
The first conference of the Hydrotransport seies marked the introduction of the concept of
pipeline transport of stabilised slurries --concentrated mixtures consisting of coarse particles

io u caoier fluid loaded with fine solids. These slurries, which appear to move as laminar

flows, include coarse coal in fine coa1, co-disposal suspensions and high-concentration back-

fill slurries. Recent years have seen renewed interest in this concept, partly caused by

advances in thickener technology, which now allows the carrier fluids to be generated readily'

and partly associated with environmental and economic pressures leading to higher-

concentraiion waste deposition. This paper presents a historical review of developments in

this technology over the past thee decades, identifiing the physical mechanisms pertaining to

flow of non-Newtonian fluids, and presenting recent work for predicting particle fall

velocities in such media. Current trends are discussed, and new instrumentation techniques

and possible future uses of this mode of transport are outlined'

l.INTRODUCTION

Early applications of slurry transport conveyed solids offwo distinct types. For convenience,

tfro" *iy be called sand shnies and clay slurries. For sand slurries at moderate solids

concentation, flows of commercial interest will be turbulent. Pressure gradients for sand

slurries are uiually estimated by taking the gradient for an equal volumetric flow of carrier

fluid and adding a'solids-effect'terrn. For fine sands, the flow is assumed to be homogeneous,

and ttre solids iffect is based on the 'equivalent-fluid' model. For coarse sands, the flow is

classified as heterogeneous, implying that the solids concentration profile will show some

aegree of stratificadon. Further information is given in texts such as that of Wilson et al'

(1e97).

In clay slurries the solids are expected to be uniformly distributed throughout the flow. This

no* witt usualty be laminar foipart or all of the velocity range of commercial interest, and

such laminar flows are usually itrongly non-Newtonian. As shown by the early work of

Rabinowitsch (1929) and Mooney (1t31), a single plot of wall shear stess versus 8V/D

l*irr.. Z is the, mean flow velocity and D is the internal pipe diameter) applies to all laminar

ilows of a given slurry, and this relationship can be used to scale from one pipe size to

another Turbulent flows of non-Newtonian slurries, and the transition between laminar and

turbulent flow, were analysed by Wilson & Thomas (1985) and Thomas & Wilson (1987)'

For a summary see the text of Wilson et al. (1997).

@BIIR Group 2004 Hydrotransport 16. 701

Stabilised laminar slurry flow: review, trends and prognosis

A D Thomas, Slurry Systems Pty Limited, Australia
L Pultum, Pivate Consultant, Australia
K C Wilson, Queen's tJniversity at Kingston, Canada



The 1970's saw significant advances both in the practice ofpipeline slurry transport and in its
analysis. It was found that higher solids concentiations and bioua"r purtilt. g1udirrg coula becommercially attractive. In 1970, the first conference of the well-known Hydrotranrlo,t ,..i.,
was held, and at this conference Elliot & Gliddon-(1970) presented u pup.. descriling theirwor!. 

9n 
pum?ing highly-concentrated mixtures of coarse and fine coil 'gnder 

laminar flow
conditions. This type of flow was later called ..stabilised flow,, by Lawler et al. (197g) who
funher shortened it to 'stab-Flo'. central to the concept of stabilised flow was the belief that
the laminar flow pressure gradients could be scaled ui to larger pipe sizes in accord with the
Rabinowitsch-Mooney relationship mentioned previously, 

"ri-"g 
u curve ottainea from small-pipe data. on this basis stabilised flow appeared to offer evJr-reducing pressure gradients

with increasing pipe size, implying major eionomies for transport in rargei pipes.

A contrary viewpoint was expressed by Thomas (r97g, 19794 r979c, lggi), who wasprobabiy the first to have considered the possibility that deposition under laminar-flow
conditions might affect the scaling of pressure gridients *h ti,ut settling might occwprogressively along the pipeline. length. During the 1970's laminar flow with Joarse-particles
inligh-viscosity Newtonian fluids had been investigated by Shook et al. (1973) and Thomas
(1979.a). shook et al. (1973) presented data showing deposition una.rluLin* flow but did
not discuss this matter further. Thomas {1979a) p..s"rt.d dutu and incorporated these inro his
discussions regarding laminar-flow deposition oi.oa.se particles in ciay carrier fluids.

