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1. TINTRODUCTTON

This paper Ls concerned with the rheolopy of slurries. In particular most

emphasis will be placed en the rheology required for long diztance punplng

applications. Following Thomas [L] the three major regquirements of 2 long

dizstance Lype slurry arae:

fa) Tt must be able to be pumped in the economic veloeity range 1.3 to L.H mﬁ_].
This range has been found [2] to provide the mest economic cost balance
hetween operating (pumping) and capital (pipeline} costs for all liguids
whether they be water, oil or slurry. Ho depositlion of golids must occur
at this velocity. Indeed te allow some facter of safety the depositc veloc-
ity, defined as the welocity below which a statiocnary hed of solids forms,
should net exceed say 1 ms—1l,

fby At the operating velacity the pressure gradient should be as low as
poasible,

fed It must be capable of belng stopped in the pipeline for a few days and
flow restacted witheut difficulry.

With these reguirements is mind the differenc types of slurries can be considered
as to suitahilitv. Three main slurry types can be identified depending on
whether tha slurry contains all coarse particles; all colloidal size particles;
or g mixture of both coarse and colloidal particles.

2, COARSE PARTICLE SLURRIES
2.1 Geperal

A cearse particle slurry is defined as one in which all of the particles are
sufficiently large to preclude zny colleidal effects. Typically this requires
all particles te be preater than about 30um, e.g. beach sand. Fer these slurries
their pipeline performance can be predicted from the physical properties of the
solid and liquid phases, namely particle size and density, and llgquid density

and viscosity, [3,4,5,5]. WNo rheolegical investipaticns are necessary. 1IF

the particles are.fipe enough they can be made to meet the first Cwe Tequirements
of a long distance slurry. The appropriate criterla are given below.

2.1.1 Deposit welocity

Thomas [5] has presented a method of predicting the deposit velccity for these
alurries. The equatiens nead not be given here but essentially it was assumed
that there are two factors affecting the deposit welecity, one due to the
settling tendency of the particles, and the other due to viscous sub-layer
congiderations,



Using that theory and setting-a limit of 1 m=—] to che depasit velocity resulls
in calculated eritical particle sizes af 170 pm, 55 jpm, and 15 wm for coal,
silica sand, and iron are respectively in a typical 0mm pipe. Thess then are
the particle sizes required if the deposit velocity in lIatge pipe =lzeés is to be
kept below 1 ma-l,

2.1.2 Criterlon far pseuda-homopensity

It iz generally agresd that the degree of turbulent support of a partiele depends

on Lhe ratin of particle sectling velocily to friction welocity, W/vE, Thomas [7]
atated that pscudo-homogensous flow pecurved for WV <0.2, Wasp et al [B] bazed

their appreach on the concentration distribution within the pipe. Their criterion
far paeudo-homogencity can ba re-written for particles In water as

WiV 2,035 (1

where W is the particle settling wvelecity and ¥% is the friction welocity. An
examination of avellable published data, e.Eg. [0], indicates that this latter
criterion is most appropriate.  Applying this equation to coal, silica gand, and
iron ore slurries flowing in a 300mm pipe Tesults in critical particle slzes of
120 ym, 58 pm and 56 ym, respectively. These alges are somewhat similar to the
ones caleolated for deposit wvelocity,

2.2 Abdlity co ba restarted

Although these slurries, if Eipe epouph, can meet the first two requirements for
lang distance slurries,they do not meet the third requirement. With these
alurries if flew i3 stopped the particles immedistely settle to the bottom of
the pipe to form a bad of soldds. Upon restarting the flow an even pickup of
aolids may not always occur with the pessibility of leocallsed plugs forming.

This possibility, however remote, can not be telerated in a pipeline perhaps
hundreds of kilametres in length. These slurries are therefeore only sultable for
pumping ashort distances.

