬁ \\”' = - '
6. 2'2' Dlscusmon of results N |
‘The restilts of this test are presented in figures 6.2 end 6.3, Figure 8.2 Shews hovy,
the reasured viscosrty changed wlth time, and figure 6.3 shnws the response of the |
_.measured density " {also from our measurement d’evice}. lt Is - ciear that the
‘measurement device is functmning, at {east in that it gives an indication of the denslty' -
~and eensistencv of the slurrv in this. respeet the results are enceuregmg. Everythmg .
" went well and the experiment was successiul The duration of the tast was Hmited -
as the feed solids were being depleted fairly rapidly Itis clear from theee results that
' there is a substantial lag in the response. which was much [arger than expscted, slnce
the volume of the mixer was- enlv Iltres and the flow rate of slurry vsrled between -

5and 15 l/min.
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Figura 6.3 RaSponse nf the densnty of the mili duscharge to changes in feed wate
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'6 3 Work ,canducted at the &n_g!o Amerlcan msearch pllot mﬂl

Expenmantal work was attamptad ona pilot scale mill at the Anglo ressarcl‘i 1aculities.- o
“These tests are still in progress. There have been problams with the mlxing tank. The
slurry is very coarse and the motor bearings are effected by sand, Earlv mdlcatmn
“from attempted axperumenfai work, whnch dld yleld @ few minutes of data, ara that
'these pmblams canbe ovarcome There wera hawevar 1o useful results to report at
the tlma of wrlﬂng. ' ' ' ' '

6 4 Conclusmns

_' _Tha device shows prnmnse on pilot scale mills. The raal test would be o an industrial
il Tha main prob’?am Is assaciated with sampling the stmam creating a level uf
* -slurry into which the mscumatar can be immersed. The vlscometer may choke up on _
. large partiules (partncles Iarger than Q mm) but soms s!mple device mav be used to_'__ '
' prevent such particles entering the tubs, The biggast problem to ovarcoma would be .
that of demgning a sampling system for the viscometer which could present the |
device with a level of slurry from which a represantativa sample could be drawn which |
is free of large particles I this ¢an ba dona. tha davica could probahlv be suc::assfully
‘used in industry. ' '

.{\{; . .
Vo
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| in thfs chapter we summanse tlza results of tha research and d;scuss m,e potent:af of o

 the measurement devlca. The sa!:ent pofnts In this fhasis are ﬁigh!:ghted .-

1\
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AN Benefits of this research

Thas resaarch has gone a Iong wav In the davelopmsnt of 8 potamlally very useful L

concept, a vismsmetar sultable for use wlth slurries, and gapable of operating ir an
_ _ind ustrial environmant. Further tasts remain to be conducted, the main obstacle beiﬁg
the design of & sampllng systam, to create & leval of slurry from whmh 8

. representatlve sample may be. drawn. ‘This problem is not lnsurmnuntable, and no a

' doubt, wnth further mseamh will also be solvad
AR . " : EETEE "

]

| The results obtained usmg thls viscrsmeter shnw that it does work, wlth siurrles of

partigle size of Iess than Boe microns, Pamcies larger than 5§ mm In size seem to

‘cause a 16 mm diameter tube to block sporadmally {based on experience from thé
Angla American reseasrch mlll}. 80. with such & system. some sort of soparation

device will be raquirad on tha feed t the wssamater. R

7.2 Interestmg ponfts to note

'l'he lmportanca of slurrv rhenlogv in milling was mada claar. and it was conﬂrmed that
~ such a measuremmt need ot be very sensiﬂve. since in the viscosity range of

operation of most mill discharge streams, a 1% changa in solids content results in

| about a 30% change in mscoslty. This shows how' much’ more sensitiva a vlscositv-
' measurament Is as opposed to & parcent soiids or densitv meastrement,

Tﬁa fact that thls Is i:mly an appaient \éisccsltv ata flxed shear rate doas reduce the
value of the measurement. if different shear rates were ngeded they could be obtained

- by amposmg diffarent overall positive prassuras acrﬁss the viscometer during the
- drainage ‘¢yele. This would however cnmphcate tha device and the naaessity &fsuch

~ information is quastiunable.

With cerrect calibration the dansrty'meas'ﬁ'rement on the device will also prove to be

T
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useful, The measurement is fﬂproducihle undsr mast conditions. and is no;: an
expensive aptian. : . _

i

'7.3 Concludmg mmments

We have achieved all the objectives stated in th@ introduetory chaptar, namelv bv r
Gaining & broad undarstanding of ‘the field, devalopinu the viscometer and daensity
meter almost to prototypestage, prnduclng analytlca! madels to describa its upemtlon '
‘and testing ﬁha devlcs ona pilot mill.. P T gi ;
We have, ihcprlncipfha simple device which gives an apparetit vlscosiﬁ and der’.a&y_ :
“of the siurry being sampled, on an, s:m~|ine basis, Thﬁ»visf*ﬂmer t:im sample at a
_ frequancy of about, vnce every 6 seconds, whiehf : }‘;\ fwﬁﬁcient for the ;
control and rmonltoring of the discharge stream af{f "‘?'hrfﬁ e @meter could also
- be used to- measurz\the densk ty and viscasity of siu ruea* m uthar applicaﬂuns, sucHos
in flt:atation circuits, cﬂass.ficatian operationa and many, t‘\er min@*als prooesslng '
'operations. The main. problem 1o, overcome Is devismg a mauhanism which will
produce s level of liquid from Wh}k:h the' viscometer tould taka a representatwa'
sample,-and this can be achleved with further experimentation,

4o

Vi
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AppendixA 3 .