2. HISTORICAL REVIEW, PART 1_pIpE LOOP RESEARCH

The paper of Elliot & Gliddon (1970),mentioned.above, placed great emphasis on attaining aparticle size distribution that can produce maximum packingienstty,-*rri.i, is stated toproduce a minimum pressure gradient for laminar flow at high-solids clncentrations. Results
were presented from test loops with pipe diameters ranging from 3g mm to 250 mm, using topparticle sizes from 3 mm to 12 mm. Charles a Ctrartes (1971) discussed the possible
advantages of this approach, and later Lawler et al (197g) p*rrr.d the Elliot & Gliddon
concept by testing mixtures of 18 mm top-size coal in u.*.i., fluid of fine-coal slurry at
around 700lo concentration by weight. The tests were made in a 100-mm diameter vertical pipe
that acted as a tube viscometer. The results were then scaled up to t*g" aiu*"tr. usqzsutulpipelines using Rabinowitsch-Mooney scaling, in order to illustrate the"economic ud"*t[;
over conventional pipeline transport, which could be obtained provided deposition-free fliw
is assumed.

During the period from 1970 onwards a number of workers investigated laminar flow of
coarse particles in non-Newtonian clay mixtures. These included Chiles & Charles (1971)
and KenchinSon (1976, 1978). None of these workers mentioned tt. porriuihty of deposition
in laminar flow influencing scale up. charles & charles predicted turiir* p..rr*" gradientsfor sand in clay in a 200-mm pipe based on viscometer test results and discussed theperceived advantages compared with turbutent transport of sand in water. They did notconsider the possibility of settling in laminar flow but did mention the possibility that the
coarse particles might migrate to the centre of the pipe, which might actualty reduce thepressure gradient.

In the 1970's considerable research into slurry transport was also conducted in the U.S.S.R.and some books were transrated and pubrished 
-by 

Tenaspace r"c, in.ruaing pipeiine
Transport of concentrated slurries (Smoidyrev & Saianov, 6lo1 arra iaro*etrrs and Flow
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Regimes for Hydraulic Transport of coal by Pipelines (Traynis, 1977). Traynis' book

coisidered stabilized flow and did address deposition under laminar flow conditions, giving a

criterion for static particle stability based on the yield stress of the slurry used as the carrier

fluid. This stabilitlcriterion will be presented in the next section'

Traynis (1977) and Duckworth et at. (1983a) expressed the 19w ,ht -*r" static stability

criterion described below was suffrcient to ensure that Stab-FIo would occur. However,

Thomas (1979a) claimed this was not a sufficient criterion for laminar flow of sand-clay

slurries. He found that a slurry for which the particles met the static stability criterion flowed

under laminar conditions without deposition in a 19-mm pipe, but exhibited deposition under

laminar flow in a 105-mm pipe. That the importance of settling in laminar pipe flow was not

considered seriously Uy oitt tt at the timq is at first surprising' In other disciplines' for

example ia aerosol iesearch applications (Korjack & Chen, 1979), settting ofparticles in the

laminar flow regime appeam-to have been taken for granted. However, these systems are

.i"*ty N.*to*irr, una tt. more complex non-Newtonian interaction under investigation did

,roi uip.* relevant at the time. Settling clearly occurred in these pruely viscous systems, but

in the'visco-plastic systems 0pical of the mineral industry the presence of a yield stress

encouraged the view tLat staticaly stable suspensions would remain stable under shear.

In the 1980's large-scale pipe-loop tests were conducted on stabilized coal mixtures by

Duckworth and hii gro.,p ut th. CSRO laboratories in Australia (Duckworth et al' 1983a;

1983 b; 1986a, 1986b,) ana uy Brookes and Snoek in the BP test loop in the u-K. (Brookes &

Snoek, 1986; itou, t9il6, Brookes, 1988, Brown 1988). These publications demonstrated that

stabilized transport showed economic advantages- Also' during this period a new pumping

system simiiar to a very compact Hydro-hoist system but capable of pumping very large

p'artictes was invented by *re-Australian engiaeer Bede Boyle (Stewart 1972)' This pump

i.rigr, ** developed tv eSSe Brown Boveri, later to become the ABB Mineral Slurry

ir*ipor, Group, who then used this pump for large-scale test loops in Australia to transport

60 mm top-size ROM coal at ultra-high cot.enttations, close to 95o/o ofthe packed condition

rutnc no*o wirh minimum fines (Bhattacharya and Imrie, 1986; Hore et a1. 1990)- It!19
,y.,"*. combining Stab-Fto ana UgC flow were also investigated (Hore et al' 1990)"

B."uor. of the lack of fines in the simpler UHC coarse-coal mixture the ASEA tests were

akin to the coarse-sand and gravel tests conducted by Streat & Televantos (1976)' The test

work ceased towards the end-of the 1980's due to problems associated with the pump design

and unfavourable international economic conditions. Experiences with the plant had shown

that pipeline transport was quite stable for suspensions with broad size distributions tlpicai of

ROM material providing either the solids concentrations were kept high, e.g. between 75 -
95%o percent oftre pactlng condition, or else that a suffrciently viscous carrier fluid was used

so that Stab-Flo behaviori dominated. In both instances the net result was to restrict the

mobiiity of the particles.
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3.PARTICLESETTLINGINNoN-NEWTONIANCARRIERFLUIDS