3. COLLOIDAL SLOERTIES

This class of slurries consists entirely of collefdal sized particles, e.g. clays.
They have traditicnally been the cnes of most interest to rheclopists. Because

of the very fine particle size beth the wvan der Waals ard the clectro-static
forces become significant ralative to the inertia forces con each particle. Often
these slurrfes will exhibit non-MNewtonian properties such as a yield stress, shear
thinning, 2nd possihle time dependency. Although some work has been dene on the
micre-rheclagy of these slurrieg, e.g. [10], it is not yet possible ta quantify
the rheplogicsl properties using the physical and chemical properties of the solid
and 1ifquid phases. Because of this it {s therefore necessary to perform rheclo-
gical tests using viscometers on each individual slurry to determine its proper—
ties, Once these laminar flow properties have been determined the laminar and
turbulent flow behavicur im a pipe can be caleulated, Although these slurries

may settle slowly under statie ceonditlons, when Elowlng In pipes they are regarde:d
as non-settlipg, pseudo single phase fluids. Az mentiened, these slurries some-
times exhibit time dependency or thixotrop¥, E.5. [11]. This phenomenocn usually
enly occurs at high concentrations. It is not relevant to leng distance typs
glurries, and #o will nat be considered further.

Fig. | shows results far 2 7.5% concentration of kaolinite clay in water tested
in a 7.7mm diameter tube viscometer and 18.9 and 105mm pips loops [12]. It can
be seen that excellent agreement aver this 13 to 1 range in pipe diameters was
ohtained and thar the Bingham plastic madel with r, = 7.7 Pa and rgy = .004% Ta o
ig appropriate at high shear rates. Although not ®vident in this plot the low
shear rate data belween 5 and 150 sec—! follow the power law model.  Such behav-
iour is typical of time independent colleidal slurrles. These CYpes aof slurries



have received a lot of arfepcion in the literacure [13] and will not be considered

here in detail.
can be scaled up from

Sufffce to note that the laminar
19
tha flow curve, such as Fig.

flow behavicur in any size pipe

1 [14].

This can be obhtained

divectly {f using a tube viscometer and indirectly [! employing a rotational

instrument [173].

[f turbulent £low data In small size pipes or tubes is available

this can be scaled up to larper size plpes using the method of Bowen [15]. IF
only laminar flow data is avallable there are numerous prediction methods which
can be used [13] with che ones based an the Bingham plastic model seeming mast

appropriate since that is the model wsually applying at
author has Tound the most accurate method to be that of
1 replocced as
Revnolds number based on the plastlc wiscosity.

example Flg. 2 shows the results of

Thamas' prﬂﬂ*ctian i ijdfﬂt

recent theory of Hanks and'Dadia [17].
bohavieur depends on two dimensionlesa variables,

Hedstrom number.
Hedstrom Fumhers greaktar Chan 108,
of 3.9x107

Fig.

high shear rates.
0.5, Thomas
friction factor wersus
Reazanable agreement with D.i,
Also shown are the predicted curves wusing the more
This theory malntaina that the turbulent
the Reynolds number and the

It pradicts friction fectors sbove the Nikuradse line for

Tha

[16]. For

The 105mm plpe data invelve a Hedstrom numbor

a1t 1s clear that this data dees not fit Hanks and Dadia's theory.

Furthermore the gradual transition to twrbulence predicted does not occur,
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Returning ta the three requirements for long distance type slurries mentioned in
the tntreduction. Sloce colloidal slurries cam flow in either the laminar or
furbulent flow regimes‘and can easily be atopped and restarted they can generally
ke tailored ta meat all three requirements. However reflection on the Tlrab two
requirements and consideration of Fig. 3 will show that the maximum yield stress
which can be tolerated is abowr 10 Pa. 1f the vield stress is greater than this
che slurry will flow laminarly at 1.8 ma~! with a higher pressure pradient than
{f turbulent [law were present, With collefdal slurries a yield stress of 10 Fa
pan e reached at gquite low solids concentratioms. For example the kaolinite
slurry of Figs. 1 and 2 would have a yield stress of 14 Pa at a volune concen-
tration of about 9%. Thus, although 1t would just meet 21l three requirements ol
a lonp distance slurry at this concentration, the amount of solids transporced
vould be tom 1ow to b® cconomic. (c.f. typlocal concentrations of 25% for irou
are and 40% for coal presently pumped over long distances).
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4, SLURRIES CONTATNING BOTH CDARSE AND COLLOTDAL SIZED PARTICLES
4.1 Turbulent Flow behaviour