_ I.Jstlngnfmamalementsofcumputerprngram B Paueas o

Appendlx A Listmg oﬂ’ mmn elements ot' Pascal program

“ {smazeo,ossssso}{m@mmmmemm
- {$N+,B+} {somnmaanonon,dxsablasnmvmnmulaﬁon}
{$S#} © {Stack checking on } R -
-~ {81+} . {Esor tupping on }
{#G+} - {Generares 80286 instructions ~ furaozad nnly}
’{$A+}- e {Ahgnvmandobmnts__mwmdboundmes_}_

-PROGRAMVweous, : _
{WnltanBy Dmllkaika
i Umvarsxty oftheWuwatermnd
y ~ Jobannesburg
Dats (ver 1) Deoembar 1993
Gurrmwwon:z. _ : _ o o
ms'rnnvrssn r12/94 R P

USES pﬁmwwm, rtgraph, praph, ristdhd, rtgsubs, richart, dos, ort, pe30;

TYPE errayl = ARRAY[1,.16] OF INTEGER;
acray2 = ARRAY[0,.2550] OF INTEGER;
array3 = ARRAY0..500] OF INTEGER;
‘srrapd = ARRAY[1.20) OF SINGLE;

CONST |

Cbadd = $700; o
TotNumSavaplea &= 2500; {pumber 6f samplos taken for all chanels)
NaOfChqiﬁeﬂs S e

i

Chanels ¢ amyl; {us:ofcmals:ommm}
all data ¢ seayd; {rawdntafmmaﬂthechafmels}

steps - 1 aoayd; {timedataateachstep}
Position v sirayd; - -



Appandsx A

- 'Pa_{ga'.st)

I..istmg of ma!n ataments ofcom;.iutaf prugram .

et i, vl vicosty +  REAL

pos,fil,mum, deasity:  INTEGER;

plot :  STRING;

how,nﬁm,md.mloo WORD; ? )

B A rhmar:aytype {hneseolors&styles}

yvalues nvnluearxama, {bold current R-T valus}

‘yvaluesl rtvaluwmytype {ho!dwrentR—Tva!ue}
ydata .ARRAY[O mon] OF RealType; {randnm am}
titls . s tifletypsy . - {scroll graph title}

wnity f:tqgtype " f{sorcll graphomits) -
Cwibf © ¢BOOLEAN; {staircase method)

tinseint, sample:ﬂt. miny, maxy : RealTyps; -
1t lalares, halarm, slpn;. pinum : ReslType;
ot, gnd. xdecs, ydecs, . ]NTEGBR'
Coomh T englsh

o dndex vr«gwcm

. {.—===#'=='=====n'.—=’===':====|===unﬁmumﬁaqﬁmﬁnumghmuﬁmamm:uﬁ:'r_—:uu:_'mm}

' PROCEDURE clesc_data {fills the data array with zeros}; -
VAR i : INTEGER; -
BEGIN

- FOR:=1TOT0!NmSampIesDG
sl gl =0;

PROCEDURE Get time(VAR tims : REAL ); {gives tims in seconds}
VAR hour,minuts,second,sec100 : WORD;

o
¢

=:;==¥:Em=&=}
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Listmn of maln slements of cumputer pragram R S . B =Fagéﬁ_|1

BEGIN
GetTime(hmu,mmum,seeond,seclOO), . .
mne,- d:mlr*aﬁeﬂ+minma*ﬁn+mond +m1nwwa)*1wo, Lo , o

quit £ '+ - BOOLEAN; o |

BEGIN . . - e
ke disg . | |
; .i':m_varsion;'
- 2= hidi) _-!-'lo{'i)fldﬁ.;_
GowXY(2,2); | o
WRITEEN(‘P&BOIPC—IZG Dnververs;on ,r4:2), 0
quit fr= fule; '
ifk <> Othonbogin o o
: writelay . } i : L ' Ch .._’_"._f'J'
| wnteln('Pc-de:gnusucsrepoﬂA!DnotmsmlledofotherfwlL'), | R
- quit £ true;
{ﬁ:ﬁ:mmmmmammmmﬁummwam nar;==am====m==:=-=n'—-==y=gmm:ﬁ'a:a-_:&ﬁﬁunérmq}
PROCEDURE read | data; {reads data from the list in the Variable channels...} | |
' {mgaﬁmmufsmplmmbymmm} {mdalmcaleu!m
thaiom&memments} '

&

| pheme—

FC
AT

VAR
' lg,m,prasclr,uclbdi INTEGER;
-time0, tims, fmq " REAL;

|
-

S
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Liaﬂng of main elements of cornputer program . - o s Page 92

pmanlrtzzo, ' | | |

- edlock:=50;

FOR 1:=0T0 15 DO set_gnm(i.ﬁ).