-\t this point in the review it is necessary to introduce some technical material concerning the

.e"h#cs of settling of particles in non-Newtonian fluids. Particles placed in a stationary

\ewtonian fluid will seule, albeit sometimes at a very slow rate. (The exceptions are very fine

particles, Iess than about l0 pm in size, which are affected by Brownian motion and surface

ioi..r) Ho*"u.., for particies in a stationary non-Newtonian carrier fluid the situation is

-or" comple*. In the most basic sense, the question of whether particles settle or not can be
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obtained by measuring the settling velocity (or its absence) for particles in a stationary sample

ofthe carrier fluid, but for many purposes it is convenient to have an equation that can predict

the presence or absence of particle settling in terms of the rheological characteristics of this

fluid.

What is required is a force balance in the vertical direction, involving the driving force
provided by the submerged weight of the particle and the resisting force offered by the fluid.
For an essentialty spherical particle of diameter d and solids density p,, immersed in a carrier

fluid of density g,t}re submerged weight force -F, is given by:

F. = (,Til6)s@,- p) (1)

where g is gravitational acceleration. The resisting force must be related to the rheological
behaviour of the carrier fluid, and this is traditionally expressed by the rheogram, i. e. the plot

of shear stress , yerszs strain rate y'. For a Newtonian fluid this is a straight line passing

through the origin, but if the fluid has a yield poinl, ry, then no movement is produced until z

> 5,. For some materials, the rheogram is essentially a straight line passing through rr; these

are called Bingham plastics. (Another usefrrl two-parameter rheogram model is that of
Casson, see Wilson et al., 2003.)

The submerged weight of the particle sets up a stress field in the surrounding medium. The

largest shear stress occurs at the surface ofa spindle shape that encapsulates the particie (and

necessariiy has an area somewhat larger than the particle surface), and the shear stress

diminishes with increasing distance from the particle. The particle settles only if the shear

stress at the surface ofthe spindle equals or exceeds the yield stress ,. Since the area ofthis
surface is proportional to & , the following shear stability criterion must be met if the particle

is not to settle:

r, > kgd(p, - pr) Q)

Three groups, Traynis (1977), Thomas (1977) and Duckworth et al. (1983a) independently
proposed Eq. 2 as the criterion for static stability ofa coarse particle in a fine-particle slurry
that approximated Bingham-plastic behaviour. The coefficient I must be determined

empiriially. It was givin as:0.083 to 0.10 by Traynis,0.092 by Thomas and 0.10 by

Duckworth et al. Because of the practical uncertainties in the determining of q, (and often d,

also), these values offt are all effectively equal to 0.10. For a slurry consisting ofa continuous

particle size distribution the particles of intermediate size contribute to the characteristics of
the carrier fluid, and the coefficient in Eq. 2 has a larger value. This was given by Thomas

(1977) as k : 0.46.It is to be noted that in a fluid with r, : 0, all discrete particles will settle,

generalising the statement made for Newtonian fluids at the beginning of this section.

The next step is to move from the static stability criterion described above to the case where

the carrier fluid is itself sheared by an extemal agency, as is typical of pipeline flow. For the

static case of an unsheared medium, a reference particle shear stress can be defined, and, as

shown by Wilson et al. (2003), this can be used to determine an equivalent strain rate for the

particle, say y'"p.This strain rate serves to define the equivalent viscosity, 1r., , applicable to a
Newtonian fluid that would produce the same particle fall velocity. A continuation of this
work, covered both here and in Wilson & Horsley (2004), considers the combination of a
particle in a stationary medium (with equivalent strain rate y'"r) and the medium itself being
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subjected to an extemal shear rate y'* The resultant strain rate, y',, determines the fall velocity

ofthe particle under these conditions. It is proposed that y'. can be expressed as:

y', : l(y',)z + (/,)'fot (3)

Several basic checks can be used to veriff the general applicability ofthis relationship. Thus,

for y', of zero, y',= y'"p, as expected. Also, for a fluid with a yield shear stress ty, if r, < qthe
particle will not settle. This condition implies that y', = 0, and thus both y',p Md y'* are zeto-

AIso, if the reference shear stress of the particle is well below e,, then y', x y'" and the

associated valae of p, for the particle is essentially the same as for the sheared fluid.

Note that in a sheared fluid (y', > 0), Eq. 3 predicts thal y', is larger than y'"r. For typical

rheological behaviour, such as that given by the Bingham or Casson models, a larger y' is

associated with a smaller p. Thus the resultant viscosity p, is smaller lhar, po. With a smaller
viscosity, the particle falls more rapidly. ln other words, the proposed relation predicts that a
particle in a sheared medium settles, and the fall velocity ofa settling particle is greater than

that for the unsheared medium. This result corresponds in general terms with the findings of
Thomas' (1979b) experiments with particles settling in a clay slurry sheared in the annulus

between a fixed cylinder and a rotating one. These experiments were performed by Thomas to

support his findings of deposition under laminar pipe flow (Thomas 1979a). Particles which
were staticaiiy stable in a clay siurry were found to settie when the slurry was sheared in the

gap between the rotating cylinders. In recent years other workers have conducted similar tests

with substantially similar results (Wilson 2000, Cooke 2002).

