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1. INTRODUCTION

There is an increasing interest in the pipeLine transport of rtstabilizedrt slurries consisting of coarseparticles suspended in a floccuLated fine particLe carrler fluid or "vehicLe", (1,2). -it,i"--I"i""pt 
f"particularl-y relevant to the Australian..coal lndustry where it holds promlse of economic transportatioaof lump coal. The flocculat,ed 'rvehicle'r portions of such slurries por."". a yield stress and canloosLy be considered as Bingham plastics. Under static conditions lhe yield 

"t.""" of the vehicLesupports the coarse particLes (3) and prevents them settl"ing to the botiom, hence the t,erm rstabilized,r.
This is a most desirabLe property as i! means that such slurry plpelines can be easily re-startedeven after extended periods of shutddwn. The high yield stress'requlred to.ensure staui.tity of suchcoarse particles means that, at the normaL pumping velocities of 1 to 2 ms-l, these slurries r"rill flowunder Lamlnar conditlons. Hence the flow of such slurries can be analysed 

"" th" laminar flow of aBingham plastic containing coarse particl.es of size such that they do not settle under static conditionsbut may settle under shearing.

There have been a number of investigations into the settling of partic!.es in stationary BinghampLastics (e.g. 4r5,6) or the drag of stationary particles in moving Blngham plastlcs (ZrA)." Neitherof t'hese two situations are dlrectly relevant iince the present concern is with particles which donot settle in stationary Btngham plastics and which, in a flowlng plpe, are moving at nearly the
same horizontal velocity as the fluid.

2. CONDIIIONS IN A FLOI^IING BINcHAIvt PLA.STIC

when a true Bingham pt astlc flows ln a pipe at low flovr rates there exists a sheared reglon near thewalL together with an unsheared plug in the centre where the shear stress, T, is less than theBingham yield stressr TB. since the true yield stress is generally less iiran L the pLue will besmaller than the Binghaffi model suggests but some unsheired region wttt sttil. p.8.r"r"uiy-;;;;. -i"
this reglon the floc structure is undisturbed and so it would be expected there that particles whlchwere stable under static conditloos would also be stable under flow conditions. rn contrast, partlclesin^the sheared region near the walL would be surrounded by a broken fLoc structure and so would settle.This paper is concerned with quantifying this settlfurg 

""i" ln the sheared reglon, the approach betngto find a representative viscosity whichr, if used in ihe appropriate equation (e.i. stot""t law),wil'L quantify the settling rate. since the particres 
"." i.rrirrg transverse to-tir" main direction ofshearing the probLem is, in effect, to find i representative tttr;nsverse,, viscosity, n a.

rntuitively \ could perhaps be expected to equal the effective viscosity in the direction of primaryshear, rl ., gifen b),

The settling of particles in the annulus of a cylindrical viscometer nhose axis ls vertical, involvessettLing transverse to the main direction of shlaring and so is anatogous to the pipe flow situation.rt represents a convenient way of studyrng this phenomenon and .o " "uit"ble viscomet", ,""-uriii---out of clear perspex.having a cup diameter of 146 rmn, a bob dlameter of 1I4 nun r"d;-i;";;i 
"i-iis *".The annulus gap width of 16 nrn was a compromlse between the requirements for a viscometer of apreferably narro&, gap and the need to minirinize waLl effects duiing settling of reasonably sized particLes.

n* = \/S ( 1)

(2)

However another posslbiLity is that na is equaL to the incremental viscosity in the direction ofprimary shear, rlir given by

rl " =
1

d t/as

This ls feasibLe on the basis that the fLoc structure is already brokea to some degree by the primaryshear so the reLevant viscosity reslsting the particle movement is only the incremental viscoslty.
3. PARTICLE SETTLINGdESTS rN A ROTATTONAL VTSCOMETER

3. tr- Instrument,ation 6. procedure
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A recess ln the lower end of the rotating bob meant that an air pocket, formed thereby ensuring that the
contrlbution to torque of the lower end was negllgible. The torque r^/as measured by a spring d)rnamometer
on the drive shaft.

