
Hydrotr:rnsport 6
SIXTH INTERNATIONAL CONFERENCE ON THE
HYDRAULIC TRANSPORT OF SOLIDS IN PIPES
SEPTEMBE R 26th.28th, 1 979

TIIE nOLE Ol' LAMINAR/TUBBIITENT TBATiISITTON IN DETEAUINING
TEE CBITICAL DEIINT VELOCITY AND THE OPEBATITre

PRESSIIRE GNADIENT FON LONG
DXSTANCE SLI'RBY PIPELINES

A.D. Thomas

M.D. Ilesearch Company Pty. Ltd,, Australia.

Summary

Industrial slurries suitable for pumping over long distances invariably include a
proportion of fines which form a viscous 'rcarrier" supporting the Larger particles.
Viscous effests therefore exert considerable influence on both the critical deposit
velocity and the pressure gradient. Because of this it is often assumed that for such
slurries the critical deposit velocity eoincides with the transition velocity. Here this
matter is considered in detail and it is concluded that although the two velocities often
do colneide such is not always the case, especially in larger pipe sizes where the
critical deposit velocity may be significantly greater than the transition veloclty.

Experimental data obtained mostly in a 105 mm pipe loop with both high viscosity
Newtonian fluids and clay/water suspensions forming the ttcarriersrris used to illustrate
the controlling phenomena. The reason why the critical deposit velocity and the
transition velocity often do coincide is shown to result from the high pressure gradients
required to prbvent deposition under laminar flow conditions. Based on these findings
the variation of deposit velocity (and hence the operating pressure gradient) in large
pipe sizes is ouUined.
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NOMENCLMURE

Fraction of pipe area above sl"idtng bed

Concentration by volume of solids

Concentration at maximum packing density (usually taken as 0.6)

Pipe diameter

Fanning friction factor for flow of fluid or vehicle

Gravitational constant

Slurry pressure gradient

Slurry pressure gradient at incipient deposition

Reynolds number (= VD p/ n;
Relative solids density in carrier fluid or vehicle

Mean flow velocity in pipe

Mean velocity at incipient deposition

Velocity of transition between laminar and turbulent flow

Friction vel.ocity at incipient deposition (= V4:HZ)

Dynamic viscosity of Newtonian fluid

Effective viscosity of non-Newtonian vehicle

Plastic viscosity of Bingham plastic vehicle

co-efficient of sliding friction betrveen sliding bed 6. pipe (usually

taken as 0.4)

P Density of fluid or vehicle

Yield stress of Bingham plastic

Function appearing in equation 5 and given in Ref. 4. For c = .rzt

A = 0.26

The thickness of the viscous sul,layer whicir has not been given a
specific syrnbol is given by 5q/py*
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INTRODUCTION

Long distance pipelines transporting slurried minerals are a reality, with many
examples operating successfully throughout the rvorld. In spite of this the hydraulit
design of such pipeLines is still clouded in some mystery, as has been indicated by
Carleton 6' Cheng (Ref. 1), with the design often being described as more of an art
than a science. Particular mystery surrounds the role of the Laminar/turbulenttransition in determining the critical deposit velocity (the veLocity at which astationary deposit first appears) and hence the opereting pressure giadient. It isoften assumed (e.g. Hanks, Ref. 2) for typical ps-udo-homo!"rr"or" siurries pumped inlong distance applications that the critical deposit velocity coincides with thevelocity of transition between laminar and turbulent flow. -In 

this present paper therelationship between these two velocities is studied, firstly for sands in higir visco-sity Newtonian fluids, and then for more typical non-Newtonian based slurries. Thispaper in effect fills in the gap between the two recent papers by the author (Thomas,
Refs. 3 & 4). The first of these considered the criticat aepo.il velocity under
conditions of pure turbulent flow while the second considered deposition under
conditions of pure laminar flow.

