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22 LONG DISTANCE SLURRY PIPELINES - Thomas

A Rational Design Philosophy for long
Distance Slu ruy Pipelines.

A.D. THOMAS

SUMI'IARY -various types of sluuies rarrglng from ones r,llth very coalse particles to very fine particres aredlscussed. It ls sho!.rn ho!, presslrre diop limltattoqs dictate that aII long distance siurries trave quitefine particles. The diffetences betr,ieen typical tailiogs line slurries in iineraL ptocessirlg plaats aad thet!ue- long distance slulty is dlscussed ard it i.s sho\n'[ holl the stability of a sturiy oo s;utdowD of thepipeline ard its ability to be restarted is perhaps the most impoltant iequlrement ior a Iong distanceslurty. rt ls argued that the stability of a sluriy depelds oD ihe yield stress of trr. "rri.y t"iogsufficiently hi.gh to supPort the largest particles anal a slmple theory ls developed relating these tIvovariables. ?his requif,emeDt aod the limitatloas on naxlmum economic ptessure drop and velocity dictate theavailable size distlibutLoo limLts for lorg distance slurries. Finaliy economic optlmlsatloa of the operat-lng velocity, solids coflcentration and solids throughpu! is discussed wlth trr. .ii oi . iyfi."r e*.rpre.
1 INTRODUCTION

The hydraulic transport of solids in pipelines is
not, new having been used for short distance trans-
port in the mining industry for over a hundred
years. In the last decade a few long distance (up
to 440 km) pipelines have been built (see table 1)
and there is increasing interest being shown in
this alternative transport means.

Because long distance pipelines are relatively new
the published information relating to the hydraulic
design criteria and methods is scarce and generally
vague about details. The majority of research
effort and publications have tended Lo be concerned
with Lhe types of slurries which have traditionally
been pumped ie., those pumped in the short distance
applications and this information is of little help
in the design of a long distance pipeline.

It will be shown here how certain unique require-
ments of long dist,ance slurry pipelines dictate the
design methods used. These same requirements also
dictate the solids concentration and particle sizes
which can be pumped and the pumping velocity. A
discussion of these three variables shows how the
available range for them is limited. This explains
why, for a particular commodity, the solids concen-
tration, particle size and pumping velocity of 1ong
distance slurries does not vary much from installa-
tion to installation.

2 NoTATIoN

C solids concenLration by volume unless other-
wise sLated
internal pipe diameter
particle diameter or mesh size
force
gravitational acceferatiori, 9.81
constant in equation A2
pressure gradient
volume flow rate
mean velocity in pipe
plastic viscosity
density of solids-liquid mixLure
density of solid particles

I"" extrapolated yield stress
lsL static yield sLress

3 HYDRAULIC BEHAVIOUR OF SLURRIES

The behaviour of different types of slurries in
horizontal pipe flow is best illustrated by con-
sidering a graph of pressure gradient versus mean
pipe velocity as in Figure I which shows the
behaviour of slurries having Lhe same concentration
but. different particle size in two pipe sizes. Four
types can be distinguished (see Thomas (1976)
according Lo the different hydraulic behaviour.

3.1 Type 1 Slurry

This is a typical "sett,ling" slurry having relative
ly coarse particles. Examples are gravel or coarse
sand. These are often described as heterogeneous
slurries because of the dist.inct vertical concen-
tration gradient which exists at velocities near
the deposit conditions. At sufficiently high vel-
ocities they will flow as pseudo-homogeneous
slurries as shornm by the straight line portion of
the graph. The deposit velocity, defined here as
the velocity below which a stationary bed of solids
begins to accumulate on the bottom of the pipe, is
crucial to design as it is geaerally desirable to
operate above this velocity. For these types of
slurries Durand (1953) has shown that the deposit
velocity varies as the square rooL of pipe diameter.
This means that the operating velocity becomes
very large for large diameLer pipes with consequent,
high pressure gradients. The pressure gradient of
these slurries can be estimated using the Durand
equation (Durand (1953)).

3.2 Type 2 Slurry

As the particle size i,s reduced the pseudo-homogen-
eous portion of Lhe curve extends to lower velocit-
ies and the slurry can be termed "moderately settl-
ingtt or t'semi-heLerogeneous". For sand, typical
median particle sizes might 1ie beLween 100 and 500
microns. Thomas (L976) has shown how the pressure
gradient of these slurries cannot be scaled up by
use of the Durand equation and has suggested aa
alternative approach. It has further been shown
(Thomas (1975)) Lhat for these slurries
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TASLE I.
SOME LONG DISTANCE SLIIRRY LINES

:kCalculated as per Section 6.
Note numbers 6 and 9 flow in laminar flow regime
Number l0 is not yet operating

.5 I n, 5 10

. -iVelocity (*s ')
behaviour of different
of slurries
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Figure 1. Typical
types

the accuracy of the prediction using the Durand
equation depends on the pipe size under consider-
ation. For small pipe sizes (Iess than about 25 nrn)
the Durand equation will underpredict while for
large pipe sizes (above about 100 mm) the Durand
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equation will overpredict. For pipe sizes in the
range 25 to 100 rnm, where most of the research work
is performed, the Durand equation can adequately
predict the pressure gradient.

The deposit velocity for these "moderately settling"
slurries is less than for Lhe coarser "settling"
slurries but is stil1 proportional to ,0.5. Thus

high operating velocities are needed in large pipes.
Typical examples of such sLurries are sand mining
and dredging applications and some coarser tailings.
The iron sand slurry ship loading schemes aL
Waipipi (Thompson et al (L972)) and Taharoa
(Raudkivi (1975)) in New ZeaLatd are further
examples. In these latter two cases velocities re-
quired in the 300 mm pipes are around 5 m/s with
the consequent high pressure gradients and high
wear rates.

3,3 Type 3 Slurry

As the particle size is further reduced eventually
pseudo-homogeneous behaviour is maintained right
dor^m to the deposit velocity as illustrated in
Figure l. For these slurries the deposit velocity
is not only lower than for slurries 1 and 2 but is
also less dependent on pipe size. Probably the best
method available for predicting the deposit velocity
is due to D.G. Thomas (f961). He gives an equation
from which it can be shown that the deposit
velocity is roughly proportional to ,0. t. This

work was based on experimenLs on flocculated
thorium oxide and kaolin slurries in pipes from 25

Lo 100 mm. Experimental daLa on iron ore slurries
(schriek et at (L973/2) and coal slurries (schriek
et al (L973/3)) in pipe sizes from 50 to 300 mm

shows a similar dependence of deposit velocity on
pipe diameLer, as does unpublished data obtained by
the author on a number of different slurries in
pipe sizes from 19 mm to 105 mm. This means that
even for very large diameter pipes the deposit
velocity and hence the operating velocity can be
fairly low.

Because deposition occurs wiLh this type of slurry
under turbulent flow conditions it means that if

L

Location Material S.G. Length Pipe Max. :kParticle Reference
(km) Diameter Particle Size

(n*) Sitze (n*) Limit (mm)

1 Savage River Magnetite 5.0 85 225 0.104 0.30 McDermott et al (1969)

2 Bougainville Copper 4.3 27 f50 0.208 0.40 Piercy (L976)
Concentrat,es

3 West Irian Copper 4.3 110 100 0.149 0.40 McNamara (L976)
ConcenLrates

4 Arizoaa(glack Coal T.4 437 450 2.38 3.0 Wasp (1969)
Mesa)

5 ohio coal L.4 L73 250 1.41 3.0 Halvorsen (L976)

6 England Limesrone 2.7 LL2 250 0.59 L.75 Schriek et al (L973/I)

7 Japan Copper 2.7 65 200 0.208 0.70 Couratin (f969)
Tail ings

B Turkey Copper 4.3 64 125 0.L49 0.40 Noyan et al (L974)
Concentrates

9 Washington Limestone 2.7 67 2OO 0.295 L.75 Schriek et al (L973/L)

10 Brazil Iron ore 5.0 403 500 - 0.30 Anonymous (f975)

Solids S.G. 2.65
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any non-Newt.onian effects are present they arerelatively insignificant. This means that for
design purposes the pressure gradient, may be esti_
maLed using a Newtonian fluid approach ,"irrg either
Lhe measured viscosity of the slurry or else thecalculated viscosity.along the lines suggested by
Vocadlo and Charles (L972). An even si*fler
approach which is extensively used in industry isto simply multiply the water only pressure gradientby the ratio of the densiLy of tire slurry to thatof water. This latter approach is of course thebasis of the slurry pump engineerrs measurement ofpressure drop in tthead of slurry',.