-2d_prescaler(presclr)’ o S
nd_._,tzlbck(_aelﬂ‘:k)ﬁ | R B
xtsoff;

m 3= i chan{Chanels, TomumSamples, all ﬂata[l]).

- e on;.
' delts time 1= v

: {mqmpﬁg'az:'—_aﬁaa.éuﬁ::# ﬂﬂ:ﬂm:ﬂ:ﬁ:&a_==#===r==mdm====“=====t==’";l==ﬁ=}
~ Procedure OPEN_CLOSE_valve(chnt,valuetintsger); o
- '{opmsorclom the solenoid valves, depending .mthemtagar Valua}

BEGIN

 d_mode(0,0,0);

* d_out(chol,value);
END;

{n’m-mumu..--..=s.-:r-:m==:=~.-=t.=u#nmn===h====—-===$=¢==mn=======.======-_-=._=:a_ﬁ} .

 PROCEDURE SingleChanelSample(channet_po;né_ssmp:INTEGER);
- {Takes a set sumber of samples from a single analogue chanel}

VAR ik, preselr, nelotk : IN‘I'EGER

BEGN . N
presclr: =20; o
pclock: = 100;

© FOR.it=0TO 15 DO set_gaingi,0);
ad_prescalex(prosol);

- od elock(aclack)y

- FOR it=0TO 15 DO set_gaini,0);
kit Chnn(chmel 10,00_sapp,all dsh{ﬂ]),



| Appetidiz A g | R o E S
Listlng of main elements nfcomputer pmgram S - -  Page93¢ -

{mmI‘::Iﬁh:’:mt.':tzammal'-'lﬂﬂI.ﬂh'lwuﬂm.ﬂnﬂx:m;:mnummﬂﬁmﬁgﬂﬂmﬂﬂmmﬂﬂwﬂf-ﬂ#H}
- PROCEDURE Gabmtycﬁagmeﬁlmd feas) m'maan,vm Deasity {kg!mS} INTEGBR),

forward; - "
: {a.'-.':=s===-.—..'=-..é==é===.—.=é..-====t.=.~.===_===#==r=_=t=f_—_======:=m==wims=wm=ﬁ=:=}
- PROCEDURE Sample; |
: _{themainsmnphngmuﬁae opmtesthsvlacomiar}
Vﬁkmge,new average : m!eger,

'BEGIN

open_closs valve(0,0), " {eloss atmospheric} | | N
@mm’lg)a_ ' . - e S (_.-,'
- writetn("Valve #2 is closed'); : '
 SingleChannelSample(10,6);
averages =round((all_ data{ﬁ]+nll data[1]+all data[Z}-i-n!l damI?o})M).
'_opm , slose_valve(0,8);  {open vaceums}
gotoxy(2,12; = |
writela(*Valve #1 :sopen s
. REPEAT o .
gotoxy(20,12); | oy,
writeln(’."y; - L o
SmgIeChanneISmip!e(iD,ﬁ),
tiew_average; =raund((all_datal0]+81 data{1]+all duef2]all dael3i4)

UNTIL (avamge>(new average+50)),
WRITBLN; _
open_close_valve(0,0);
Emmnlz);

leln(‘Valve #1 iz clossd®); {closa vaewme} o _ _
| -Gﬂnmitym.dmsity); - R
. 'op@”close&yalve(ﬂ,iﬁ); _
gotoxy(2,12); o
writela("Valve #2 is open”); {open atmosphexic}

3
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'-ﬂpnandixn o - : S e o
-_l.istlngofmaine!emantsafcnmputarprogram DR _ - Page®4

END; .

{:n::ﬂfl_lén_::m*.:B:!l:lm.ﬁ.mm}::.';:::ﬂ=1=l_!=|=".=.;-==..1=t:=m.niI_:#hn:‘::!:lﬂ:ﬂ:ﬁﬂ#m:::H:@_ﬂﬂ:.ﬂ;'ﬁ_mﬁﬁx?}
{ inititises PC 30 curd}

 got base(badd);

ver xbl;

iy

. BND;

{=l""En;gsz=¥l=t=ﬁ=====§:===tn=h==.=='==‘aﬁm:==:qv¢===-.---:=#=mﬁm====nmmmnmm#mn;m==‘}. .
PROCEDURR sélect choomels; | - Teob
'{ganemeaaﬁssofnmaatobesmpled} S
“BBGIN

chanels{i]=¥2:
- chanelsf2): =3;

chanels3j:=4; |

chanels{4]: r-'~5,

 chanels[5): =6;

chanels[5]:=16;

END.. B '

PROCEDURB get sheps,
{Lmam%ereﬂleswpchmgesmm&amlandm!mmthmm}
' {osnlyﬁslepsmtnml} ' i

cnmmumm.wﬂlus,-i,j.eoum . INTHGER;

' EEG]N
cotmtas'wi, . oL
FOR ChsnelNumbe: - to N’anCﬂmna!s DO o
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Listinn of maln e[aments of computer prngram S - FapgeSS

r=ChmalNumbor; I

1'==Tamum8nmplas+0hanaINumbm~mﬂ o

Y Valuo: ==round((sll_ dataﬁ}+a11 dataliM).