2, EXPE{LY.ENTAI EQgrP.M.P.NT

The pipe loops used have been descri.bed elsewhere (Thomas, Ref. 5). They were
conventional types of various diameters ranging from 9.4L to 105 mm. Flow rates were
measured by diverting the flow into a weigh tank except in the case of, high viscosity
Newtonian fluids (sugar,/water solutions) where a venturi was used. Concentrations
rrere measured by weighing a knor.rn volume of sample. Pressure gradients were measured
over horizontal lengths of pipe using a transducer. Critical deposit velocities were
determined by observation through transparent viewing sections. This method could
also be used to determine the laminar/turbulent transition velocity since transition
was clearly evident by the Presence of bursts. A more clearly defined transition
velocity was obtained by the intersection od the laminar and turbulent pressure
gradient plots. Ner'rtonian fluid viscosities were measured using a Brookfield
rotational viscometer whilst the rheological behaviour for non-Newtonian suspensions
rvas obtained .in a tube viscometer.

TYP IC.4l,,B qH4V IO.UR -. N.EJ^ITONI.AN FL-U I.qS

The area of interest of the present paper is best illustrated by some typical
pipe loop results. These are for nomirial 0.15 mm (90% between 0.095 and 0.30-nrn)silica sand in Newtonian fluids (sugar/water solutions) of various viscosities.
Figure I shows the result obtained in the 105 mm pipe at four different viscosities,
0.80r 5,60 and 95 centipoise (cp), the respectivl ifuiO densities being 996, 1160,
1300 and 1315 kg m -3. The solids concentration was !2/. by volume. Note that theresults for the two highest viscosities have been presented previously (Ref. 4) whilst
the deposit velocities for the two lowest viscosities were used in Ref. 3. At the
lowest viscosity the behaviour is typical of heterogeneous, slurries. Such slurries
would not be considered for long distance transportation because, as has been explain-
ed by Thomas (Ref. 6), the required pressure gradient is uneconomic in large pipl sizes.At a viscosity of 5 cp typical pseudo-homogeneous behaviour is apparent as evidenced
by the parallelling of the slrirry data points to the fluid line. From a pressure
gradient viervpoint such a slurry would be suit,able for long distance pumping. Notethat deposition occurs at a Reynolds number, based on fluid properties, of.LxlO4,
which is rvell above the transition regime. Deposition is therefore occurring in
pure turbulent flow and the deposition criterion presented by Thomas (Ref. 3) is
applicable. . when the fluid viscosity is increased to 60 cp deposition is now seento occur at a Reynolds number of 2900 which is in the middle of the transition regim€
commonly assumed to lie between Reynolds numbers of 2000 and 4000. For this slurlythe assumption that deposition coincides with laminar/turbulent transition is therlforecorrect. Finallyr. at the highest viscosity of 95 cp, deposition occurs at a Reynolds
number of 1300 under conditions of pure laminar flow. For predicting the critital
deposit velocity in this case the r+ork of Thomas (Ref. 4) is relevanl.

1.

3.
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The'area of interest is further illustrated by FLg. 2. Shown on this Figure are
data for three different pipe sizes for the one sand (median size 0.13 mm with 90%

between .095 and .155 mm) at the one concentration (L2%) and fluid viscosity of 5 cp.
Of this data the 9.41 mm pipe results have previously been presented (Ref. 4) whil"st
the deposit velocity resuLt for the 105 mm pipe was used in Ref. 3. It can be seen
that deposition occurred in the Laminar regime in the 9.41 mm pipe, in the transition
regime in the 18.9 mm pipe, and well into the turbulent regime in the 105 mm pipe.
These results are for a particular slurry in different pi.pe sizes. They graphicaLly
illustrate why it cannot be assumed that, for-a partlcular sLurry, the deposit velo-
city will coincide with the transition velocity fot gffJi!5!3g.