Typical examples of type 3 slurries are the usual
Lailings slurries pumped anywhere from a few
hundred metres Lo 10 or 15 km. pumping velocities
for such slurries are generally arlurrl t to 2 m/s.

Although Lhese slurries flow in a homogeneous
manner at alr vel0cities above the deposit vel0city
they are termed pseudo-homogeneous because if theflow is stopped they will quickly setL1e out, Lhecoarsest particles reaching the boLtom first and
Lhe finest last, to form a bed of solids on the
bottom of the pipe.

It can perhaps be noted here that the pressure
gradient prediction method presented Uy Wasp et a1(fOOa; is an attempt to provide a singie equation
for types l' 2 and 3 slurries. Their method there-fore allows for a smooLh reduct,ion in pressure dropas the particle size is reduced and thl slurry
changes from a type 1 io a type 3.

3.4 Type 4 Slurry

As the particle size is further reduced to the
stage where a significant proportion of the
particles are colloidar in size the behaviour of
the slurry if flow is suddenly stopped changes.
I,rIith Lhese slurries no settling of particles occurs,or if iL does, the particles settle (or compact) en
masse formiag a homogeneous but more concentrat,ed
slurry with clear wat,er above. The completely non_
settling type of slurry wilt be referrld to as afulIy stable slurry while the latter type, where
settling occurs but with no particle segregation,
will be referred to as a pseudo-stable iluiry.
Both are defined as type 4 slurries. Such slurries,
if flowing under laminar conditions, can be
described by non-Newt,onian rheological models which
are discussed in numerous textbooks e.g. Govier and
Aziz (L972). They will generally possels a yield
sLress and can often be modelled as a Bingham
plastic. Typical behaviour of a fully stlble
slurry would be as shown in Figure 1. For a pseudo_
stable slurry laminar flow is not alway, po""ibl",
especiaLLy in larger pipe sizes. Thus the fact thata slurry is pseudo-stable, if flow is suddenlv
stopped does noL necessarily mean thatlf!ffiE flowis possible. This matLer wirr be further discussed
later.

Under turbulent flow condiLions the behaviour oftype 4 slurries,wil1 closely parallel Lhe type 3slurries but will generalty extrilit a sligtiiy
higher pressure drop because of, their morf viscousnature.

There is a vast amount of literature published
concerning pressure drop predicLion of non-Newtonian
homogeneous slurries, see for example the book by
Govier and Aziz (L972) and a re.errt review by Chlng(1975). This literature does not distingui.i, b"-
tween fulry stable and pseudo-stable sluiries but
is in fact only applicable to Lhe former. Un_
fortunatelyr as will be recognized Later, Lhe most

suitable long disLance slurries are often Lhepseudo-stable variety.

4 EFFECT OF PARTICLE SIZE DISTRIBUTION ON
HYDRAULIC BEHAVIOIIR

when considering the different types of slurries itshould be noted that. not only is Lhe median (d-^)
particle size important in determining 

"1rrry 
5U'

behaviour but also the parLicre size distribution.
For essentially mono-sized particles of sand of
S.G._ 2.65 typical ranges of particle size might beas follows:

Type I
Type 2

Type 3

Type 4

d ) o.5o mm

0.10(d<O.50mm
o.o1o(a( o.lomm

d < 0.010 mm

With the more usually encountered slurries having
wide size disLribuLions r,rith parLicres perhaps fiom
sub-micron to rnrn or cm size no Lypical d_^ values
can be given since the degree of homogu.rE?ty, o,
conversly heterogeneity, will depend on the
proportion of micron size particles, the maximum
particle size, the concentration and the degree offlocculation. For example, a flocculated siurry ofwide size distribution could exhibit alr four types
of behaviour depending on the concentration,
changing from a type I slurry at low concenLrations
to a Lype 4 slurry at high concentrations.
Alternalively a slurry of wide size distribution ata cert,ain concentration could change from a type I
to a type 4 depending on the degreJ of
flocculation.

The method developed by Wasp et al ( 1970) which
classifies slurries according to the distribution
of solids concentration within the pipe may be of
some use in quantifying the degree of homogenity
of a slurry.

5 DESIGN CRITERIA FOR LONG DISTANCE SLURRIES

Because of the high velocities required and the
consequent high pressure gradients when pumping
type 1 and 2 slurries, pumps are requir"d .l ,oru
frequent intervals along the pipeline. The higher
overall capital and operating cosLs then make it.
uneconomic to pump these slurries over long
distances. For example the lrlaipipi iron sinds
slurry pumped at about 5 ms 'in a 300 mm pipe has apressure gradient around .075 m water/metre
(Thompson et al (L972)) which is about three times
the pressure gradient experienced in the smaller
(230 nrn) Savage River iron ore pipeline (McDermott
et al (1969)). For long distances we are therefore
limited to type 3 or type 4 slurries. The previous
discussion has shown how both these types oi
slurries have similar pressure gradients in Lhe
turbulent flow regime so that it would seem at,
first sight thaL either type would be suitable for
long distance applications. Indeed most tailings
lines operate at similar pressure gradients to the
long distance pipelines. However considerat,ion ofthe following requirements of a long distance
slurry will indicate that in fact the only slurry
suitable for loag dist,ance pipelines is tire type 4slurry. rn addition it will be shown how even with-in the type 4 category there is only a limited
range of slurries which are economically suiLable.

The major design requirements for a long distance
slurry a.re:

(a) It must be capable of being sLopped for at
1_"1:a a few days and rest,arted ,itt-lhe pipeline
full of slurry.
(b) Even the coarsest particles musL oot deposit

---/"
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out at the normal operating velocity for fear of a

slow build up causing a blockage. -1(c) The velodity should not exceed about 1.75 ms

since, as noted by Wasp (1969)r this velocity has
been found to be about the economic maximum with
single phase fluids such as with oil pipelines.
Above this velocity the high pressure gradients
causes capital and running costs to rapidly become
prohibit,ive. In any case at velocities much above
this wear due to abrasion could become increasingly
seriou s.

These three requirements will now be discussed in
detail.

5.1 Restart Capability

That the slurry musL be capable of being rest'arted
after stopping is obvious even though such
situations may never be envisaged in normal
operation. It is often general practice to filL
the line with water before any planned long periods
of shutdown but the possibility must be allowed for
that an unplanned shutdown could occur. If a type
3 slurry is stopped flowing the solids will quickly
settle out, the coarsest particles reaching the
bottom first and the finest, last. Thus a bed of
solids will be formed filling perhaps 40 ot 507. of
the pipe cross section. In a horizottaL pipe this
bed should present no problem since once flow is
started the water flowing in the top section should
progressively scour the bed away. In sloping
sections of the pipeline the situation is different.
The possibility exists that a bed of particles may
slide down the slope and block up the whole pipe
cross section at a "valleytt section. Another
possibility is that the same blockage could arise
from density currents which are a natural convect-
ion flow effect as discussed by Shook (1974). If
such a blockage does occur starting of the pipeline
wilL require that this plug be moved. Streat and
Televantos (1976) have shown that it is possible to
start such plugs and indeed pump continuously at
such high concentrations but the pressure gradient
required is very high. For closely graded sand
they measured and predicted Pressure gradients of
the order of I m water/m regardless of pipe size
which is some 50 to I00 times higher than the
typical tailings Iine pressure gradient. The
situation'with wide size distributions is 1ikely
to be worse since they tend to pack tighter than
narrow size distributions. Clearly it would not
require a very long length of plugged line before
the start up pressure required was beyond the
capability of the pumps.