REPEAT B

" counters=ceountert-5;

Umm(au data{counter]> YValue) OR (counter::- 2500)); -
. IFComterP?.SOﬂ THEN -

\
_ -somm.ld), .

_WRII‘EIN{’Step#‘ChauelNumber, notfound'), _ s
DELAY{EDDU)_
~ NOSOUND;
BEGIN
- gotoxy(2,14); .
wriwln(‘swpfoundon(!hml 10,3 .ChnneJNumber at thme = )

-  countérdelty Hme:5:3,’ andpomma’.ammw). o
Pmiﬂon[chanelﬂumﬁer} eoounter; o ) -
S!epa{ﬂhamlﬂumber] mmmhr*deltn _time;
countar%r-oounter-l-l'

ooy
END; i
{=;e=nm=a'm==_;.=-'.=1===:;-.1=:.-..-&==§um==m-==i==‘=,-.'=:=_r;-;=m;—_émumhawmnmuamnwumn}

PROCEDURE save,_steps(k: INTEGER);

. {writes the stops to a file}
TR | -INTEGER; . L o I Sy
f  TEXT o : S . |
- filepame,mo 1 STRING; .0 T Sy

W

o
B
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BEGIN
ml'(kam)r :
filename ;= ’c.\hnmss\SSO'+no+'.dta'
- Boloxy(2,12)5
weitelo{"Saving s to filo Jilenams);
-Assmmf,ﬁxeuame). ‘
mmcf,n;_ |
| WRITELN(GS);
| Ecmimqu |
' BEGIN
- WRTI‘BIN(f,stepam sta,' '.a-nz*ti-13>-4 z), o
BND; P
| WRITELN(f, "Time --,:mr.. minute,"swond) )
| WRITELNG Doty = " density," ke/m3");
- WRITELN(f, Drainage Velocity = ',veli62,' mis";
WRITELN(, Appnmnt szcoslty = .\nmslty' 6:2," P')' '
chE(ﬂa : '
END; |
_{*”””'“’“”:5‘&”3wﬁﬁﬁ#ﬁﬂ:ﬂm#mﬁ#w:sm#mma:'#aﬁh.ﬁ%?’m==é==ﬁ==’w“"'ﬁf‘-'s}.

_ PROCEDURE show._steps;

o . - -

R R o B I
o 5 ='INTBGER; _ | - - | ﬁ
WRITELN(lst, Rt number =',fil); o . -
'WRITBLN(Ist, Average Velocity (e} o *,vel:dia);
WRITELN(st,Time () Helght(w))
FORi:-altnSdo | :
ﬁ’k\'l'BLN(lst,sﬁaps{n]‘S'ﬁ. (102G
wnrrsmasn. - R
| RN | h
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Procedme Ge&Angalacity{VAR velaclty real); | S
{mlcxﬂutesfheawrage velomty fmmtl:eslopaoftha I:est ﬁt stmghthneumgleaatsqums}
VAR i .INTEGBR* g o
Slgmax ngmY,S.gmnXY SigmaXSqr REAL,
_GONST bo=ly . 4
el | |
" BEGIN |
- SigmaXis;
| Sigma¥ie0;
SigmaXYset;
SlgmnXSqr' *=0,
~POR i3=1 TQ a DQ
BEGIN . '
Sigma: “Sizﬁmxﬂtﬂps{i].
- Sigma¥:eSigna¥ +ho-+(1-)40.2;
SignuXY: =(stmx+mpsrn*cmamv+hn+a-a*0-2>.
S:gmsXSqr.ﬁ(SlgmaX+steps{:])*(S:gmaX+stepin]),. _
END;
Velocityzu (n"'SigmaXY -SlgmaX*SIgmaY)I(n*Singsqr-S:gma}{*&ng)
END;
,“{=mm===ﬂauﬁuh=m=hamwnhm:wa===ﬂw=====a===##é=g=#:=%=#}
PROCEDURE Getvisoosity(velocity:real; Var viscosity:real); - |
{calmﬂam tl__m. va_ms;ty from the veloc:ty}
- BEGIN
viscosity: m9$2-1578*valoc;ty+657*veloclty*veloaty,
 {WRITELN("Viscosity (cB), =",viscosity);} |
BND; s _
'{mmnn==a===amn—;mm===wnuuqmw=um=~eumm=#mmmn=§====g==}_
-momqm GetDensity(HeightOfFluid {cm} m’vm Dansnty | o
- {kg/m3}INTEGER); - oo R o o

il

{cammmadem;tyﬁnmthepmmmmmbe}' E

. WARi: lI'lTEGBR*'

i

e~
e,
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CONST constant! =0.21856;

) constant2«=-224,18; - |
Prossure:s=0;

- -mnHﬁQ'wO.