It has been seen how coarse patticle slurries cap meet only two of the three
requirements for leng distance pumping. Colloidal glurries can mest all three
requirements but the zolids concentrations are tod low to be economically prac-
tical. 1t is perhaps net surprising that a slorry composed of a mixture af hoth
Lypes can be made te meet all three requirements at a teasonably high sclids
concentration. Ideally the slurry should contain sufficient colloidal material
so as to prevent the coarsest partlcles settling when a pipeline is stopped, but
not sa much as to force the operating concentratlon any lower Chan necessary.
The colloidal material is formed during a grinding eperatieon, both directly by
the comminuition and also indirectly in the case of heterogeneous materials such
as eoal by liberation of existing colloldal material. The prinding of the solids
naturally results in a continuous spread of particle sizes. Thus, although the
median pareicle size will be similar te chat calculated in Seccion 2.1, the max-
imum particle size might be about an order of magnltude larger. For example a
typical coal slurry might have a median particle size of 170um and a top size of
1 &mm [18] whilst an fron ore slurry might have a median size of about L7um and
a top size of 100um [19].

The alresdy mentiomed criteria for deposit welocloy and pseuda-homogenelity can be
applied to the coarse=t particles. The problem arises as ta whether thay should



he envisaped as belng suspended in a glurry composed only of the colloidal frack-
fan or in the total slorry. PFor the settling component of Thomasz' deposit veloo-
ity equatlon [5] and for the homogeneity eriterion, egquallon I, it would saem

most appropriate teo usesthe total slurry properties. However for the viscous gub—
laver component of the deposit velocity [5] it would seem perhaps more relewvank Lo
use the properties of the colleidal portion only., In all cases the limicing
vigcasity at ligh shear rates, the plastic wviscosily, would seem to be most Telev-
ant although there [a seme evidence Lo supgest that the yleld stress may alan play
a eole;

That the selection of the approprlate preperties is net a simple malter can be
judged by considering the gituation with simpler Hewtooian fluid=s. In the case of
neutrally buoyant particles in a Hewtondan fFludd it was shown by Maude & Whitmore
[20] that the viscosity measured under laminar flew condlitions in a vlgcometber 1=
pot alwavs Televant to thqgfnrbulenr Flow case. In particular {t was found chat
if the particles were larger Lhan the vigcous sub-layer thickness the turbulent
pressure gradlesnt was a let lower than expected and was in fact clese to that of
the fluid flewing alene. This can be explained if it is asgumed that particles
larger than the vlscous sub-layer can not reside within that layer and so capnot
influence the wiscosity in that regicen. Tt then fellows that the appropriate
viscosity in the wall regien is the Fluid viseosity and not the slurry viscaosity.

This "wall slip" effect was also shown to cccur with a coarse cpal In clay slurTy
[21] where addition of 18% copeentration of coarse coal caused virtually no
fncrease in the pressure gradient above that of the clay alone whereas additlon
of a fine coal to the same clay ¢1d cause an increase.

A1l of these wncertainties as to the correct praperties to use are competnded

when it eemes to egltimating the turbulent pressure pradient by the wuncertainty as
co which theoretical model ta use. As was the case with the colloidal sluerries,
0.G. Thomas' [1&] prediction method has been found by the author to be the most
snitable. Certainly in most cases a single effectlve ylacosity can be wsed to
seale-up turbulent pipe £low results. This indicates that the second parametet of
Bingham plastiec flow, the Hedstrom number, is not significant which is in conflice
with the theory of Hanks and Dadia [17]. However for higher yield stress slurries
+he guiher has sometimes found a dependence on the Hedstrom number more in agree-
ment with lanks and Dadia, A tentative explanation may be that the relatively low
vield stress of long distance type slurries combined with the large preporticn of
non-collofidal particles results in inertial effects masking the non-Newtonlan
affects. This causes the behavicur to approximate Hewionian behoviour moco
closely than would atherwlse be the case. Obwipusly much further work is required
in thi=s area.