In spite of this it is common knowledge that many
tailings lines, the solids of which settle out to
form a bed on shutdor,rn, can usually easily be re-
started. However every now and again these tail-
ings lines do block up but because of their short
lengths and because they are usually sitirated
bbove the ground it is not too difficult to
locate the blockage and clear the 1ine. In other
words it is far better to accept the possibility of
the line blocking up occasionally than to go to the
additional cost of grinding Ut-le tailings finer just
to achieve a type 4 slurry for transportation.
(The very concept of tailings Cisposal requires
that the solids settle out at the disposal area
anyoay).

With a long distance slurry pipeline perhaPs some

hundreds of kilometres in length and with the
pipeline buried under the ground even the remot-
Lst possibility that a blockage can occur must be

avoided. For this reason all long distance slurry

Chemical Engineering in Austalia, 1977

pipelines should ideally employ type 4 slurries
r..rhich have been previously described as those
which do not settle out to form a bed of solids
when stopped.

As discussed previously a t'yPe 4 slurry can be

either fully stabLe or pseudo-stable. Obviously
a fully stable slurry which remains completely
homogeneous even after days of standing wilL not
present any start up probl.ems. A pseudo-stable
ilurry can also be restarted as has been inferred
by tilasp (1969) when he refers to fast or slow
settling slurries being permissible as long as the
material settles homogeneouslY.

To determine whether a slurry will be stable (fully
or pseudo) a simple stability criterion has been

developed (see Appendix). It is based on the
assumption that the coarsest particles will not
settle providing the upwards force due to the
slurry yield stress exceeds the gravitational
force. For a particular yield stress (either
static or extrapolated see Appendix) this criLerion
enables the maximum stable particle size to be

calculated. Conversely for a given maximum part-
icle size it permits calculation of the required
yield stress. The yield stress of a slurry is
iargely due to the interaction between colloid or
near colloid sLze particles. This necessarily
means that the slurry must have a wide size
distribution. A typical distribution for a coal
slurry might. be 5 to 107" greater than I mm ranging
down to 15 to 307" less than 50 microns.

The importance of the yield stress in determining
slurry stability has been clearly illustrated by

tests by the author (Thomas (1975)) on a finely
ground quartz slurry. This was a ball mill pro-
6uct which, as produced, was largely dispersed
(de-floeculated) and possessed virtually no yield
stress. If allowed to settle this slurry quickly
formed a solid bed of particles which were packed

so hard that the bed could oftenonly beremoved by

a considerable amount of chipping with a hammer

and chisel. However when the pH of the slurry
was lowered causing flocculation the slurry
developed a yield stress and became a completely
stable slurry which did not settle and remained
fluid for weeks.

The yield stress which type 4 slurries Possess
must be'overcome to restart a stopped pipeline'
For a completely homogeneous type 4 slurry which
does not settle at all on shutdown it is the yield
stress of the slurry as pumped which must be over-
come to restart the pipeline, For a pseudo stable
type 4 slurry which compacts on shutdown there is
tirl possibility that this compacted slurry will
plug in the Iow "valley" sections of the pipeline
either by sliding or by density currents. To

restart the pipeline it is necessary to overcome
the yield stress of this compacted slurry in the
plugged sections. This compacted slurry, because
of itr higher solids concentration will have a

higher yield stress than the slurry as pumped'

In horizontal lengths of pipe the clear water
layer on toP would be expected to begin moving
first since it requires no yield stress to
initiate motion. As it moves it would pick up the
compacted Portion and dilute it and so eventually

"" lorg as the yield stress of uhe pumped slurry
was overcome the line would start moving again'

The possibility exists, however remote, that upon

shutdown, all of the compacted slurry moves to the
lower "valleyt' sections of the pipeline so that
the whole pipeline consists of plugs of compacted
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slurry separated by plugs of clear water. The
water fi1led sect,ions require no pressure to
initiate motion but the compacted slurry sections
require that sufficient pressure be applied to
everywhere exceed the yield stress in these secL-
ions. As an example suppose a coal slurry is pump-
ed at 40% volume concenLration and that this slurry
has an extrapolated yield stress of 3 pa. Suppose
that on shutdown this slurry slowly compacts down
to a homogeaeous. slurry occupying onty -SO% of the
previous volume ie., there is a clear water layer
on top occupying 20"/. of the volume. Suppose that
the yield stress of this 507. concentration compact-
ed slurry is B pa. The worst possible situation
occurs if 807" of the line length consists of plugs
of compacted slurry requiring 8 pa stress to start
flow and 2O% of. the line is clear water requiring
no stress to start fLow. ie. I In the plugged
sections the shear stress at, the wall of the pipe
on commencement, of flow, is given by

DAP = 8T
so Lhat the tot,al pressure required before flow will
coflrmence is given by

AP = o.B /:zr.\l,\D I
P roviding this pump pressure is available the pipe-
line should be able to restart under any conditions.
This would suggest that the grade limitations
placed on the earlier lines (for instance Savage
River was limited to a maximum of 107" grade -
McDermot et aI (f969)) may be unnecessarily
conservative. Possibly this was later realised
because it was staLed by E. Wasp (Hasp, (feOO;;
that f\tle put a slope limitation of somewhere be-
tween 10 and 157", but not always. We are building
one line now without a slope limitation',. Further
evidence is provided by McNamara (tglO) concerning
the copper concentrate pipeline in Irian Jaya. He
states that this line was designed to a maximum
grade of 187" but that during construction several
grades of. 26% and, 28% were built. No start-up
problems are mentioned.

Obviously the more stable the slurry the less like-
ly are sLeep grades going to be of importance. A
further consideration is that with a pseudo-stabLe
slurry which compacts on shut,down the degree of
compaction may be influenced by the weight of
slurry above so that in long steeply sloping
secLions the concenLration of Lhe compacied slurry
at the bottom could be greater than when tested in
a bench experiment. This would need to be investi-
gated for each particular slurry.

The laminar flow curves of the type 4 slurry in
Figure I illustrate the tendency for the laminar
pressure gradieot to become independent of
velocity in large pipes ie., to become dependent
only on the yield stress and indepeadent of the
plastic viscosity of the Bingham model. Thus for
illustrative purposes in large pipe sizes the
Laminar flow curves can be drawn as horizontal lines
of constant pressure gradient. F,j

The requirement that the slurry be stable on shut-
down means that a certain minimum yield sLress is
required which depeads on the maximum particle size.
Thus the dashed lines on Figure 2 show permissible
idealised laminar flow curves to ensure a stable
slurry. Consideration of the second and third
design requiremenLs means that an upper limit is
placed on the yield stress.

Figure 2.

Log Velocity

Effects of stability considerations
on available operating region.