' "SmgleChanneISample(ia,lﬂﬂ).
rcmmo'roswo :

~ BEGIN

cmﬂzo'ncmHZQ+Al} nm[:].

D

ch-IZO:—(cmHZOHDU)““Janmu+Constan&,{Caﬂibmﬁonand umis} N

emH20: mmmon 5
: Press'.lrﬂ.==10*9 8"':3:11120

| M(’h@gh& of water = * omI-IzD 6:2);
Wﬁteln(’l’resm Po) = Pressura:ﬁ.Z). _

" Density: =-—-RDUND(Pmum*100!(9 B*nghtommd)), -
nausit;,r =mund(ﬂ.68*dmsny+724).}
anln(‘nenmtyﬂcglmﬂ) = *,Deasity); -

_Wnte]n(“Press entet to mntmue')s

END, .

{= |=ummu:mmw====—_-='=======-'.—-;-.-...—;.==-_:=='==‘===========—.s====.-=====.—.'===}

" PROCEDURE ShowData,
{ displays the data on scresn)
BAGIN -
| GOTOXY(23);
.WRII'EIN('Runna =, fil); - :
WRITELN( Time = ,hou:,’ ,mmute,"' second); -
WRITELN('Dessity = *,density:6;’ kg/m3");
WRITELN('Drainage Velopity = *,veli6:3," a/e"); |
WRITELN('Apparent Viscosity = *viscosity:6:2,° cP’); -
BND; o - '

4

. Pagess

";‘Y
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'Ltstingofmaln elemants ofcnmputar pronrarn e e . Pagels

. . Ly - o
{=&====== = o hz‘#n::snmﬁﬂmm5=====1=.iu‘m‘sﬂ'-'-::-#nﬁnu_=g'#mumn==§mgmﬂ‘ﬁ}
- Procedure LogToFile(Viscosity : REAL; Density : INTEGER); R o
{wntesdahtouﬁlemﬂ:thewmdatemtheﬁbmme.lﬂhut } | |

- {file exists it appends the file} :

' VAR vis,den 1 TEXT,
filel, fle2nol,u02  : STRING;
Yam-,Monﬂ:.Day,DayONVesk. :

_ Hour,nﬂnute_md,nec_lw Word;
BEGIN. '
'Getbnte(Y ear,Month,Day,DayOfWeek).
: Get'l‘ime(!imtr,m:mﬂa,mnd,secl_oo_),
'str(month,nol), o ' o o o
filel = cilanglotvis' +nol+'_'+no2+’.dia’; -
£ile2 1= *cianglo\den’ 10T +2_ '+mo2+ '}
' ASSIGN(ws,ﬁlel), _ '
ASSIGN(den; file2);
{85} A END(vig);
 APPEND(den); {$1+}
IF ioresult < >0 THEN
BEGIN N
: REWRi'I_B(vis);'
'REWRITE(dea;
END; A o
© WRITELN(vis,fil,' " Hour:2," *,thinutes2,” * second:2, ', Viscosity:6:3);
'WRITBLN(den,fil," *,Hous:2," *,minute:2," * ma.;f,' ',Densizy), N

CCLuSBisy o \x_._

CLOSE(den);

mD;

===:===t===w:u=====nmn_ g====s=====1==:=='uue==='=m=~_—u:|_=mnmt=:i==':='==uaa=_:nu}
_ProcedumSatTJmepb,

--'_‘Vatsupthescml graphforml umagrapmes}



~ App. ndix A ' :
Listtng of main elamants nf cumputer pmgram _

- Page100

- { INITIALIZE THE GRAPHICS ADAPTER,
ssrmzmmwm‘novw}

| { RESIZE 2 WINDOWS } o
 risotpercentwindov(etstat[0],0.01,0.01,0, 99,0.49},
isetpercentwindow(rtstat[1]; .m.o.snr 0.99,0.99),
{ VALUES FORLIMITS } . o
 Gimeint 1= 30,0; sampleint 1= 0,3; miny = 0.0;
: mxy:-SODO; :t:- 0.75- mt_*r;i :

grid = 105 ’lmnwo'.halmn:wﬂ;:”. L e

sipnt t= 05 sal¢ sf 1= FALSE;
{tagsl0] i "Vlsmlt}" '
' tagell] = _'nmzty ,}
idok=1;
10):=0; S -
~ stinjtwindowcolors(rstat[0},7,0, 1 ,4,15,15,15),
" tinitwindowcolors(rtsta[1],7,0,1,4,15,15,15);
_."{mmmmcaorrmmuowmemcnmsmm
* USER DOCUMENTATION FOR A COMPLETE DESCRIPTION OF
SPECIFIC PARAMETERS } SR S
mpmﬂgfﬂph(m‘m] timeint, samplemt, 0, 200, S a.
" nt, grid, lalarm, halann, etpat, 1,1, V'scosity‘ ‘c?' h
tags, Te; I, vatoh); {viscosity) :
mwpmﬂmph(mtmmemt, sarmpleint, 1000, 1700, 1,
oty grd, lalarm, alocws, stpe, 1,0, Densiy’, g3,
tags, lcr I, mchf) {mty}

