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I. INTRODUCTION

Mineral processing generally involves crushing and grinding of ore to release the valuable minerals. Although
crushing is a dry process, water ls usually added during grinding and fron this stage on the various mineral
processing steps involve slurry handling and punping. Within the constraints of the various process requirenenEs
it is desirable Ehat the slurry be as concentraEed as possible to miniEise both the size of the equipneo!
(capital cost) and pumping power (operating cost).

Slurry solids concentration is usually rnonitored by nuclear absorption density gauges and the various process
steps are controlled using these density readings. As long as the ore renains uniform this is a satisfactory
method of control. However with the inevitabLe trend towards lower grade and more difficult ores it is becoming
increasingly apparent that density control is not suffi.cient to obtain naximun efficiency. There are a number of
reasons, incJ-uding:-

a) Because the ore is 1ov grade there is more gangue material present t{ith the possibility of significant
variations in its properties. This can result in considerable differences in viscosity for the sane
concentration

b) Even sone high grade ores may exhibit a Large variation in viscosity and may have for this very reason been
judged too difficult to mj.ne :in the past.

c) Low grade ore requires processing of much J"arger quantities of material.
the highest possible concentration be used.

This rnakes it nore inperative that

In alnost all process steps it is slurry viscosity and not solids concentration per se which is the liniting
factor. The viscosity affects such such things as ball mi1l grinding performance, screen operation, cyclone
perfornance, nixing and agitatioo, sl"urry thickening and slurry purnping. Continuous on-1ine viscosity
measurement is an essential tool in increasing the future efficiency of all mineral processing plants,
particuLarly those using chemical viscosity modifiers. Slurry Systems have developed an instrunent which is
robust and accurate, makj.ng process control by slurry viscosity a practicaL aLternative to traditional control
by density.

2. TRADITIONAL MINERAL PROCESSING

The tradltional approach has been to operate at a conservative solids concentration such that any variations i-n
slurry properties do not effect plant performance. This generally means operating equipment such that the flo
is fu11y turbulent. Figure I iLLustrates the situation for pipe flow of a typical slurry. Consider Slurry A of,
Figure 1, The lower sloping curve on the left represents the laninar flow portion whilst the steeply sloping
curve on the riSht represents the turbulent flow regine. Transition between the two regines occurs at I n/s. Il
the oormal operating regi.on between 1.5 to 2.5n/s flow is Eherefore turbulent. This slurry behavior wouLd be
Lypical of a traditionaL mineral slurry. As the slurry concentration is increased the behavior changes froa 4
through to E. Between A and C there is about a 4 fold increase in the laninar presaure gradient but only about a
4OZ increase in the turbulent pressure gradient. Thus even large changes in viscosity have relatively 1j.ttJ'e
effect on the operating pressure gradient. However as the concentratj.on i.s further increased from C to E,
laminar flow now prevalls in the operating velocity range. The operating pressure gradient now increases rapidLy
in direct proportion to the viscosity. Operation in this region requires monitoring and control of rha
viscosity. Irlhereas once it was good enough to operate with slurry A with its large irfactor of safetyt' up ts
slurry C without najor effects on the plant performanee, this is no longer the case. Increasingly there will be
the need to operate continuously with slurry D in or near the laminar regine. Slnilar argunenta apply to otler
process steps.

3. Or"-LINE VISCOMETER REQUIREMENTS

: ::le:al processing plant presents an extremely harsh environment to any equipoent. An on-line visconeEer Es:
:. :::::3:., rePeatable, and re1iab1e, under all service conditions, requirlng a robust design. I{ith the prese:
::::::::: ::.:s robustness is achieved by keeping the instrument as simple as possible and by uslng well prora

:::;:::::: .:::: ?re already used extensively in the industry. The instrument Eust not ciog in- servj,ce e::

VoL-:



preferably self drain upon shutdown' Abrasive slurries can cause severe wear problems. The instrumenL designmust minimise !/ear' and if wear occurs, ii-srroura 
"ot "ri."t-trrJ-:.i"trur"rrt calibration. Any wearing componentsshould be low cost and their '.uplu;;;;;; "irJ.a.a .r "irpiy-.ri"n.i.tt, as possible. There are rwo most conuroni#Xi".'ir ff':ffi::f. ;#ii.ff:"'tu'" u"i rotational ,i".orut".". we chose the tube--viscomerer principle

- It is slmple
- A11 components are well proven in the industry- I: i" self draining upon shutdown
- lnere are no roovine parts (except for the flexing of the control valve muscle)- Measuring tube 

'iai-i" neglibie aru io-tr,u 1o;'";i.;i;y:-"iif-.esi"rance rube may wear but can easily andcheaply be replaced' controi u"r'""-or-lnis type are renowned for their ru"r.."iri.n.". rr. sleeve is easilyIii*3'f;j; .l'1..X"f,:.;j.the resistan;; ;;" does nor .ii""l'-in""."ribrarion, -it-,iri-Inry 
,.un the conrroi