5.2 No Deposition of particles During Operation

This is the second design requirement. The
stability criteria given by equations 4.6 ar,d A7 in
the Appendix should ensure either a stable or
pseudo-stable slurry on sudden shutdown. However,
whereas a fully stable slurry can be operaLed in
the laminar flow regime, a pseudo-stable slurry
often cannot. This can be explained by the break-
dov,zn of the floc strucLure under conditions of
laminar shear. IL is generalty agreed (see
Michaels 6. Bolgex (L962/2)) that the floc sLrucLure
is broken during laminar shear, indeed this explains
the reduction in apparent viscosity with increasing
shear rate of a Bingham plastic. The broken floc
sLructure is less able to support the coarsest
particles thus causing deposition. This is more
likely to happen in large pipe sizes because, in
small pipe sizes, an apparent bridging effect
(ltichaels 6. Bolger (t962/L)) increases rhe srrength
of the floc structure. Figure 3 provides evidence

10 50

Pipe Diameter ("*)
r00 200

Figure 3. Variation of deposit velocity
with pipe diameter for a fast
compacting slurry.

of this phenomenon. It shows experimental results
obtained by the author for a loam slurry in two
pipe sizes, 19 and 105 mm. The loam consisted of
about 20% cLay with the remaining sand having a top
size of 0.82 nrn. In the smaller pipe laminar/
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turbulent transiLiorl was observed at 1.4 *s-1
(visual]y through transparent viewing section). At
1.3 ms-r steady laminar flow without deposition was

observed. At O.8ms 'a bed of solids formed. Thus
the critical dqposit velocity lay somewhere between
0.8 and 1.3ms-1, well below the laminar/turbulent
transition velocity. The same slurry, aL Lhe same

concentration, in the larger pipe behaved different-
ly. In this case deposition occurred under
turbulent flow conditions. By scaling up from the
laminar flow results obtained in the smaller pipe
(see Bowen (L96L/L) it was estimated that the
Laminar/turbulent tran,sition velocity in the large
pipe was about l.0ps-', although laminar flow
conditions could not be realised.

The slurry of Figure 3 illustrates typical pseudo-
stable slurry behaviour which has been observed by
the author with a number of differenL slurries. If
turbulent flow is suddenly stopped Lhe coarsest
particles remain in suspension. Sustained laminar
flow is only possible in small pipe sizes and in
large pipes depositioll occurs under conditions of
turbulent flow at velocities above the laminar/
turbulent transition velocity. For pipe sizes
large enough for deposit,ion to occur under
conditions of !urbulent flow the deposit velociLy
will vary "" 

D0'1 a" for a type 3 ilrtty.

The author knows of no method of predicting a

priori whether deposition will occur under laminar
or turbulent flow conditions. For rapidly settling
pseudo-sLable slurries it would Lherefore seem

necessary to perform pipe loop tests in increasing-
ly larger pipe sizes until deposition occurs in Lhe

turbulent regime. Once this size pipe is reached
the deposit velociLy in 1-arger pipe^sizes can be
obtained by assuming it varies as Du'r as for a

type 3 slurry.

5.3
-l

The Velocity Should Not Exceed About 1.75 ms

for Economic Reasons

Operation above I.75 ms-1i" gur,"rally uneconomic
due to the rapid increase in pressure. This places
an upper limit on the yield stress. Because of the
uncertainty associated with whether or not laminar
flow is possible it is generally desireable that
the pipeline be operated in Lhe turbulent regime.
To ensure that operation is fully within the
turbulent regime and to al1ow for possible variat-
ion in slurry properties and inaccuracies in
predicLion methods thq transition velocity should
not exceed about lms-'. Nole that thi-s, then allows
a safety margin of 0.75 ms 'above I ms 'to'allow
for the possibility of deposition occurring in the
Lurbulent regime as discussed above. For example
the deposition velocity for the slurry of Figure 3

only approaches thp usual operating velocity range
of 1.5 Lo 1.75 ms-'f,.or pipe diameters greater than
about 1000 mm so for pipes smaller than this there
would be no problem if design were based on the
laminar transit,ion velocity. In shorL, as long as
the slurry does noL compact very fast on shutdovrn
(say within a few minutes), the design can be
based on the laminar transition velocity. For a

fast compacting pseudo stable slurry especially in
large diameter pipes it would'be wise to perform
small pipe loop tests to check whether deposition
does occur in the turbulent regime, and then scale-
up by assuming the deposit velocity varies as
pU. l.

The allowable limits on T are now shown in
Figure 4. Note that Uy pf8tting D AP/4L versus V

Figure 4 is applicable to all large pipe sizes. The
,p["r limit ailtatea by the I mflma*imum limit on

transition velocity represenLs a maximum yield
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stress. T . of about 4.5 Pa an iron or slurry
rangini t8xabout 3 Pa for a coal slurry. Both
these depend slightly on the pipe diameLer. Note
that the turbulent Pressure gradient is not greatly
dependent on the yield stress although it will
differ for differenL solids S.G. ts. As an example,
Piercy (L976) has stated that the yield stress for
the Bougainville copper concentrate slurry (solids
S.G. 4.3) is maintained below a maximum limit of
4,4 Pa which is in agreement with the above stated
limits. The lower limit for stability depends on

the maximum particle size.

If the slurry is completely stable, oPeration with-
in the laminar regime is feasible. For example Lhe

Rugby limestdne pipeline in England operates under '

laminar conditio;s. (strriet et al (L973/L) In
this case the same economic limits on maximum

pressure gradient aPply so that the upper limit
can be raised as shor^rn in Figure 4. This limit
would be about 2.5 times the previous limits ie.r.
T"* = 11 Pa for iron ore down to 7'5 Pa for 

:

coaf.

Operating Point for both
laminar and turbulent flow

Figure 4.

0.5 L 2

-iVelocity (*s')
Yield sLress limits for
laminar and turbulent flow
operation.

6. CONSEQUENT LIMITS ON MAXIMUM PARTICLE SIZE

Considering only turbulently flowing slurries, for
they are by far the most comrnon, the uPPer limits
of T = 4.5 Pa for iron ore and 3 for coal mean

that Ef;e maximum possible particle size for a

stable slurry is (from equation A7 of the Appendix)
about 0.3 mm for iron ore ranging uP to about 3 mm

for coal. Of course a slurry can oPerate with
maximum particle sizes considerably less than
these limits and may have to to prevent deposition
during operation but there is a limit to how fine
the particles can be ground for pipelining due to
the rapidly increasing yield stress and hence
pressure gradient a size is reduced due to increas-
ing colloidal effects. For example the work of
Friend and Hunter (fqZf) suggests that the yield
stress increases as the. square of the reciprocal
of Lhe particle sLze fo't colloidaL size particles.

Tab1e I gives some details of nine existing long
distance slurry pipelines together rvith the maxi-
mum ecenomic particle size as calculated above. In
every case the maximum particle size is less than
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the calculated maximum limit the actual values
ranging from one fifth to four fifths of the limit.
The economic limits on maximum particle size for
long distaace slurries would appear to 1ie between
2A% arrd 100% of the value given- by equation A7
using To* equal to 4.5 pa for iron oie ranging
dotrn to=3.0 Pa for coa1.

7 LIMITS ON CONCENTMTION

Most reports on slurry pipeline installations
specify upper and lower limits to the permissible
range of concentration. For example Halvorsen
(L976) mentions the limits on the Ohio coal pipe-
line as being 50% and 44% by weight. The reasons
for these limits should now be obvious and following
the reasoning outlined above it is possible to
calculate the allowable limits for any particular
slurry.

The upper limit is set by the necessity to stay
below the maximum economic yield stress (3 pa for
coal, 4.5 Pa for iron ore). The lower limit is set
by the reguirement that the slurry remain stable.

As an example suppose a coal slurry has a maximum
particle size of 1.5 mm and an extrapolated yield
stress of 2,6 Pa at 487. weight concentration (40%
by volume). Equation A7 indicates a minimum re-
quired yield stress of 1.62 pa so the slurry is
stable. D.G. Thomas (1963) suggests that the yield
stress of a colloidal slurry is proportional to
volume concentration cubed although experiments by
the author have often indicated greater dependence
up to the seventh power of concentration. Taking
the third power for demonstration purposes this
would mean that the allowable concentration limits
for the slurry under consideration would be between
)4% by volume (43% by weighr) ar.d 42% by volume
(50% by weight).