{ PUT A BORDER AROUND THE wmnows }
siborderwindow(ptatatf0), 15);
rtbo:dermndow(rtslat{l] ?5). :

BND, i

0o

S

o
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{Fhﬁuééwu#"='.—..==¥|=__=..--_.'mim_aiiu‘u_=:ésu#m'ﬁ"—f'-ﬁ======zﬁw%ubt=;sg:c@-v;mﬁwn#ﬁ-ﬂ;.}
. Procedsire Graph, update; o e
{updates real time scrol grph} o
yvelues[Of: =viscosity; D
yvaluesl[olwdenmly; L L L R
{ DISPLAY RANDOM bATA, U?])ATE GRAPHS AUOORDING TO PARAMRS
' SETINSQRQILSETUPCAI.LS} '
xh:pdatesumﬂgmph(rtsmt[l].yvalml), : _mma BACH wmmW}
INC(inden,1); e S
Brm;

BEG!N {w prograzs body}
.'nuh::.rr.-'u; Co . _ _ _
| indeuk:=0;'. o ' '
. SeUpGraph;
- Initislisey
" select: channels;
clear_data; '.
REPEAT
ﬁl'wﬁl-kl'
Sample; . - : : K S
. Gﬂﬁmeﬂrom,muﬁa,semnd,saclom. o L
- Bet, steps; : - R o _
: G_etAVgVeloeity(val); -
 GetViscosity(vel viscosity);
Groph_update;
opea_close valve(0,0);

o
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delay(mﬂu) o
Um(ﬂmmmﬁeﬂ))a
END, fmtin progmam}
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Appendix E Unprocessed data

a _Data fﬂf ﬂgura 6.3 - Height varsss t%me for the drainaga of different glycarol
| _solutlonss from a 12 mm tube - '_ N --fg
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| Data far figura 5 8 The relaﬁamsmp betwam % salids and apparent viscoslty ﬁ s
mine dump slurry as ohminad En'om rhacgrams generated uaing the Haalm S _' o
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Appendm F MCAD pmgram for s:mplnﬁed amaiytncal sulutmn
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- Appendm G - Ovemew of | prewous work |
A brief dnscnsmmt of selecibd pubhcahens is given in sequenhal order ufpubhcatm dates to |

| gwe the reader a feel for some mung hterature relamu to the rheology gfsu&-enmons and o )
sl T Y Ty

Clarke (1967) used a wnc@nmc cyhnder viscometer with nmvimon for recnrcuﬂaum mf snhds o
m hig-& “f’:'-*a jmental work. (See ﬂgure Al) He used quartz, glass and polymeﬂmylmeﬁmcrylatc
Tes sohd suspensxons in watm‘, using parﬁcle dﬁ@ete:rs of up 0 210 pm and volume pereant

solids of up to 0% Eﬁssuspenmonswerefoundtobemosﬂyddamnt He also found that -

the addition of detergent reduoes vmcomty wh:le. mcraasmg partxcie dmmeter, shear rate or
dens;ty mcraasm the vxscas:ty L o _

b

' ;-—-tlllm Inigrriam _ _
1 g LR . o
— 1 ay (foue) - : o
3 “{ﬁi‘.'mm mfw - .
§ = puripox buse | base :
eoprnw

' Figure A‘I Sectional view of system used bv Clarke (1967)

. .
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- Valentyxk"' (1970) Inve'sﬁgated fhe operation of what he describes as a continuous, on-line
_'mns:stometer Heusedasmmtoremovemeovermpamdesfmmthefeedmmmed

some encouraging results usmg # bobbin type rotary viscometer operahng at a fixed shear

- rate. 'Ihesamplmg systemheusedlspmwredmﬁgurehz

' 'Hansfmletal (1976) usedaBmokﬁeldmoometerforhumpenmentalwork. Healso
Tooked at models avallable from literature and made some comments on the usefulness of |
' eapxllary wseqmeters. He also derives the formulas relaung the shear stress to the shem-raxe

in the cup afal bobbin mangemmt. The effect of mncmtrahm, temperature and pH on the
" -rheoiogy of slumes is also exammed. . T -

N Jeft‘rey and Acrivos (1976) revxewed axpanmental and theorencal work done on the

- _ﬂaeologxcal propernes of suspenmns, focusmg on systems wntalmng Ilgld neutmlly buoyant
particles mxspanded in NewtOman ﬂuxda o