5. WHAT DOES THE INSTRIJMENT READ?

For a Newtonian fluid the pressure gradient over a straight length of pipe 1s given byl

+ = 3zu H, (1)
''herep is Ehe viscositl, .v is,mean viscosity, and D.is the pipe diameter. Hence in a given instrument for alonstant flow rate the viscosity is-directiy proportional to tiru pr"""ure gradient. Muiiiprying ttre pressure:ransmitter signal by an appropriate factor ,ili gir.-.r"ir"tl."ia'lead out directly in viscosity unlts. For atron-Newtonian fluid this rtiaout ttp.u".ni" ihe eirectrue Nertorriai viscoslty at an apparent shear rate of gv/o:iliiil::: "ii"i:oil.,llil.::|,.;[;r":.j"il:.i"J 

;;;;;;';;;;i;::J." or non-Newtoniin-viscosrty it is quit"

lonsider the special case of a Bingham fluid which is often used to model_slurry behavior. The pressure gradlent;i.:ll:',ll:::,;"1*'lT i:'il:'I?:i;'"::"i:: auckingham-eq;;;r.;; valid at r,igr,",-"r,"". ."t.". Here 11 ,s :he

OF

The viscometer consists of a measuring tube in the shape of an inverted u mounted in the vertical plane. Thepressure drop across this u sectioi is measured ty " arrr.r.nai"l p.u""ur. trrn"ritt... The tappings aredesigned to prevent a build 
'p "i-""riaJ. Thev are'ai ;h;-;;;;"rarion to eliminare sraric head from rhepressure drop' The diameter of this u seciion is typically 5o;-; the flou rate through it such thal the mean;::::i:l ii";:""u 0'5m/s' ft'. uuiti.ur-loiiigu."ril,, ;;"-;;; Ioiia" 

""g."garion has iin.ma' inrluence on rhe

A magnetic flow meter, and a flow control valve are installed downstrean of the- measuring tube in a smallerdlameter resistance tube. B".;;;u-;f-;;J iigrr", 
".r".ity-ir-tiil".""i"tun.e tube rhe f16w is rurbulenr. Asdj-scussed previouslv ttre resisian;"-;;;; ruitulent tr""'i"-."iilive1y insensitive ro viscosity changes. Byappropriate choice of length of resisEance tube the p.""".."-aiJi*Ji.. iti. section..n b.-rao" much larger thanthe pressure drop over the 

"""utint-t,itJ-section-naki.ng tr."-loiur resi.stance of the instrument relativelvinsensitive to viscoslty changes. ttr"3 
""-tt" "rur.y,i".3ri;;;i;.", .rhe flow throulh the j.nsrrument changesonly slightly' slurry is nornilly 

"rppuua io-ttu i.r"t.ur"ni-uy;;;;;rg into the p.oc.s- stream and fluctuari.onsan pressure at the tapping point also-alter th" fi;;-;h;;igi.i."ifi5t."..r.. The control valve 1s operated by aprogrammable controller to naintain constant-f1ow tr,.orlrr-Eii"-in"i.ir"na irrespective,of process changes" Figure1 shows that changes in pressure .uu"""'iu.g. changef ir ,"i".iii'rnder laminar flow condit.ions but underturbulent flow velocity 
"iiet only 

";-.h.-;;uu.. root of pr."ru.""drop. _fry" incorporation of Lhe resistancetube means the flow is more inherenily 
"i"ur.'una it reaucol-tiI*ri.r..uq,ri.ed of the'contror valve. The lengthof this resistance tube is selected i. "rii-ttu r..a p.u"rur"--Irri-ii"."rr.ry viscosity range. with the control;i*:",f:'+ilf"'f":1il#';":::":il'j:;"lj:jl]::,:in::f.:::lj"'l di.....inaication oi the apparenr 

"1u;;t

APT 32nv--i2- + 16 31L
5D (2)

constatrt oyer typical

(3)

-: is not generally realized that for mineral slurries the ratio ty./n is relatively:cncentration ranges of inLerest. Assuming t1Zn=x -ii,ur; " * '--'" '

LP/L = ,Y (32 v/KD2 + l6/3D)
'-lr a constant flow rate the tern in brackets-is.therefore.approximately consLant anri so tre _iiei.d siress isrirectly proporlional to-the pressu,.u a.op. Hun.: fol.u si"gt.il'pi;"iic the insrrumenr can be cari:rarej tc reai:rt directly in units of yield stress. 5uuiou"ry Ehis is i"i 

"i.i.iry correct but if 
'j.eid s:ress rs :o:ror1r-sed to characterise slurry to""i"i.n"y'-in a particular industry then i.t may be a ccirr.enre::: :e:h:c ofil::::::;'::'rr3f. ::::::.the 

control ."pu6i1itv 
"i ah;-i;;.;;;;-i: unarrecred xhether ,-:,e :ear ::: is rerred