4. HISTORICAL REVIEW, PART 2 - SETTLING IN HORIZONTAL LAMINAR
PIPE FLOW

In visualization studies (Pullum et a1., 2001), where the carrier fluid slurry is replaced by a
clear gel with appropriate rheological properties, the solids are seen to settle rapidly under

shear, even when the yield stress ofthe carrier fluid exceeds the static criteria given by Eq. 2

by more than an order of magnitude.

In the sequence shown on Fig. 1, solids are introduced from the right as a homogenous

suspension at the exit of the pump, l5D upstream of the viewing window. As the suspension

pasies the observer it initialiy appears to be confined to a central plug, reminiscent ofearlier
expectations of Stab-Fto. In fact these solids are being convected by the higher axial velocities

near the pipe cenne-line and, since the resultant viscosity p, is very much higher in this

central region (see Section 3), their fa1l velocity is impercepibly small, and so they appear to

stay near the axis. Nevertheless, some settlement is occurring upstream of the observation

point, especialiy from the outer annuli in the pipe, and a bed starts to form. This bed (which is

traveling at a slower velocity than that of the axial core), when imaged at 6s, distorts the

velocity profile, as shown in Fig. 2.
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The distortion caused by the bed increases the maximum velocity in the upper flow region,

which tends to decrease the the average value of p. there, thus increasing the sefiling velocity

of solids conveyed above the bed. There are also secondary flows associated with the

establishment olthis bed, but these lie beyond the scope ofthe present paper. It is sufficient to

note that, once a bed starts to form, the action increases so that by 10s a well-defined bed is

present, and this continues to consolidate and grow as time progresses r.rntil, eventually,

ii.n*tty all the solids are conveyed in the sliding bed. Obsewations of this particular

,orp.rriiol made 400D downstream of the initial viewing window showed similar features,

i.e. an almost axial plug of solids at the front of the bolus of solids, followed by a bed. In this

case, however, the iusfended solids were further in front of the bed due to the greater length

of pipe, and the bed was more consolidated over its entire length, demonstrating that the bed

shown at 10s was still undergoing settlement.

Thomas (1979a) appears to have been the first researcher to consider in any detail slow

settling under laminar flow along the pipeline length, although Snoek et al. (1979a) and Snoek

et al.(i979b) wamed that settling may be a problem in stabilized flow. Thomas (1,979a)

showed that slow settling described the observed behaviour in a DN 105 pipe of laminar flow

of coarse sand in a Newtonian fluid and raised the possibitity that a slurry which is shown to

flow homogeneously in the laminar regime in a short test loop might settle and deposit in a

long pipeline.

There are a number of long distance slurry pipelines that have transported fine particle slurries

under laminar flow conditions. These were examined by Aude et al. (1996) who concluded

that even fine particles settled slowly towards the bottom of the pipe under laminar flow
conditions, although this might not occur for the first few kilometres of travel. Cooke (2002)

further reviewed these operations. Clarke & Charles (1993) developed a method of predicting

the pressure gradient in a slowly-settling fine-particle slurry flowing under laminar conditions

in a pipeline. Uriev (1996) addressed the same problem.

pullum et a1.(1996) reviewed the ASEA test work outlined earlier, and described the results

using a sliding bed analysis. For small pipe sizes the predicted and observed pressure

gradients decreased as pipe size increased but for pipe sizes greater,than about 250 mm the

pressure gradient remained roughly constant at around 1"000 kPa km-'-

Houman & Johnson (2002) described laminar-flow transport of high- concentration tailings

with top size of I mm. The tailings are pumped J.5 k* in a DN 330 pipe. They note that if
pr.g*. gradients are greater than 2,000 kPa km-r a settled bed will be kept in motion and not

accrmulate. The relatively high pressure gradients are a result of the rheologicai behaviour of
the Kimberlitic clays used in this suspension and the pre-requisite for these co-disposal

thickened tailings ii that solids concentration be kept as high as possible. This ensures both

that proper thickened discharge cones are produced and that as little water as practical is

"onru."d. 
Subsequent analysis ofthis line (Pullum 2003) has shown that the line operates as

a stable stratified flow under laminar conditions.