The particles chosen were glass spheres of nominal diameters 5.0 and 2.5 rnm of density 2500 kg m-3
and steel spheres of diameter 3.175 nrn. During settling tests with Bingham pLastic suspensions
particles settling in the annulus were not vlsibLe. To overcome thls a fLexible pLastic truncated
cone could be fitted to the bottom of the rotating inner cyLinder. Particl-es released in the annul"us
would faLL, without being vislble, untll they reached the cone where they would be swiftLy swept out
to the outer wa1l and become visible. The 2 rmn gap between the outer edge of the cone and the outer
waLl, prevented the particles falling any further and ensured that they contacted the outer waL1.
Havlng noted the time taken, the rotatlon could be stopped and the particle pushed dotTn past the
flexible cone using a rod to faLl to the bottom of the viscometer. The annuLus and cone area was then
free of particLes and ready for the next te.st. When torque measurements wexe taken the cone was removed.

3.2 Calibration with Newtonian Fluids

Experiments were first conducted with a Newtonian fLuid (glyceroL) to determine the lnfluence of the
walLs and the relatively short axial Length of the viscometer on partlcle settt ing velocities both in
the middle of the annuLus and at the walL both with and without ro*ation. The lnfluence of the bottom
cone was also studied. Fluid viscosities betrveen 0.6 and 0.8 Nsm ' were used as these resuLted in
similar settLing rates as in the chosen Bingham pLastic. The conclusions were as follows: With zero
rotatioathepartic1esettI.ingratesfor5rrnnand2.5nmg1assspheres@
were respectiveLy 90% and 957" of the unhindered value obtained in a 1.5 m high 75 rrn diameter settling
cylinder. This reduced value represents the influence both of the narrow gap and of the short height
avaiLable. Particles released touchlng the wall stayed in contact with the walL during their desceat
aad resuLted in settLing veloclties respectively 507" and 43% of the unhindered value. Rotation of the
inner cylinder at speeds up to the maximum used in the Bingham plastlc tests (140 RPM) produced no
detectable effect on the settling rates. The presence of the cone $7as found to cause negLlglble effect
and it was aLso observed that the time taken for particles to be shTept out after reaching the cone was
negligible compared with the descent time.

3"3 Rheology of Bingham Plastic Suspension

The experiments were conducted with a Chlna Clay, ttEckalite 2tt, marketed by KaoLin Industries Ltd,
Pittong, Vlctoria. Tvo conceotrations were testedr 7,97" and 11,.0% by volume, the resul"ting densities
of the suspensions being 1110 and 1150 kg *-'. In all reported tests the spheres were stable under
static condltions in the relevant suspenslons. The rheologicaL properties were abl.e to be determined
in four different ways; from tests ln 9.41 qrn and 105 srn horizontal ptpe loops, with the rotational
vlscometer just described, and with a Brookfleld rotationaL vlscometer. The results for 7.97" concen-
tration are shown in Figure 1 plotted as shear stress, T1 v€rSUS true shear rate, S. It ian be seen
that the data for shear rates abgve l0Q0 sec-r flt a Bingham model with a yieLd stress of 10.5 Pa and
a plastic viscosity of 2.4 x 10-r NSm-Z. A slmilar plgt for^the 11..07. concentration lndicated,a yield
stress of 25.4 Pa and a plastic viscosity of 3.8 x 10-r NSm-Z. At shear rates below 1000 sec-r the
data are seen to faLL away from the Blngham line.
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Figure 1 : Rheology of claY susPension ob ta ined in various instruments.
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Figure 2 shows the results for both concentrations plotted on t"og-log co-ordinates. It can be seenthat in the range 10 <s< 500 the data closely follow the power law model with slopes of 0.15 and 0.125for the 7;9 and 117. concentrations respectlvely. There are considerable differences betrreen the results
from the different instrumeflts but the variation oftwith S is slmllar ln all cases. The 9.41 nun pipe
Loop results are consLdered the most accurate and the power law modeL fitted to this data results inco-efficients of 4.1 and 12.0 for the 7.9 and 117. concentratlors respectiveLy.