THE EFFECT U BENDTHE

-:e above considerations apply to a sEraight length of pipe. However, Ehls irstrLs€rt incluces a lg0 degree:::urn bend as well as a 90-algree uuna uisire"o*or tne'iirst;;;;i;r.. -{rso for pra::i.car reascns rhe pressure':ppings are large and wirl Jisturb irr"'ii"" and resulr rn "aJiiion.r pressure croo. ;)i:e t1l 3erermined::iperimentally that the i'ncreased rusi"t"r..-ire to a bend is a funciion of tae )ean n,.i:ber gir.en bJ.:De = xe67[ (4)
-..:'r'c.rrq rs nle 

^eynoros numDer and Dc is the dianeter of the bend c€nire line. -i-sing his relationship it can be'-:;n that for a given pipe size ana constani velocity rh" ;;".;;;"-irop arcund the bend ( -pl ) is given by:
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APU = Kb Ul-n pn

where p is rhe density of the fluid and Kxie. 
(5)

exponent n varies-bei";;"-d-";;'0:a]""rnois a constanE for a given pipe size velociry and bend radius. The
:ffi'l"':;i:;"ot)'picarry "b;,; ili."iili" il.;:' :ffiil:]Tr;flrli:"H:l,tl:dl*r;T*i:;.iiil;lii,:iir'i*:ll;
ApProxinating each oressure tapping as a dead tee the additional n(using i3l) Eo be directlv pilp.itii"ll*ro viscosity.-.rhe ;;;"3[::"H:o'ilrrfl:".il.thoe.tappines can be shornsimilarly directrv nroportional t",i""."i.y (equarion r). n!n"u-ttu ro.al pressur" dr;Jt.:;:-.1.""-"I 

"pipi""ll

ili-iiii' 'l:iffili 
nioio'ii;;'1"'"'iiSiil;.; 

;;;-;;;;:;"";-;;;r".tionar to ,,-". ;;',i;,:i::il.$':1i,ff..i;insigniricant so thlt to a good .pp.o*i,"Iilo :ff ::l:i"i.:S33il'J;"r'l! ;ff::[rT:Ir;:1."*'.fii".:li$i,"i;All of.the.foregoing applies t.o Ner/tonian flDevarajan ia: "E"Ji:a ti,. rio,-.i-i;;-i;r;il:;""ffi,;;";H;::,riil"il,:lirilf3.]ijri:.;".:t?:::. Mashelkar andof the bend is somewhat.greater tlln'in iiu.""" ot un EqriJuiJi. N"r.o'iun fluid. For. rll9.i.ur:-.r,":.rii".i."staLes that Ehe losses in ritting"l-' ."i"iir" ro thar "i'"-ll"rt."i.n fluid, increase ,r.nu:"glil^lrtJ iir..g=iiinumber and can be a ractor of t"" r'igh".-"ien the Revnoia" "*i..'i" ror. sr.'-h"'I;;"";'t";riff:":Xrl"flftTi;lirr'Tli: ;i:'::*:'' rr 
"n "iru.li,l'r"Iloni", R"i;;i;;;;ffi i" used based-oi-iilu-,n"*"to,iun viscosity which

lri:""1:i ;l;1;:::,i'ff::ff^:ri'il1i":r""d:'il:::",i:i n$i,,tl,l*tr.,i.;;i:*:r i"il.fi,fi:l"l: .fi:3.::;:;
7. ACTUAL PERFORMANCE

Figure 2 shovs results of. commissioning tests on a limestone slurrvield stress compared ro tr,"i,u"li;;;'i"'il. ruro.uto.y-oi; il#j,::;rff.:::.3,:ljg,rrl-:h":" rhe_ indicaredlnsEru'nent is seen to be reaaing ..".i"I.iiiv,"u*t ii'rJr.- iij'in"..rmenr calibrarion l!3r"lu.: rr,"-.r-ii""
ilti::ii'i"fil.lnli.i".'" 

to giv; *'u ti,""."uaing. rr,"iu-i" 
"oiu^l"".... or rhe dara b,.':l :l1pll u"-.i:,"i"i

,,o"r ri.r"iy-gi;; ;-;i.ii# ::;.::tj;':::.;1;;oneters. uuu"u.","niJ i.n t,o aiiru.J,r-i"u".i.llrtl:.:ff1.i:Jil,li
B. CONCLUSIONS

:::i:rilil x.":lm:"li:::l,ii"i"]i:hl: ^lir',';H:,iHTII:r'"i""":i;:g"fl,".rn.H.rs,and 
,he rigorous

"r.u""_fn=a-, n.=.i;i.Jn,rrcoorrionar to rluid vtscosiry. i;;;;il;ilr";r:::il"H""i:"::::-:h1:-_:n" .urpii-,iJ,", to sive .."ai,r"-r^'i:ff':J;""ft;..,11ffi:il.:::::;;;";;."il";il;:nt displays rn.. fi"ij
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