4. PREDICTING THE DEPOSIT VELOCITY . NEI,ITONIAN FLUTDS

4.L Turbulent Flow

Equation 1 was obtained by applying Wilsonrs (Ref, 7) sLiding bed theory to a

sliding bed of height equal to the viscous sub-layer. (see nomenclature)

Employing the definition of friction velocity and the Blasius tyPe aPproximation
for the friction factor suggested by Ibudsen & Katz (nef. S1, namely

f = 0,046 R"-o'2 (2)

equation 1 can be aPProximated bY

As noted previously onLy pseudo-homogeneous slurries need be considered for
long distance applications. For such slurries the critical deposit velocity
according to Thomas (Ref. 3) is given by

:k l- -lI
v; = t.tfen (s-1)/el-3 (1)

va = e.o[*n(s-L)/p 
]o'37 

(np/ilo'll

Jd = 4.4[t + c(s-t,] [- n (s-r),r)", /,

(3)

S.I. units being used.

Also of great practical importance is the pressure gradient at depositionl J6r
which as a first approximation can be assumed equal to the fluid only pressure
gradient multiplied by the ratio of the slurry density to fluid density. The resul-t
can be shown to be;

(4)

Alternativel-y, if greater accuracy is required, the effect of the solids on the slurry
viscosity can be taken into account as considered by Vocadlo (Ref. 9).

4. 2 Laminar Fl ow

By a simiLar application of Wilsonts sliding bed theory Thomas (Ref. 4) showed
that the slurry pressure gradient at deposition under Laminar flo'w is given by

ra - 2 Pg u" co(s-l) g (s)

As a first approximation the in-situ concentration can be assumed equal to the
delivered eoncentration. Then, providing sufficient pipe l-ength has been allowed to
enable full settling, of the particles, equation 5 can be used to calculate J;. If
the pipe loop is of"insufficient length to obtaj.n fuLl settling of all the pirticles
then the pressure gradient at deposition will be less than given by equation 5 beeause
the height of the sliding bed will be less with some of the particles still in
suspension (see Thomas, Ref. 4). Note that equation 5 is independent of pipe size.

It will be seen later that the physical mechanisms of deposition can best be

understood in terms of JU but if it is required, the deposit velocity can be obtained
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by equating J, to the pressure gradient due to laminar flow in the reduced plpe area
above the bedl A fuL1 analysis is not warranted here but as ir first approxlmation VU
will depend on the following proportionality.

(6)vda ps l-! cb (s-1)0 ,2 o21r1

Note that for a given ;oIids concentration (a and p, constant) 11 needs to be
increased in proportion to D' to maintain the same deposit velocity in larger pipes.

4,3 Trans:Ltion Reg.ipg

The mi dd1 e o f the tran s i t, ion reg ime
of 3000. Thus for these situations rvhere
equals Va r,rhere Va is given by

can be assumed to occur at a Reynolds number
deposition coincides with transition Vd

and Jd can be calculated aceordingly by
the sf u rry pres sure gradient equal s t,he
of slu rry dlnsity to fluid density.

(7)

assuming that, as in the t,urbulent case, t,hat
fluid only pressure gradient times the ratio

V* = 3000 rlr- 
Dp

4.4 Example (One Slurry, various pipe sizes)

Using the above equations J, has been caLculated for the conditions relating to
Fig. 2. The result is shown in Fig. 3 together with the experimental data. It can
be seen that there is only a smalL range of pipe sizes, from 13 to 21 ntrn, over which
deposition occurs in the transition region. For pipe sizes above 21 mm the deposition
occurs under conditions of pure turbulent flow and the pressure gradient at deposition
(and the velocity) are considerably higher than the transition value. An insight into
the physical reasons for the co-incidence of deposition and transition can be obtained
by tracing the behaviour as the pipe size is progressively decreased. In large pipe
sizes deposition occurs under purely turbulent florq but at a pipe size of 21 nrn the
transition velocity has risen up to first coincide rvith deposition. Further reduction
in pipe size stil1 sees deposition coinciding with transition because the pressure
gradient is insufficient to maintain pure laminar flotr without deposition. It is only
when th€ pipe size is reduced to below 13 mm that the pressure gradient is sufficient
to maintain l-aminar floia without deposition.