8 THE CONCEPT OF DENSE PHASE TRAI{SPORT

There have been a number of papers published which
suggest that it may be advantageous to pump at
higher concentrations of around 50 to OOZ AV
volume than the current concentrations of bltween

, 25 to 45% by volume and indeed the Ohio coal pipe-
line did pump coal at 58 to 607. concentration-by
weight for some time (Halvorsen (1976)). The most
notable papers are those due to Bantin and Streat(tezo; and Elliort 6. Glidden (rszo;. The first of
these was concerned with coarse sand (around 0.7
mm) of narrow size distribution with no particles
less than about 0.1 mm. They found that this could
be pumped at concentrations above 55%. Streat and
Bantin (L972) and streat and Televantos (1976) have
further pursued this 1ine. However, as mentioned
previously, the pressure gradients in this type of
flow are extremely high, some 50 to 100 times
usual practice, and so it would only be of use for
very short distances. Another line of approach was
taken by Elliott and Glidden where they found that
by pumping a wide size distribution coal slurry
containing appreciable colloidal size material at
concentrations above 507. coal particles up to 12.5
mm could be transported under laminar flow and the
slurry was stable and could be._stopped and restart-
ed. This ls now easily explained. Equations A6
andd A7 in the Appendix indicate that provided theyield stress is made sufficiently high any top
size particle can be supported and so the slurry
made stable. But as discussed previously there is
a limit to the maximum yield stress due Lo economic
considerations of pumping pressures. It was been
shown that limits of about 3 pa ( T ) for turbul-
ent flow operation or about 7.5 pa 85, a completely
stable coal slurry operating in laminar flow are

reasonable for, loag distance applications. A studyof Elliott & Glidden's paper wiil reveal th.t tt"
extrapolated yield stress ensuring a stable slurrywith the 12.5 mm top size was around 10 pa. (at
59"/. concentration by weight). This is in close
agreement with the ll pa limit indicated by
equation 47. Note, however that it is higher thaa
the 7.5 Pa economic limit and so may prove ure"orr_
omic for long distances. Similarly for a 3.2 mmtop size they found that a 57,2% by weight concen_tration was stable ( T^-- = 4.6 pa) while 537" con_centration was not staEfe. The yield stress of thelatter is difficult to ascertain but they did
state that the yield stress approximatery doubred
with every 57. increase in coacentration ty weight.
This would suggest a yield stress of about 2,7 pa.
It is remarkable that equation A7 indicates a
value of 2.9 required for stability.

Thus it can be seen that slurries of virtually any
top size can be made stable providing the yield
stress is made large enough. An increase in yield
stress can be achieved most simply by a concentrat_
ion increase. Alternatively the surface properties
of the colloidal particles can be altered by pH
changes or by addition of flocculants to intrease
flocculation and so increase the yield stress. As
noted by Elliot 6. Glidden this latter effect can
cause quite dramatic changes in the yield sfress.
Whether pH or flocculant will affect a slurry
depends entirely on the surfaee chemistry of theslurry and so each slurry needs to be trlated
individually.

In some cases pH changes or the addition of de_
flocculants may be needed to decrease the yield
stress sb that an economic pumping pressurl can be
obtained.

The main thrust of EIliot & Glidden's paper was
concerned with adjustment of particle size distri-
bution to achieve a stable slurry with minimum
pressure gradient. There can be little doubt that
adjustment of the size distribution to ensure
maximum packing density will produce a less viscous
slurry with a lower yield stress. But the stabil-
ity theory presented here suggests that this could
then mean that a lower top size will be required
if stability is to be maintained.

It is hoped that the concept of dense phase flow
can now be seen in proper perspective. Nothing
unusual happens when the concentration is increased
above 50% by volume. The sLability can still be
explained by equations A6 and A7. One simply needs
to be aware that transportation of coarser pirtic-
les as a stable slurry is achieved at the expense
of higher pressure gradients. For long distance
applications this rapidly becomes uneconomic once
the maximum particle size exceeds the limits
mentioned previously, For short distance applicat-
ions it may well be warranted.

9. THE DESIGN PROCEDTIR.E

It is now possible to form a design procedure and
suggested steps for the design of a long distance
slurry pipeline operating in the turbulent flow
regime are outlined below:

9.1 Determine Maximum particle Size

The maximum economic velocity limit and the conse-
quent limit on maximum yield stress of about 4,5 pa
( Tex) for iron ore and about 3 pa for coal
immediately requires from equation A7 that the maxi-
mum particle size be no greater than about 0.3 mm
for iron ore and about 3 nrn for coal.

The Institution of Engineers, Australia
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I

turbulent transition was observed at 1.4 *"-1
(visual]y through Lransparent viewing section). At
1.3 ms-'steady lamina"r flow without deposition was
observed. At 0.8ms 'a bed of solids formed. Thus
the critical de-posit. velocity 1ay somewhere between
0.8 and 1.3ms-1, well below itre iaminar/turbulent
transition velocity. The same slurry, at the same

concentration, in the larger pipe behaved different-
Iy. In this case deposition occurred under
turbulenL flow conditions. By scaling up from the
laminar flow results obtained in the smaller pipe
(see Bowen (L96L/L) it was est,imated that the
Laminar/turbulent traqsition velocity in the large
pipe was about 1.0ps-r, although laminar flow
conditions could not be realised.

The slurry of Figure 3 illustraLes typical pseudo-
stable slurry behaviour which has been observed by
the author with a number of differenL slurries. If
turbulent flow is suddenly stopped Lhe coarsesL
parlicles remain in suspension. Sustained laminar
f1ow is onLy possible in small pipe sizes and in
large pipes deposition occurs under conditions of
turbulent flow at velocities above the laminar/
turbulent transition velocity. For pipe sizes
large enough for deposition Lo occur under
conditions of lurbulenL flow the deposit velocity
will vary as D0'1 as for a type 3 "lrtty.

The auLhor knows of no method of predicting a

priori whether deposition will occur under laminar
or turbulent flow conditions. For rapidly settling
pseudo-stable slurries it would Lherefore seem

necessary to perform pipe loop tests in increasing-
ly larger pipe sizes until deposition occurs in the
turbulent regime. Once this size pipe is reached
the deposit velocity in larger pipe^sizes can be
obtained by assuming it varies as Du'r as for a

type 3 slurry.

5.3
-1

The Velocity Should Not Exceed About 1.75 ms

for Economic Reasons

Operat,ion above 1.75 ms li" gurr"rally uneconomic
due to the rapid increase in pressure. This places
an upper limit on the yield stress. Because of the
uncertainty associated with whether or not laminar
flow is possible it is generally desireable that
the pipeline be operated in the turbulent regime.
To ensure that operation is fully within the
turbulent regime and to al1ow for possible variat-
ion in slurry properties and inaccuracies in
prediction methods thq Lransition velocity should
not exceed about lms-t. Nope that thi-s, then allows
a safety margin of 0.75 ms-'above 1 ms 'to allow
for the possibility of deposition occurring in the
turbulent regime as discussed above. For example
the deposiLion velocity for the slurry of Figure 3

only approaches th.e usual operating velocity range
of 1.5 to 1.75 ms-'f,,or pipe diameters greater than
about 1000 mm so for pipes smaller t'han this there
would be no problem if design were based on the
laminar transition velocity. In short, as long as
the slurry does not comPact very fast on shuLdovm
(say within a few minutes), Lhe design can be
based on the laminar transition velocity. For a

fast compacting pseudo stable.slurry especially in
large diameter pipes it would"be wise to perform
small pipe loop Lests to check whether deposition
does occur in the turbulent regime, and then scale-
up by assuming the deposit velociLy varies as
pU. I.