Hydraulic backfilling of underground voids is an estabiished practice, especially in South

ahlcan mines. The backfill slurries are of paste consistency, can contain particles up to 25

mm in size, and flow in an apparently laminar flow regime. The extremely high pressure

gradients of 5,000 to 25,000 kPa km-l are not a concern because of the large static head

available. Cooke (1996) provides a good review ofthis technology.
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5. PARTICLE SETTLING EFFECTS IN TURBULENT AND LAMINAR FLOWS

It has been demonstrated above that in non-Newtonian carrier fluids some particles wilt
remain stationary in a static (unsheared) fluid, but settling will occur whenever there is a non-
zero strain rate in the carrier fluid, a condition tlpical of pipeline flows. The next question to
be asked is whether particles that have settled can be projected back into the flow, i.e.
'resuspended'. To deal with this question it is necessary to introduce some technical material
conceming particle conveyance in the two basic flow types mentioned in the introduction -
sand slurries and clay slurries. Clay slurries qpically involve laminar non-Newtonian flow of
a uniform mixture, whereas sand slurries are comprised of a turbulent flow of water
transporting discrete particles.

In sand-slurry flow there are two major mechanisms of particle support. The first is turbulent
suspension, which has been the subject of early analysis by Schmidt (1932) and Rouse (1937)
and experimentation by Hsu et al. (1980). Turbulent support depends on the size of the
turbulent eddies exceeding the particle size, and on the velocity ofthe eddies exceeding the
fall velocity of the particles. As the turbulent eddies are an offshoot of the mean motion of the
flow, the energy of turbulence, which maintains the particles in suspension, is constantly
replenished without any increase in friction gradient. This effect can be seen clearly for small
sand particles with low fall velocities, such as the 0.1 mm sand used in the experiments of
Korving (2002). For volumetric solid concentration, G, up to 0.36, the 'equivalent-fluid'
relationship mentioned in the Introduction applies, and the pressure gradient (for a throughput
velocity range extending from 2 m/s to over 5 m/s) is the same as that for a fluid with aeniity
equal to that of the mixture and viscosity that of water. It follows that, for a given solidi
concentration and throughput velocity, the pressure drop (and hence the Specific Energy
Consumption) depends inversely on pipe diameter. This diameter dependence implies that, as
for ciay slurries, there should be major economies ofscale for larger pipe sizes.

The second transport mechanism in sand-slurry flow often moves some or all of the particles
as stratified or 'contact' load. This mechanism usually dominates if the particle size and fall
velocity are large compared to the size and speed of the eddies. In this case, turbulent
suspension will not be effective in counteracting the submerged weight of ttre particles. and
this weight will be carried downward by interparticle contacts until it produces a granular
pressure acting on the lower wall of the pipe. In effect, the stratified particles form a bed, and
keeping this bed in motion requires a force acting in the direction of flow. This force must be
large enough to overcome the product of the coefficient of mechanical friction and the
submerged weight force acting against the pipe wall, and a substantial extra pressure gradient
is required to produce this driving force. This concept was first proposed in general terms by
Newiu et al. (1955), and subsequently analysed by Wilson (1976). (Summaries are presented
in the texts by Wilson et al. (1997) and Shook & Roco (1991).) For given solids density and
concentration, it is found that the stratified component of presswe gradient is effectively
independent of pipe size (Clift et a1., 1982). Thus there is no economy of scale for fuliy-
stratified flow, and for cases of partial stratification, the two components of pressure gradient
must be separated and then scaled individually (Wilson et al., 1996).

Recently there has been an increasing interest in how particles travelling nezr the bottom of a
pipe can be 'resuspended' by being lifted into the turbulent core of the flow. Two iift
mechanisms have been identified. The first is a rather weak viscous lift (usually called
Saffman lift, see Saffrnan. 1965), applicable to laminar flow or the viscous sub-layer of
turbuient flow. The second is a significantly stronger inertial lift, associated with the
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logarithmic velocity distribution of near-wall turbulence. The significance of this lift force to

mixtures of sand-weight ;;i;1; i" water has been covered in a series of papers' For particles

of narrow grading, it *uilo*a flililson et a1. 2O00; wiison & Sellgren 2003) that 1ift has a

pronounced effect for particles in-the size ratge 0.2 - 0.4 mm. Particles smaller than about 0'1

rnm can be enveloped by;;il.";s sub-layJr, where only t1,e rather ineff-ectual Saf&nan lift

witl be encountered. slmifiv, particles greater that about 0.5 mm are confined to the logJaw

part of a turbulent Ao*, uJ i"i. tft" ratilo of inertial lift force to submerged particle weight is

inverselyproportiona]topa'ti"r"size,andthuswillbeineffectiveforlargeparticles.The
details of the lift forces *J 

"oiof 
.o""em here, since these forces are useful for support only

if the particles that they can fit i"t" the main flow will be sustained once they get there by

some iffective support mechanism in the core of the flow'

There is no comparable support mechanism in laminar flows, including clay slurries and stab-