 Henninings and Boyes (1977} described e potential beniefits of better control of shurry .
- theology in milling circuits, They use a rotary cup and babbm vigcometer to obtain an.
~apparent vlscomtyataﬁxed shaarrate The system theyused to measure wscomty and E
density on an on-line basis is specmlly demgned to avoid settling problems and is refatively
simple, rehable, compact tobust and sensmve (See figure 2.10 for 4 schematic of the
mounnng setup of the viscometer) The mill discharge viscosity was automahcaﬂy controlled .
- by usmg the viscometer output signal to regulate the mill water addmon using & fwdback L

S o

- 'Boyes (19’78) peﬂnrmed field tests af an on-line slurry measurement techmque at the Sa%ge _ C

tiver mines dnd dcscnbes the main problems encountered which mainly relate to the choking
- of the measunng device, He used a Brabender *Consistometer’ process viscometer together
w:tth an Ohmart dens:ty gange. In lus paper it is suggested that an opnmum vlscosxty at’

. x»'
. Py

T
P
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o -Figura AZ - Sampﬂng system used by Valentyk (1970)

. which wet grinding nulls should operahe is 150 ¢ Polse. T was ooucluded that the viscometer
- he tested did wor}. but lacked long tarm rehabmty . _

Kimpel (1979) T.Jsed both a Bvokﬂeld and 2 Haake vxscometer n hl.s mearch and
| investigated the yamﬁon of sluny Faeology thh fineness of gnndmg He also dlsausses tha
o 'effects of wmcos:ty on mlll perfonnanca givmg the reader some mteresung mfomaﬁon.

. Ch'eng (1984) reviewad some 40 items df Iite‘ramre"dn vis tg ma;asmmms with slurries-
of sphancal pamcles and concluded that 1he stwdy shear pmperﬂés of & dfmse suspensmn ate
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- not chafactenzed by a unique viscos:ty or flow curve but are rather described by a
' dlsmbutmn of curves '

 Blaszezyk and Petela (1986) used a concentnccyunderwsmmeter modified 5o that a |
~ continuous co-axial flow could be obtained to eliminate setﬂing Their work concentrated on

coal-oil slumes Relauonsmps between shear stress, shear rate, temperature, mass fraction of B

solids and parucle size were detemuned for @ coaloil slutry. The power Iaw meﬁimmts
were ca!culated and their modified viscometer operated satlsfactonly wnh a voiume

 concentration of solids less than 0.4 as well as a maximim pamcle dmmam of Iess than 03
mmandawscosxtyoflessthansol’as | ' - o
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-' '_IJabak anrlYucel (1986) usedaﬂlraepmmeter modelto calcxﬂatathe shéarmcosityat

_ different shearfatesfomsuspensmn and obtamed rea;ultsm quxte close eomlanon with
-'_axpmmentaldatarepomdmhmme' I

m_ E
: 5'5

. -Abbas smd mee (193‘7} perfmmed axpmmemal wark cm tlie flow properhes of
o homﬁgeneous slnmem usmg a range of. Reynolds niumbers from 1200 10 30 000. ley worked
o mﬂxas:hmgel cfﬂorofurmslurryandused?&pm andzmpmd:ameterpamclesm
:_comentratmns up to 30% by“volume. They measmd the valuc:ty profiles of the slurry
 flowing in a pipe and’ the pressure drop across the pipe. One of their goals was 10 "establish
- the adequacy uf rhanlog:lcal models for slun-y flow propames 'I'hey found-that the presence
- of larger particles jn a slurry delays the onsel of turbulent flow. They fitted their profiles
. using the “law of the wall" model and concluded tha neither the Binghar nor the power law
T _'were adequate to descnbe the laganmnm: proﬁles they obmmed - &

Downward et al (198’7) gave sore advantages and dlsadvan!ages of capﬂlary and mtmy
_viscometers when used w1th gaspensions and examined factors effecting viscosity. He also
© disoussed practical problems he encountered with the usc of a modlfied Stormer viscometer
_ ' he used in his Iab test work. Problems included that of ahen partlcles eutcnng the beam1g _
- mechanism. Downward used feromhoun suspensms e B

Kawm and Eisele {1988) Ts:howad that mﬂhng eiﬁciency can be improved by beter control
. of\ slurry theology and that the rheology of the shirry effects not only the fines yroduction .

~and nullopmijon but also the separator performance.Heusedawp and bobbin vmcometer:
asshownmﬁgureAB -

~Montini am! Maoys (198&) r!escnbe a teuhmque for the measumment of slun'y conszstency

inside a grinding mill based on the rate nf slurry drainage from a conduchwfy probe mounted' -

through the mill shell. If successfully applied this measurerment would allow for tighter =
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- Figure A4 Schematic of coamal cylinder wscometar used by Kawatra and Elsela'
(1988) . S _ _ _

'control of  mill Sermviouf (sae ﬂgm'_z."-r and 2_.9)._:. -

. Moys (wss) mmugates the effect of sturry ﬂowmte and vxscomtyontheload behavmur .
- and howthesevanableseﬁ'ectnuﬂmgafﬁuemyandloadbahmour HeaIsodzscussesﬂle :
.'useﬁzlnessofcondncﬁnlypmbesinﬂlesheuﬁfﬂwmﬂlandtheuseofaforceprobe .