The allowable limits on T are now shovin in
Figure 4. Note that by pl8tting D AP/4L versus V

Figure 4 is applicable to all large pipe sizes. The
upper limit dictated by the 1 ms-'maximum limit on

transition velocity represents a maximum yield
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stress, T^--, of about 4.5 Pa an iron or slurry
ranging t8xabout 3 Pa for a coal slurry. Both
these depend slightly on the pipe diameter. Note
that the turbul-ent pressure gradient is not' greatly
dependent on the yield stress although it will
differ for different solids S.G. rs. As an example,
Piercy (L976) has stated that. the yield stress for
the Bougainville copper concentraLe slurry (solids
S.G. 4.3) is maintained below a maximum limit of
4.4 Pa which is in agreemenL with Lhe above staLed
limits. The lower limit. for stability depends on

the maximum particle size.

If the slurry is completely stable, operation with-
in the laminar regime is feasible. For example the
Rugby limestdne pipeline in England operates under
laminar conditio;s. (shriet et al (L973/L) rn
this case the same economic limits on maximum

pressure gradient apply so that the upper limit
can be raised as shor^m in Figure 4. This limit'
would be about 2.5 times the previous limits ie.1 ,

T"* = Il Pa for iron ore do'rnm to 7'5 Pa for
coaf.

Operating Point. for both
laminar and turbulent flow

0.5 L 2

Velocity (*"- l)

Figure 4. Yield sLress limits for
laminar and turbul-ent flow
operation.

6. CONSEQUENT LIMITS ON MAXIMUM PARTICLE SIZE

Considering only turbulently flowing slurries, for
they are by far the most coffnon, the upper limits
of T = 4.5 Pa for iron ore and 3 for coal mean

that Ef;e maximum possible particle size for a

stable slurry is (from equation A7 of t'he Appendix)
about 0.3 mm for iron ore ranging uP to about 3 mm

for coal. Of eourse a slurry can operate with
maximum particle sizes considerably less than
these limits and may have to to prevent deposition
during operaLion but there is a limit to how fine
the particles can be ground for pipelining due t,o

the rapidly increasing yield stress and hence
pressure gradient a size is reduced due to increas-
ing colloidal effects. For example the work of
Friend and Hunter (1971) suggests that the yield
stress increases as the. square of the reciprocal
of the particle size for colloidal size particles.

Table I gives some details of nine existing long
distance slurry pipelines together rsith the maxi-
mum ecqnomic particle size as calculated above. In
every case the maximum particle size is less than
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the calculated maximum limit the actual values
ranging from one fifth to four fifths of the limit.
The economic limits on maximum parLicle size for
long distance slurries would appear to 1ie between
2A% and 1007. of the value given by equation A7
using To* equal to 4.5 Pa for iron oie ranging
oortm to-3.0 pa for coal.

7 LIMITS ON CONCEMMTION

Most reports on slurry pipeline installations
specify upper and lower Limits to the permissible
range of concentration. For example Halvorsen(tgll) mentions the limits on rhe Ohio coal pipe-
line as being 507" and 44% by weight. The reasons
for these l-imits should now be obvious and following
the reasoning outlined above it is possible to
calculate the al1owabIe limits for any particular
slurry.

The upper limit is set by the necessity to stay
below the maximum economic yield stress (3 pa for
coa1, 4.5 Pa for iron ore). The lower limit is set
by the requirement that the slurry remain stable.

As an example suppose a coal slurry has a maximum
particle size of 1.5 mm and an extrapolated yield
stress of 2.6 Pa at 487" weight concentration (407.
by volume). Equation A7 indicates a minimum re-
quired yield stress of 1.62 pa so the slurry is
stable. D.G. Thomas (1963) suggests that the yield
stress of a colloidal sLurry is proportional to
volume concentration cubed although experiments by
the author have often indicated greater dependence
up to the seventh power of concentration. Taking
the third power for demonstration purposes this
would mean that the allowable concentration limits
for the slurry under consideration would be between
34% by volume (43% by weight) and 42% by volume
(507" by weight).

8 THE CONCEPT OF DENSE PHASE TRAI{SPORT

There have been a number of papers published which
suggest that it may be advantageous to pump at
higher concentrations of around 50 to OOZ Ly
volume than the current concentrations of between

, 25 to 45% by volume and indeed the 0hio coal pipe-
line did pump coal at 58 to 60% concentration-by
weight for some time (Halvorsen (fOZO1;. The most
notable papers are those due to Bantin and Streat
(teZO; and Elliort 6. Glidden (1970). The firsr of
these was concerned with coarse sand (around 0.7
mm) of narrohT size distribution with no particles
less than about 0.1 mm. They found that this could
be pumped at concentrations above 557.. Streat and
Bantin (1972) and Streat and Televantos (L976) have
further pursued this line. However, as mentioned
previously, the pressure gradients in this type of
flow are extremely high, some 50 to 100 times
usual practice, and so it would only be of use for
very short distances. Another line of approach was
taken by Elliott and Glidden where they found that
by pumping a wide size distribution coal slurry
containing appreciable colloidal size material at
concentrations above 507. coal particles up to 12.5
mm could be transported under laminar flow and the
slurry was stable and could be Stopped and restart-
ed. This ls now easily explainid. Equations A6
andd A7 in the Appendix indicate that provided theyield stress is made sufficieatly high any top
size particle can be supported and so the slurry
made stable. But as discussed previously there is
a limit to the maximum yield stress due to economic
considerations of pumping pressures. It was been
shovrn that limits of about 3 pa ( T ) for turbul-
ent flow operation or about 7.5 pa Edr " completely
stable coal slurry operating in laminar flow are

reasonable for, lorrg distance applications. A studyof Elliott 6. Glidden's paper wiil revear ih"t tt"
extrapolated yield stress ensuring a stable slurrywith the 12.5 mm top size was around 10 pa. (at
59/. concentration by weight). This is in close
agreement with the 11 pa limit indicated by
equation A7. Note, however that it is higher than
the 7.5 Pa economic limit and so may provl ur""or-
omic for long distances. Similarly for a 3.2 mmtop size they found that a 57.2% by weight concen_tration was stable ( T^-- = 4.6 pa) while 537" con_centration was not staEre. The yierd stress of thelatter is difficult to ascertain but they did
stat,e that the yield stress approximately doubled
with every 57" increase in concentration ty weight.
This would suggest a yield stress of about 2.7 pa.
It is remarkable that equation A7 indicates a
value of 2.9 required for stability.

Thus it can be seen that sturries of virtually any
top size can be made stable providing the yield
stress is made large enough. An increase in yield
stress can be achieved most simply by a concentrat_
ion increase. Alternatively the surface properties
of the colloidal particles can be altered by pH
changes or by addition of flocculants to increase
flocculation and so increase the yield stress. As
noted by Elliot. 6. Glidden this latter effect can
cause quite dramatic changes in the yield sfress.
Whether pH or flocculant wil1 affect a slurry
depends entirely on the surface chemistry of the
slurry and so each slurry needs to be treated
individually.

In some cases pH changes or the addition of de-
floccularrts may be needed to decrease the yield
stress sb that an economic pumping pressurl can be
obtained.

The main thrust of El1iot & Glidden's paper was
concerned with adjustment of particle size distri_
bution to achieve a stable slurry with minimum
pressure gradient. There can be little doubt that
adjustment of the size distribution to ensure
maximum packing density will produce a less viscous
slurry with a lower yield stress. But the stabil-
iLy theory presented here suggests that this could
then mean that a lower top size will be required
if stability is to be maintained.

It is hoped that the concept of dense phase flow
can now be seen in proper perspective. Nothing
unusual happens when the concentration is increased
above 50% by volume. The stability can still be
explained by equations A6 and A7. One simply needs
to be aware that transportation of coarser plrtic-
les as a stable slurry is achieved at the eipense
of higher pressure gradients. For long distance
applicatioas this rapidly becomes uneconomic once
the maximum particle size exceeds the limits
mentioned previously. For short distance applicat-
ions it may well be warranted.