4.2 Statie settling behaviour

To ensure that a plpeline can ba restarted after a prolongel stoppage the alurry
must he stahle under statie conditions. This means either that no settling takes
place at all or if it does that all particles settle en=-bloc with ne segregation
of the particles during settling [2]. To possess this property = slurry must
eontain sufflecient colleidal sized particles to cause the vehicle portion ta
exhibit a yield stress [1]. This yicld stress must be large enough Lo support
the coarsest particlies, Tt is now penerally agraed that an equatlaon of the form

. EE d[np—p] {2)

{a appropriste with the wvalue of the conatant, lt, variously reported as G.17 [22],
087 Lo .10 [23] and .092 [1]. In this eguatfon 7 denotes the yield stress of
the wehicle (colloidal) portion, ® is the gravicational constant, d is the part=
icle size and p_ and p ave the densities aof the particle and vehicle respectively.
It will ba s¢en’ later how the presence of non-colloidal particles Increases the
vield stress aof the slurry above that of the vehilele alone. Typically this



increase 13 of the order about fiwe [old mezsning that if the yvleld stress al the
total slurcy is used in equation 2 the walue of the constant hecomes 0,56 based
on k= 2092, 1.e, -

T = 0,46 Rd{np—p} {3]

Congideration of this equation together with Fig. 3 will revenl how Thomas [1]
arrived at maximum allowable particle sizes of Jmm for coal and O, 3mm for irom
ore [or turhulent Tlaw operaticn.

4.1 Laminar flow behaviour

Tt haz heen seen how che requirements for econcmic leng distance transportation
are achieved with industrial slurries. Throughout the discussion the differences
hatween the total slurry properties and the properties of the callaidal fraction
only, have Eiputed pruminﬂn?ﬁy‘ The effects that coarse particles have an the
rheolegy of colloidal slurries have received virtnally ne attentlon Iin the liter-
ature. To help rectify this situation the presenl authar has performed a number
of experiments in beth a tube viscometer [24] and a rotatlenal viscometer [25],
adding coarse, non-colloidal particles to coagulated clay glurries. Tig. & shows
typical results [25].

fnalvsis of these results has revealed that the plastic wviscesity is increased in
an analogous manner to the Elpstein type increase in viscesity of a Mewtonlan
suspension. For example, the equatlon of OLliver & ward [26] when adjusted for an
assumed maximum packing concentvation of 0.80 becomes:

= ~1,94C 4
Mgy = 1/{1-1.940) (%)
where € 1s the wolume concentratlion of coarse particles. This has hean found Lo
describe the hipgh concentration data reascnsbly well.

In the case of the yield streas the theory of Hashin [27] for the effect of rigid
apheres In an elastic medium shauld be relevant a low concentrations. For an
assumed Poissons ratio af 0.5 he gives:

e e | S el 05
Although the evidence 1s not cenclusive, the present data appear to fndicate a
greater dependance on C than given by this equation. In fact the higher concen=
cration data Follow a similar expresslon as the Oliver & Ward viscesity relationm,
equatlon .

[t has long been recognised that the yield stress al ¢olloidal suspensions varies
spproximately as the second or third power of volume concentratlon [10,28].
lowever it has alss been noted that industrial slurries show a much stronger
dependence, saometimes vwp to the 7th and &ch power [1]. This can he explained hy
the effect of the coarse, non-colledidal partlcles. Assuming that the yield stress
of the colleidal fracticn varies as the cube of volume concentration and assuming
the Oliver & Ward relation for the effect of the coarser particles the following
equation for relative yield stress results

3
K [(1-x)Cf (1=xC]]
Ty,rel (1-1.94%0) (8]

In this eguation C fs the total solids concentracion and x f£5 the proportion of
the cosrse particles to total solids on a wolume basis. K is 3 vonstant which
depends on the degree of coagulation of the eolleldal particles. Fig. 3 shows the
predicted variation of yield stress versus total solids concentration for two
difFerent ratice of coarse bto colloidal particles, 1:1 (x=0.5) and &:l1 {=x=0.R8).