Flo, and even for ,*i-r'1'r,,i"t it is instructive to consider what happens at very high

concentrations of solids. Ii was noted above that Korving's (2002) experiments with 0.1 mm

sand in water, turbule;-G; remains effective up to G = 0.3q (as shown by the

"r**Ur,, 
oi the ,equival"of-n ria' model). However, korving's experiments extended to a

C, range fiom 0.42 to 0.48, and in this r9ng9 the pressure gradient sh3t uf to values far

beyond those predicted ;ta;alivalent-flufu moaet. For example, at v = 2 m/s and ., =

0.36. Ap/Axis about 260 kpa km-], but at the same velocity and G: 0,48' Ap/Ar has risen to

,aiu,i 
-ui"-fu:',;;;;; 

b" .tp"""a for frrlly-stratified flow (Newitt et a1', 1955; wilson et

a1.,7973).Iftheequivalent-fluidmodelhadappliedtotheseconditions,lp/axwouldhave
been only about 300 1p" f.-:i, * "t"ut 

47o of that observed. What must have happened is a

collapse of the turbulent eddies which had supported the particles at lower concentration'

Note that at Cn :0.48 the mean spacing between the particles is only one-eighth of the

p"rtLf" air*eter, so that in the curved flow of eddiei there will be numerous particle

collisions, and these necessarily oreate a strong damping of the turbulence, making it

ineflective for particle support'

If turbulent support can collapse, even in for fine-sand slurries, it can be expected that

particles that settle in a tamimar ilow will move as a sliding bed, with the resulting high

ilil; gradients ana timits to economies of scale. A number of publications from the City

university of New vork referring to "viscous resuspension" :night appear to offer a

counterbalancing support mechaniim' One of these papers (Zhanq & Acrivos' i994)

specifically deals with n tty-it"toped.laminar pipe flow' companng the results of detaiied

numerical calculations *iti, co.r""nt ation curves^obtained by Altobelti et al' (1991) using

nuclear magnetic resonance techniques in a small pipe' Better imaging techniques are now

available, *d Grairan et a. fzooz) complemented these by measuring pressure gradients'

comparison sho*s that-ivis"or, ,rr,rrp"rrsion" is the same as a stratified load of moving

particles(asopposedtoustutiot'atybed)'Hence'theproblemofstratifiedloadandthe
associated ta.t ot"corrl*i"t oit.ur" has not been overcome' It is also worth noting that it is

improved instrumentati.rli-t",t* tir* sophisticated mathematical analysis' that has provided

thi greatest increases in understanding'

6.CURRENTTRENDS

The fact that large particles that meet the static stability criteria settle under shear has now

become widely known. ri"""r,ry, e"ae et al. (1gg6) revie-wed-the operation of some long-

distance fine-particle lr*i;;f6;pipelines and showed that slow settling occurs along the
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pipeline length, resulting in a gradual increase in pressure gradient. For the Newtonian case itis expected that the same wi-Il happen with the coarser-particle stabilized flows; but for non-Newtonian rheology other- features may require attentiron. For colloidal particles the inter-
particle forces are usually larger than the extemal body forces acting on the particles, but for
suspensions with particles that are larger (say +20pm) and are immersed in a fluid with a
substantial structure, the magrritude of the various forces dependt on tfr" io"ur shear field. An
adequate analysis ofthis non-Newtonian case has not yet been achieved, and there remains an
active research area as to- the rate of settling, and its impact on flows where suspension
rheoiogy dominates, e.g' thickeners and all slurry flows wiin nne pu.ti"Lr or wide particle-
size distributions.

As noted at the end of the previous section, Graham et ar. (2002) used sophisticated
instnrmentation to conduct fundamental studies into laminar-flow transport of coarseparticles. As a result of these studies, and t}re work of various other writers that has been
summarised in earlier sections of the present paper, today very few engineers would
recommend stabilised flow for long-distance transport. It stili has aovantageJfor relatively
short-distance transport, for.example to tailings impoundments. Here the ability to stop a 1inland restart it at will, and t9 deliver very-high-concentration 'p*io;,tli mates high_
concentration flow an attractive means of conveying short distances with limited water
consumption.

It is interesting to compare the press,re gradients and operating conditions of high_
concentration flows with. other forms of transport, and some typical data, taken from the
literature for coal suspensions, are shown in Table l.

The work of E

stabilized slum
long DN 250 p:

a velocity of 1

Gliddon's pape

minus l2mm n

pressure gradie
minus 3 mm c<

extrapolated El

Lockyear et al.

ina2kmiong
noted that ther,

slower-moving
effect of slidinl
is essentiali,v pr

Thus, the ratio
is 4.0/0.4: 10.