9. THE DESIGN PROCEDIIR.E

It is now possible to form a design procedure and
suggested steps for the design of a long distance
slurry pipeline operating in the turbulent flow
regime are outlined below:

9.L Determine Maximum particle Size

The maximum economic velocity limit and the conse-
quent limit on maximum yield stress of about 4.5 pa
( Tex) for iron ore and about 3 pa for coal
immediately requires from equation A7 that the maxi-
mum particle size be no greater than about 0.3 mm
for iron ore and about 3 nrn for coal.

The Institution of Engineers, Australia
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I
9.2 Perform Settling Tests to Determine

Stabil ity.

A sample of the commodity reduced down to a size
distribution such that the maximum particle size
is less than the above limits can now be made up
into a slurry of typical concentratioo. The
usual concentration required to obtain reasonable
solids throughput range from 25% by volume for
iron ore to 507" for coal. Slurries of about this
concentration should be mixed and then allowed to
settle for a day or so. If they do not settle, or
if they settle into a compacted homogeneous mix-
ture, they are suitable as far as stability is
concerned.

9.3 Determine Yield Stress for Start Up
CaIculation,

The yield stress of these stable or pseudo-stable
slurries should be found to be greater than
indicated by equations A6 or A7. But they may be
much greater than this and indeed might be too
high to permit startup after shutdown. If the
slurry is completely stable the slurry as is
should be tested for yield stress. If the slurry
has compacted the top layer of water should be
drained off and then only the compacted portion
tested. In both cases the measured yield stress
must be low enough to ensure that start up is
possible. As mentioned previously the relevant
yield stress is the ext,rapolated yield stress and
this is best obtained using a tube viscometer.
(e.g. Wazer et al (1963)). However a rotational
viscometer can be used if it operates at
sufficiently high shear rates. AlLernative1y a
rotational viscometer such as the Brookfield
instrument can be used to obtain the static yield
stress which as is explained in the Appendix can
then be multiplied by about 5 times to get an
approximate value for T 

"*.
9,4 Obtain Laminar Flow Curve,

Next the laminar flow curve relating Pressure
gradient to velocity for the pipe sizes of inter-
est needs to be determined so thaL scale-up by the
method of Bowen (L96L/L) can be performed. This
requires tests on the original mixed slurry which
for a pseudo-stable slurry is at a lower cooc€o-
tration than the compacted portion which was test-
ed above for start up PurPoses. Some pseudo-
stable slurries may compact very quickly after
agitation ceases which can make it difficult to
obtain meaningful results from a rotational
viscometer. Such slurries should be tested in
a vertical tube viscometer where settling is no
problem. Slowly compact,ing or fully stable
slurries can be tested in a rotational viscometer.
If the flow curve for the full range of shear
rates of interest cannot be obtained this need not
be a serious limitation since, as indicated by
Figs 2 and 4, for large pipes the flow curve is
dependent almost solely on the extrapolated yield
stress. If a rotational viscometer is used but
does not permit sufficiently higher shear rates to
obtain the extrapolated yield stress an approximate
value for Tsy can be found by,rnultiplying the
static yield stress by about 5.

9.5 Obtain Turbulent Flow Curve

The next step is to obtain the turbulent flow
curve. This is also best obtained from tube
viscometer tests or pipe loop tests (scaled up
using the Bowen (L96L/2 method). However if these
are not available a reasonable estimate can be
made by considering the slurry as a Newtonian
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fluid having a density equal to the slurry density
and a viscosity equal to the Bingham plastic
viscosity. Cheng (fOZO; suggests that this method
overpredicts by about 127".

9.6 Determine Transition aad/or Deposit Velocity

The intersection of the laminar and turbulent flow
curves gives the traasition velocity for the pipe
size under consideration. This should be less
than about lms-l. If this is so the slurry would
be suitabLe for,long distance pipelining at about
1.5 to 1.75 *"-.t For a fast compacting pseudo-
stable slurry in large diameter pipes deposition
may occur in the turbulent regime. In such cases
pipe loop tests may be desirable.

9.7 Investigate Possible Changes in Slurry
Properties.

Upon testing the originally selected size
distribution and concentration the slurry may be
found to be quite suitable. However more likely
it will not be perfect. There are two
possibilities:

9.7.L The slurry may not be stable. If this is
the case equations A6 or A7 indicate two alter-
natives. Either the particle size can be reduced
or the yield stress can be increased. This latter
option can be achieved by either an increase in
concentration or by a change in the surface
chemical properties to increase flocculation. The
first alternative would be the most sensible since
this means that a higher solids throughput can be
achieved. The steps 9.3 to 9.6 can then be
repeated.

9.7.2 The slurry is stable but the yield stress
is too high. This can be reduced by either
decreasing the concentration or by possible
de-flocculation. The latter option is obviously
the most attractive so that solids throughput can
be naintai:red but it may not always be chemically
or economically possible.

10. SPECIFIC ENERGY CONSUMPTION AI{D SOLIDS
THROUGHPUT.

[_

For a slurry of any given maximum particle size it
has been shor^nr how upper and lower limits can be
placed on the allowable concentration. It is of
practical importance to have knowledge of the
effect that operation at different concentrations
has on the specific energy consumption and on the
solids throughput.

Figgre 5 ghows a plot of specific energy (Joules
I(g-r. Km-') versus solids throughput (tonnes/yeax)
with concentration, volume flow rate (or velocity),
and pressure gradient as parameters. This has
been prepared for the following design situation.

coal S.G.1.40
Maximum particle size 1.4 mm

Pipe diameter 450 mm

Te*=3PaatC=!5%,
TlpI = 0.015 kg m-'s-' (15 centipoise)at C = 45%

Both T.* andT'1,.,1 vary as C6 in the range of inter-
est. eonsideiStion of Figure 5 shows that 'the

available region of operation is bordered:

(a) to Lhe left by the need for the concentration
(and hence the yield stress) to be sufficiently
high to ensure stability.

(b) to the bottom by the need to operate at a
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final design and optimisation it would be prefer
able to have the results of pipe loop testi. Also
for pseudo-stable slurries which compact very fast, _pipe loop tesLs may be necessary to determine if ---i 

\
deposition occurs in the turbulent regime. This is
especially desirable if a very large diamet.er pipe
is being considered. (say in excess of 300 mm
diameter)
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APPENDIX

Criteria for Stable SlurrY

It has been shown that to permit resLarting of a

stopped pipeline the slurry must be either complete
ly stable even when sLopped or if it does settle
it must, compact with no preferential settling of
the coarser particles. This latter case has been
termed pseudo-stable. What governs whether a

slurry will fit these requirements?

Consider the largest particles in a slurry
immediately after shutdown. These particles will
fall if the nett gravitational force exceeds the
resisLance force due to the yield stress of the
slurry. This then is Lhe criterion for a slurry
to be stable (either completely or pseudo) - the
yie1d. stress of the slurry must exceed the yield
stress required to supporL the coarsest particles.

If the stress everywhere on the surface of a

sphere of diameter d is T the resistance force in
the vertical direction can be shovrn to be given by

') ')

F = ,,fl'd'T (At)

The exacL sLress distribution on a
in a Bingham plastic is not knor^m
(,q.1) needs Lo be replaced by"))

F=KU,II'd'T (nz1

To prevenL settling of t'he particle this force must
exceed the nett gravitational force acting on the
particle. For a solid particle immersed in a

fluid the nett gravitational force is determined
by allowing for Lhe buoyancy effect of the fluid
as per Archimedes t principle. However in a stable
slurry aL resL the coarse particles are supported
by the plastic yield stress and Archimedes t

principle may not be valid for such slurries if
the pressure cannot be transmitted hydrostaLically.
Because of this Ansley & Smith (L967 ) state that
buoyancy should not be allowed for. However
Boardman and WhiLmore (1961) found that for a

flocculated China clay suspension Archimedes I

principle held to within about 2.5'/. whLch was
insignificanL variation compared with the experi-
ment,al error involved.