It can be seen thal the slape changes from 3 Eor the all celloidal slurry to b at
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407 concentration Tor % = 0.8, Higher values of x and higher concentrations will
give even greater slopes. Alse shown on Fig. 5 are the results of experiments by
the muthor [25] on three different slurvies: a kasolinite slurry; a slurry con-
sisting of equal proportions of ceoarse (Zircon) particles apnd kaolin; and s

alurry conzisting of 4:1 ratio of Zircon te kaolin, The agreement belween theory
and expetiment 18 good for the l:1 ratio but poor for the &4:1 ratio. MNewvertheless
even in the latter case the cortect type of salape is predicted.

The abowve discussico reldabes to situaticns where the settling of coarse partlcles
during laminar Flow ia inaignificant. This may not always be the case. Thomas
[29] showad that particles which were completely nen-settling under static condie-
ions In a particular colledldal wvehicle sometimes settled quite readfily under
laminar shear. The particle settling rate was found to depend on the effective
vigcosity at the shear rate in question. Similar effects occur im laminar pipe-
line flow. For example Fig. & shows results abrained by Thamas [30] in an 15.9mm
pipe with twa coancentrations of a loam slurry. In both cases pseudo-hemogeneous
laminar flow is evident. From these [lew curves the laminar Flow behawviour in
any sfize pipe can theoretically be cbtained. Fig. 7 shows that in a 105mm plpe
the 39% concentration behavicur was accurately predicted bhut that the Iowar
concentration slurpy was oot able to sustain laminar flow. Thus the conventional
rheological appreoach based on an assumed homogeneity Falled. Roth of these
slurries were completely scable epder statle conditions. Furthermore it was
ghown [30], at least for laminar flow of Mewtonian based slurries, that slow
settling of particles can take place along the pipeline. Many kilometres could
theoretically sometimes be required before the full seitling effects became
manifest meaning Lhat test results in short loops may not be relevant. Whether
this is alsa the caze with nen-Newtenian based zlucefes 9 oot veb clear.
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5. VISCOMETERS

Bath eylindrical rotational viscometers and tube viscometers can be used to
measure the theological properties of industrial slurries. Rotational viscometers
are convenient, e€asy to use, and only require a small sample. However asettling
prablems menticned sbove van be a preblem.  Furthermore, to aveld gross errors,
the gap width between the bob and the cup needs to be at least abput three times
the largeat particle size. In the case of cosl slurries especlally, this may
mean that conventional bob and cups mav net be able to be used. One means of
averceming the problem is to wse s hob in a very large container (effectively and
infinite gap width) buc this seriously limits the shear rates which can be
phtained and may make it diffficult ta abtain the Bingham parameters applying at
high shear rates.

Both the probklems of low shear rtates and the settling tendency can be cvercome

by using & wertical tube viscometer. The traditional batch operated type can be
used [12] but they tend to be cumbersome and zlow to eperate. In the present
author's apinion much preferred is a small pipe loop confipuratlon say up to 20mm
pipe diameter where the slurry is continueusly circulated from & tank wusing a
centrifugal pump similar to that described by Thomas [2L]. If this were con-
structed so as ta allow bath wertical and horizontal pesitloning of the pipe it
cauld be even more useful, In the vertical conflguration laminar flow data could
be ohtained even at fguite low velpcities without settling being too great a
problem. In the horizontal confipuration turbulent flow data including possible
daposition velocities could he abralned.

. COMCLUSIONS

Three main types of slurries have been identified depending om whether the slurry
contains all coarse particles; all colloidal size particles; or a mixture of both.
Feonemic consideratinns on epperating wvelacltoy, pressure pradient and solids

concentracion together with the avility to be scepped and restarted were found to



exclude a1l but the thivd type of slurry for leong distance pumping. The behaviour
af this class of slurry, under static, lamimar and turbulent conditions was
discussed, It has been' seen how redquirements for seatic stability placed limic-
atlons on the maximum particle alre for long distance pumping. Some new results
for the effect of coarse particles on the laminar behaviour of colleidal suspen-
sions were presented. MHowever it was noted that conventiomal predictlen and
scale-up techniques may not always be applicable because of settling effeccs,
papeclally in large, long pipelines.
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