' mounted on the mﬂl shell was also examined (see figure 2. 8)

“Tengsathitkulchal ana Austin (1988) ui.ga 2 Haake viscometer to investigate the rheology

of concentrated slurrm of naturai size dmtribunon o ground coal and quartz, They founda

: yield stress at higher ocmcentrhtlons ofsahﬂs, ‘and a1§b fourd that percent sofids as well and -
| size dustubution are the two most important parmnetmkh gove.-mng slm‘ry rheo!ogy " o

R
e



_'Appendlxﬁ Lo e L L e e
__...sljmmgﬂzadﬁ.rﬁclas R ?398123'_

. Eierbst (1990} exammed the potentlal beneﬁtg of commiuuuon sysﬁem opnnuzatlon based on |

o -sawngsachmvadatvanausplantsaroundﬂmwoﬂd Heaisomcludessomacosﬂbeneﬁt '
" analysis for optimization projects Souroes of savings mctude 1mproved design (15—40%

o saving), better control (10-25% savmg), use of mdmg addmves (2—8% savmg) and use of
better macenals (3-14% ming} - | -

) .Nguyen aml Bnger {1992) gwe some mteresmng mfarmauon on tha dxfferent techn-gues used N
to measurethemcusity of fluids, The vatious shear stress formulas are derived for the’ g
different systems, They provide a good introduction to the ﬁeld ofrneoiogy of flids. He
pmv:des ths reader wzth mﬁeresting mfonnatwn ' = :
- Whitten at al (1992) exammed the mmsuremm{t,of pulp vmcosxty usmg capﬂlary _
wseometers, in pa:tlcular in the lugh shear rate regions for which turbulent or near turbulent .
| L 7ndmons exist, He found that slurnes have a less. matkqd tranmﬁon from lalmnar 0.
T du turbulent ﬂow and theonset ofmrbulencais delayed a8 thepercem: sahds in the sIurry xs '
. mcrmed. - : .
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._.Appendxx H Matlab and Pascal routmes for the numencni -
R bolutmn of the model -

‘DRAW.M

[x,v]—bdeﬁ('de',o 5 {1 o DJ), o oE
CBleGevGAN: T

'~ DE.M

 function der = de(x,v)
'%ﬁ'arametar X, v; v=(y,u) .

. mu=50/1000;
. rho=1200;
Km0, 001 ;

k1=s*muj(rho*o 005),
k3=0 5'
k4-=9 8;

der(u)ev(a);. .' | R
-.der(2)r~k1*v(2)+k2*v(2).“2 jv(1)+};3 /v{l)-}:&, o o P

oo
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el

3 ?z'og*ram RUNGE KUTTA; Input ,output) ;o
VAR to,ha vo,h,N,v 3 raal, '
data ¢ textn9*-

: Ccnst nu==80, o

: _rho=1425,'
' R=0. 006,

k”‘st ° U ,

-'ga-ﬁ B e Ce L
hst&ﬁo.-d&: ;e : l '

H]

Function I{V.Realj REAL,  _'

--"Begin '

‘Functian gtv,h Real) REAL
Begin i

g.=ga+ga*hsﬁ;r/ﬁ+k*v*vih~a*mu*v/jrho*nj;

.End,

' rocedu:e r K(tn voO,ho, at: REAL N3 intager) ;

Var k1,k2,k3,k4,tn,t, |
K1, kkz, kK3, Kk4, X¥n: REAL;
count Integer,

Begin - - . .
o ass:tgn(data,'c-\msc\rtmt dta')
. rewrite(data);

‘writeln(data,1);
‘writeln(data,100);
| tui=to;
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vngevo;
hn.,=ho,--7- —
For count;: D to _N:-i Do .
Begin =
-_'mriteln('h at t= (3 t‘. 2,4 is: 7, hn:ios rs,'and v ¢,tn24:2);
. Writeln(data,t: a,r._ f,n.4 3,v.4 3); I
Kis=dtrelvn); -
kk):=dtg(vn, l:m), :
| k2i=dtEE (Vnt0. 5¥KL) ; . |
| kkZ:=dtkg (hnt0.5%h, yn+o. 5*];:1),
~ k3i=dt*f (hn+d. S*hj, o |
. Kk3:=dtwg(hn+0. S*h,vn-l»o s%k2); -
_ _ﬂk4 =dt*fthn+h); T o S
o kka4s mdt*g(hn+h,vn+k3), e "-lu@;~*g :
ti=tidts S e Ny
" hnt hn+(1/6)*(k1+2*k2+2*k3+k4), S
:vns=vn+(1f6}*(kk1+2ﬁkk2+2*kk3+kk4), | - R
close(&ata)' o T o 3
_,End‘ .

R K(O 0,1.2, a 01,5003, {t0,v0,ho,delta time,no of intervals}
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