The,presswe g:

km - lor minus
1996) and pre:
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size in water. F

smaller than in
by the Loverid
transport gradi,

also has to be c

For low-concel
energy consum
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Table I Transport properties of various coal suspensions

Elliot &
Gliddon

Lockyear
et al

Pullum &
McCarthy

Alexander
(1e83)

Black Mesa type
Schriek et al

Coal type

&c)
d.* (rnm)

D (mm)

C, G)

l/ (ms,)

Ap/Ax (kPukrn'')

sECt (kwh fr km-I)

Regime

Stable2

ROM

1.5

J

250

0.5

1

200

0.07

Lam

Yes

ROM

1.5

t2

100

0.5

I

900

0.33

Lam

Yes

Coking

t.4

40

300

0.67

I

450

0.13

Lam

Yes

ROM

1.45

60

300

0.75

I

1000

0.26

Lam

Yes

ROM

1.5

100

3s0

0.35

4.5

1500

0.8

Turb

No

Coking

1.37

1.5

2s0

0.42

1.5

r00

0.05

Turb

No

Coking

t.37

i.5

100

0.42

1.5

300

0.15

Turb

No

,'; s: ff-f'ot 
energy consumption is defined as SEC = /p/ax/(3600.C".5") where the pressure gradient lp/ax is

2' Stable here means a transport mode that does not exhibit a minimum conveying velocity and can be shut downaild re-started at will. Turbulent transport modes are characterised by u.ini-i- 
";;;;yirg velocity and canblock the line on restart.
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The work of Elliot & Gliddon (1970) appeared to permit the transport of coarse- particle

stabilized slurries at low pressure gradients. For example they presented results in a 360m

lone DN 250 pipe loop shlwing lariinar flow at p."rr*" gradilnts as low as 200 kPa km-r at

" "!T*i,v "f i 
. s' U"t the pailicle size was noi identified. Careful examination of Elliot &

CfaAori, paper shows that tire majority of the work concemed minus 3 mm coal slurries' A

minus 12mm- mixture *u, po-p"d thr;ugh a DN 100, l.6km loop but witir relatively high

pi"rril" gr"Oients (900 kPa-kmj at I m s-1). It is almost certain that ttre DN 250 data apply to

itinus 3 im coal, considerably finer than the 20 mm top size for which Lawler et al (1978)

extrapolated Etliot and Gliddon's results.

Lockyear et at. (1985) measured a pressure gradient ofapproximately 450 kPa km-l at I m s-r

ilr" z t* long DN j00 test loop when pumping minus 40 mm stabilized coal slurry' They

noted that there was some evidence thaf at th" lo*.t velocities some of the coal formed a

.tl*".-*oring sliding bed. It should be noted here that for solids much denser than coal, the

effect of slidiig beds can be much more serious. For this configuration the pressure gradient

is essentially pioportional to C,(&-1) or, for a given concentration of solids, simply to (&-1)'

Thus, the .utio of pr"rr*. gruaiintr ior, say, iron ore (S, : 5.0) compared with coal (,S, : 1 .4)

is +.6rc.q= 10, and this ratio will be virtually unaffected by pipe size'

The pressure gradients measured with stabitised coal slurries can be compared with 1000 kPa

m:,'r- *i"ril io ** coal with minimum fines fiansported as a sliding bed (Pullum et al'

1996) and pressure gradients of approximately 100 kPa km-r in a DN 250 pipe and 300

kParkm in a ON 100 pipe for turbuient flow transport of minus 1.4 *T coal slurry similm to

Black Mesa. ttre staUilized-flow pressure gradients fall between these two water-based

extremes, i.e. low-concentration r*utt-purti"ti-size and very high concentration large particle

size in water. However the particle size in this last case and solids concentration is very much

smaller than in the other cases and perhaps a more meaningful direct comparison is provided

by the Loveridge mines turbulent.transport of -50mm ROM coal (Alexander 1983)' Here the

#*rpo.t gradiint (1500 kPa km-r; is irr.*."tt of the ultra high concentration gradients and

also iras to be conveyed at substantial velocity to maintain transport.

For low-concentation turbulent transport offine particles the pressure gradients, and specific

energy consumptions, are lower than ior the Stab-flo form oftransport represented in Table 1'

If the material is already fine, or the downstream process can tolerate. the material being

grc*A to a small size, and the high water consumption is acceptable, such turbulent transport

Iunnot be bettered by high-conclntration techniques. Where low-concentration suspensions

are inappropriate, e.g. in" tailings and waste disposal, or where coarse..particles are to. be

.orrr.y"d, e.g. coal ixport, or 
-aggregated o, co-dispotal systems, stabilized or ultra-high-

"orr."ot 
utiori flows offer-stable lorms of transport at enelgy consumption that can be

commercially aceeptable, particularly for short-distance transport'

7. PROGNOSIS

The striking similarity between the transport characteristics of stab-Flo suspensions and

homogenoui non-Newtonian suspensions dominated the thinking of most early workers

.o.r""iri.rg these flows. Truly homogenous flows are axi-symetric, and when a yield stress is

present thly contain an unsheared coie. Stab-Flo suspensions were believed to be similar' and

ir.r." *"." assumed to be axi-symetric" with the particles uniformty distributed across the

flow or within the unsheared 
"or.. 

k accord with these assumptions such flows were assumed
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to have pressure gradients that were inversely proportional to pipe size under ,laminar, flow
conditions; and hence very low gradients were forecast ror pipes oiindustrial size.