The apparent applicability of Archimedesf' principle

sphere immersed
so that equation
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I^7ith flocculated suspensions is perhaps not realIy
surprising. In a flocculated suspension thecollodal size particles are attricted together to
fozm ttpuffyt' fIocs. At high concentrations and
conditions of low or zero shear rate these flocscluster together to form an aggregrate structure.
It is this structure which supports the coarseparticles in a stable slurry. However it is
conceivable that each large particle might only be
supported at two or three points with a fluid
layer occupying most of the irnrnediate area
surrounding the particles. under such conditions
Archimedesr principle would be expected to hold,to some degree at any rate. Based on the evidence
of Boardman 6. Whitmore the nett gravitational
force has been calculated allowing for the buoy-
ancy effect. (tt witt be shown later Lhat if
buoyancy had not been allowed for the stability
theory would be in poor accord with the reportedparticle sizes of commercial slurries). To prevent
settl ing:

F ) f na3 (Pp -P*)s

where Pn t" the density of the particle
and P, i" the density of the mixture
Equating A2 and A3

r , 'u tl*-P*'*

Ansley and Smith (L967) considered spheres falling
in Bingham plastic slurries. They give pertinent
data for spheres which fell slowly and another
which was supported in a particular slurry. From
this K can be found equal. to 2.3 so that equation
(A4) becomes

T ) o.ogz a (pp - p*)s (es;

This then is the stability criterion. d wil1 be
the diameter of the largest particle present,

Before applying this equation to pipeline design
it is necessary to consider a rheological aspect
of slurties. Figure A1 shows an experimentally
determined plot of shear stress versus apparent
shear rate obtained using a tube viscometer for a
coal slurry tested by the author and having a size
distribution almost identical to that repoited by
Dina (tgtO) for the Black Mesa coal sluriy. This
can be converted to a plot of shear stress versus
true shear rate and this is shown in f,igure A'2
along with similar results obtained using a Brook-
field rotational viscometer with a cylindrical bob
rotating in a very much larger cont,ainer. If the
straight line portion of this plot is extrapolated
to zero shear rate the intercept gives the extra-
polated yield stress, T"* = L4 pa, which togelherwith the plastic viscoslty, lo1 = .033 kg *-I 

"-tprovide the Bingham plastic pdlimeters. ihus the
Bingham model is seen to fit this slurry for shear
rates above about I00 sec-I. The full line in
Figure Al is the shear stress versus apparent
shear rate relationship calculatea accoiaing to
the Bingham model. At very low shear rates the
measured shear stress is seen_to be less than the
Bingham parameter, Te*, but f8r pipe size, iiavelocities of commerical interest lhis is irnrnater-
ial. Note that the yield stress obtained with the
Brookfield instrument, termed the static yield
str,ess, Tst, is only 2.6 pa ie., about o.,L fiftnof lsxr. However, similar tests on various pure
clay suspensions have given Tsg values from ihe
Brookfield instrument almost equal to the T"*
values obtained in the tube viscometer. ttri-s- ttre
ratio T"*/ T"t depends on the properties of the
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(es;

(e+1

slurry. In fact it appears to depend on the size
distribution of the slurry. A slurry having all
colloida1 size material such as clay gives Tsx/Tst
values approaching I while a slurry such as the
above coal slurry having only abou t L5% colloidal
size (less than .01 run) particles gives T^_/ T ^*values of around 5. physically this can 56 exfitain
ed by assumiag the Brookfield instrument measures
the yield rstress due to the colloidal size particl-
es only whereas the extrapolated yield stress ob-
tained using the tube viscometer depends both on
the colloidal effects as well as a purely mechanic-
al componeat due to any coarse particles present
similar to that investigated by Gay et aI (1969).
In the Brookfield instrument with the bob rotating
in a container of effectively infinite diameter the
slurry is not constrained and so, possibly helped
by centrifugal migration of the coarse particles,
the bob only "sees" the colloida1 material. In
the tube viscometer the slurry is constrained and
so the coarse particles contribute to the extra-
polated yield stress.

Equation A5 was obtained from the data of Ansley 6.
Smith (1967). They employed tomato sauce (catslp)
whose properties were obtained by fitting Aingham,s
equation to tube viscometer data, i.e.r their
yield stress is equivalent to To_ here. Tomato
sauce would be expecLed to have"few, if anyrcoarse
solid particles present so that from the above
discussion if Tra had been measured using a Brook-
field instrument-the result would be expected to be
approximately equal ao T"*. Thus equation A5 can
be replaced by

Trt)o.osz a (pp - p*)s (eo;

For a slurry consisting almost entirely of colloid-
al size material with perhaps only a few percent
coarse particles, Tst in equation A6 could be re-
placed by T"*. However in the case of the more
usual commercial slurries having a wide size
distribution T"* = 5 T"n so that if To* only is
available equation A6 cafi-be replaced by"^

T"* >" 0.46 d ( pp - p*)e (A7 )

This is only an approxiamtion but in the authorrs
experience T"*is generally between 4 to 6 times

I st for the slurries of commercial type size
distribution. It should be noted that Tsx is ob-
tained from a true shear rate plot. If tha strai-
ght line portion of the apparent shear rate (gV/D)
plot is extrapolated to zero shear the intercept
will be 4 Tex/3. (dashed line on Figure Al).

Equations (A6) and (A7) therefore provide the re-
quired stability criterion,Equation 46is the pre-
ferable one to use if T"a is available. As
examples, A typical top-5ize for a coal slurry
(coal S.G. 1.4) might be 10 mesh (2.0 mrn). For a
40% by volume concentration equations 46 and 47
indicate a minimum required yield sLress of T.* =
0.43 Pa or Tex = 2.I pa, piercy (L976) has [io-vided information relating to the Bougainville
copper concentrate pipeline. This slurry, solids
S.G. 4.3, top size 0.208 mm is pumped at between
55 and 707" concentration by weight. Taking the
lower of these values equations A6 and A7 indicate
a required minimum yield stress of Tst = 0.48 pa
or Te* = 2.4 Pa. This latter value IJ remarkably
close to the minimum permissible yield sLress of
2.L Pa as stated by Piercy.

It was noted earlier that there is some doubt as Lo
the validity of the buoyancy correction with
plastic fluids. However on the basis of the exper-
imental evidence of Boardman & Llhitmore (fqOt) it
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was allowed for and the stability criteria express-
ed in equation A6 and A7 were consequently develop-
ed. The limits on maximum particle size, calculaL-
ed using these equations and the limitations on
yield stress discussed in Section 5, can now be
compared with Lhe actual maximum particle size of
different commercial slurries. Referring to Table
I the ratio of calculated maximum particle sizes
of, for example, coal and magnetite is 10:1 com-
pared t,o the actual ratio of the Black Mesa coal
to the Savage River magnetite of 23: I or using the
Ohio coal 14:1. If the buoyancy correction had not
been made these ratio would have been 2,4 and L,4
respectivety. Obviously the values using the

buoyancy correction are much closer to the actual
valles iroviding strong evidence thaL the stability
criteria developed here, allowing for the buoyancy

correcLion, is most realistic.

It should be noted that the stability criteria
developed here cannot dist,inguish between a fully
stable slurry and pseudo-stable one' To be

completely stable and hence capable of being
opeiated under laminar flow conditions a slurry
may have to have a yield stress well-- above that
given by equations A6 or A7, especially for
Iperatitn in targe diameter pipes as rTas discussed
in Section 5.2,

o tube viscometer
r Brookfield
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Figure 42. Coal slurry test results irom

tube viscometer and rotational
viscometer. Shear stress versus
true shear rate.
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