Behaviour such as thls ls typical of flocculated suspensions as noted by D.G. Thomas (9) and shows
why the term,Blngham plastlc can only be used Loosely with regard. to these materials. At shear rates
below 5 sec-r the shear stress falLs off rapidly with greatly lncreased scatter. For 7.9% concentrat-
ion the static yield stress measured using the Brookfiel.d viscorneter lay between 1 anil 2.5 pa depen6ing
on the bob size and the initial speed of rotatioa.

The shear rates in the rotational viscometer settLing tests ranged from I,2 to L30 sec-l so the power
1aw model is most reLevant, .Using thls model. and lorowing the g6ometry of the viscometer and the- speedof rotation the shear rates at any position across the annulus were calculated using the method ouilined
by Skelland (10). The shear rate varied considerably aeross the annuLus the vaLue "t the cup belng
abolut l/25th of the value at the bob. As mentioned previously spheres were reLeased at three posiilons
across the annulus; at the bob and cup walls and ln the middle. The relevant shear rate was assumed
to be that existing at the radial posltion of the centre of the sphere. Thus for 5 nrn spheres the
shear rate for partlcles falling ln contact with the cup wall. was caLculated for a radius of 73 - 2.5
= 70.5 rrn and so on.

3,4 Discussion 0f Results

The measured settLlng velocities ln the clay suspensions were adjusted by the factors givecr in sectlon
3,2, the assumptlon being that the waLl and other effects would be simiLar to that observed with
Newtonian fluids. These adjusted values were then fed into Stokesr equation and the effective
transverse viscosity, I a.r calculated. The results are shor.m in Figure 3 plotted as nt versus shear
rate, the Latter values-being calculated for the radial posltion of the centre of the-spheres as
explained in the previous section. Also shor.m on this plot ls the variation of the effective
viscosity, ne, with shear rate.

A Large amount of scatter is evident. The troo major reasons are liiely to be firstly the uncertainty
as to the true radial Positioa of the spheres during settling ln the opaque suspensilns and secondly
the possibility that correctlons for gap and wal.L effects are not the same as in a Newtonian fluid.
The radial position of the spheres is known accuraleLy only for these released at the cup in which
case they clung to the waLL and were visibLe during descent. For spheres rel"eased ,rerr Lh" bob andin the centre of the annulus their radial position can only be assumed. Even slight errors in radial
posltion wilL cause large scatter on Figure 3 because the shear rate varies so ,.ik"dly across the
annul,us. Urrfortunately fP"T those spheres whose radial position is known accurateLy (tirose at the
cup) the correctior for wli1l effects ls largest meaalng that any devlation from the Newtonian fluid
vaLue wlLl cause a correspondingly Large error in the calculated value of nt
In spite of these problems it wouLd seem that the transverse viscosity ls much closer to n ^ than torlrr which for the 7.9 and 117. concentrations, is respectively 0.f5 and 0.125 of n_. Whetf;errl - is
in-fact- equal to ne, with the discrepancy beLroeen the tr^ro on Figure 3 being due toeexperimentalEerrors,
or whether tt is dlffereirt but of the same order is unknown at present. The result,s ior the 7.97.
concentration seem to indicate nt=1.5Iu whereas the results for LL% couLd be interpreted as indicat-
ing n t=rlo. The possibility of a-differeice betrreen the trvo is reinforced by the observed onset of
rotatfonEl lnstability lndicated by the squares on Figure 3. These were obtahed as fotlows:

9r

Bingham rmodeE Pswer Eaw mrtodel

o
x
a
A
fi

g'41 mm pipe
105 mm pipe
Brookf ietd
RototionoI
B'5 o/o rototionol



s 5 mm gtoss of bobo 5 mm gloss of cupx 5 mm gloss in miiJdte
+ 2.5 mrn gtoss of cup
# 3'17 rnm steel of cr"ip
m Tnyto r insto b itity

conc. -qt

A
N

I

A
el

I

E
a
z\,

i

I

k
f'

i

r+

I-

F
i

I
i

i

:

i

iz:
!,

E
a
z\,

+.
F

Resolut,ion of this problem wiLl require more
than presented here. In the interim it can
n e and that rli i s not appropriate.
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