In fact the coarse particles were settling to form beds but the depth of the bed. and similarity
between the carrier fluid and coarse particle densities made oiservation difficult. Thus it
seemed that the stable behaviour at entry and discharge and the apparently homogenous
regime inside the pipe obscured the settling phenomenon, and hence belied the constant
pressure gradients predicted by stratified analysis.

Recent work has shown that flows of coarse particles in a non-Newtonian carrier fluid do
exhibit stratification, a fact that points to the need for these flows to be re-analysed using non-
Newtonian stratified-flow concepts; although this is likely to present difficulties that did not
glcy in the earlier analyses of ttrbulent flows with Newtonian carrier fluids. However, anylift forces that occur under laminar flow are very small, and unlikely to be significant fo;
suspension of materials normally associated with the mineral industry. $or other industries,
e'g' the food industry, where density differences are smaller and apparent viscosities can be
much higher, this conclusion may not apply).

For relatively low-concentration slurries where the coarser particles have ,room to move,,
settiing of particles occurs near the head of the pipeline, bui with fine particle slurries this
settling may take many kilometres. The settling ratiwill depend on the rheological properties
ofthe slurry and the shear-rate variation across the pipe cross section. Coarser particles that
have settled to the bottom oftle pipe travel as rt atinia load, and understanding ofthis typeof flow has been greatly advanced by modern instrumentation techniques. For higher
concentation slurries, particles have less 'room to move' and the stratifiid load near the
bottom.of the pipe may be in.the form of an expanded bed with the non-Newtonian .yield
stress' influencing coarse particle separation, bed density and sliding friction. These factors
will need to be addressed when analysing these slurries

Does the foregoing impty that the objective of coarse-particle transport at low press,re
gradients comparable to (or below) those ofturbulent frne particte trunsport is unobtainable?
For long pipelines the ansrver is undoubtedly yes. Does this mean that Stab-FIo and other high
concentration flows should be abandoned? The answer is a qualified no. Stab-FIo and allied
transport systems are able to convey a very wide range ofparticie sizes at concentrations in
excess of conventional lines and up to their maximum packing condition. While the pressure
gradient precludes them from most long-distance lines, thef may have potential in short-
distance lines, and in particular for waste disposal. The conservatio., of *it". is a challenge
facing the modern world and a mode of hya.auti. transport that minimises water
consumption, and can be stopped and restarted at will, is a very osefu o.re.

The tlture of transporting coarse particles in a fine-particle carrier fluid will require the
consideration of a number of outstanding issues. Improved instrumentation and visuajisation
techniques have increased understanding in recent years, and firrther improvements are
desirable to maintain progress. The work reported iboue on the mechanisms of particle
settling in sheared non-Newonian fluids (in connection with Eq. 3), merits a broader
experimental base, and this will require additional fall-velocity 

"*p"ri*.oi, using a variety of
fluids and shear conditions, plus pilot-plant pipeline experiments that include concentration
profiles and measurement of any deposition. Anothei fruitful approach will be analytic
modeling' using computer programs to predict concentration p.oiri., and the variation of

pressru

effect c
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pressure gradients with time and distance. The optimisaton of particle size distribution and the

effect ofadditives are also issues requiring fiuther studies.

NOTATION

i,

L"

:a:.

:.S

t::

C,
d
dr*
D
F,
oo
&
SEC
V

Volumetric concentration
Particle diameter
Maximum particle diameter
Pipe diameter
Submerged weight force
Gravitational acceleration
Relative density of solids
Specifi c energy consumPtion
Superficial velocity

G)
(mm)
(mm)
(mm)
(N)
(m s-t)

G)
(kwh tonne-' km-t)
- -1.(m s')

(s-')
(r-')
(r-')
(r-')
(kPukm-')

(Pa s)
(Pa s)

/
/ep

4/b
p
kp
l+
pf
Ps

tr
h
ty

Strain rate

Equivalent particle strain rate

Resultant strain rate
Strain rate of medium
Pressure gradient

Viscosity
Equivalent particle viscositY
Resultant viscosity
Fluid density

Solid density
Shear stress

Resultant shear stress

Shear stress in medium
Yield shear sress

(Pa s) 
^(kg m-')

(kg *t)
(Pa)

(Pa)
(Pa)
(Pa)
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