For a higher viscosity fluid the required pressure gradient for laminar flow
operation can be reached in a larger pipe. For example for a 50 cp ftuid deposition
v;111 coincide r,,zith transition in pipe sizes from 60 to 100 mm as indicated on Fig. 3.
Thus for Nervtonian fluids the two velocities wil-1 coincide over a pipe size range of
approximately 2 to 1 vrith the actual pipe sizes depending on the viscosity.

4.5 Example (One pipe size, various viscosities)

Further insight into the physical mechanisms involved is provided by Fig. 4
nhich shows results for 127. concentration of 0.82 mm silica sand (907" between 0.60
and 1.05 nnn) in the I05 mrn pipeLoop at various fluid viscosities. Note that the
results for^ 27O cp have previously been presented (Ref. 4). The fluid density r^'as
1300 kg m-r so equation 5 indicates that for laminar conditions, J6 = 1650 Pa m-I.
Thus, the theory indicates that to obtain laminar flow without deposition a pressure
gradient at least as great as this is necessary. At the lowest viscosity of 56 cp
deposition occurs at a Reynolds number of 3450, i.e. under conditions of almost pure
tuibulent flow and the pressure gradient is low at 700 Pa m-1. In this case the
height of the sliding bed will be not much higher Ehan the viscous sub-layer thickness.
At a viscosity of 82 cp-deposition occurs just beLow the transition regime at Re = 1800
Note that J6 has risen to 900 Pa m-l due to a greater bed height because of less
turbulent support of particles. However the viscosity is not sufflciently high to
sustain laminar flor,; without deposition, which theoreticalty at Ieast, requires a j
Pressure gradient of 1650 Pa m-r. At a viscosity of 119 cp J, has risen to 1150 Pa m-'
and although the Reynolds number at depositlon is less than ZU00 pure laminar flow was
not yet obtained as evidenced by visual observation of transition bursts. At a
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viscosity of 175 cp pure laminar florv was sustained. Deposition occurred at a press-
ure gradient of 1200 Pa m-r, somewhat below the theoretical value of 1650. At the
highest viscosity of 270 cp laminar flow is obtained over a considerable range of
velocities. Deposition occurred at a pressure gradient of 1450 Pa m-1rnot too
different from the theoretical value of 1650 Pa m-r.

The physical mechanisms invoLved as the viscosity is increased can now be
followed. At 1ow viscosities deposition occurs under turbulent flow with the height
of the sliding bed being only as great as the viscouir sub-layer thickness. Consequen-
tly the required pressure gradient is lofi. As the viscosity is increased the transit-
ion regime rises up to the velocities of interest. When this happens turbulent
support of particles is reduced and the bed height increases, requiring higher press-
ure gradients. Eventually at stilL higher viscosities pure laminar flow is obtained.
At this stage the bed height is determined by the in-situ solids concentration and
is much higher than that which was present under turbuLent flow. This requires a
high pressure gradient as per equation 5 and this can only be obtained if the viscos-
ity is raised sufficiently high. For a particular pipe size it is only in the
viscosity range, where the viscosity is high enough to prevent deposition occurring
in Lhe turbulent regime, but not high enough to sustain pure laminar flow, that the
deposit velocity coincides with the transition velocity.

5. BEHAVIOUR OF REAI SLURRIES

With practical pseudo-homogeneous slurries the coarser particles are suspended,
not in a viscous Newtonian fluid, but in a ttvehiclett or "carrier" pseudo-fluid which
is a suspension of the very fine particles of size maybe less than 10 to 20 microns.
Because of the requirements for a long distance type slurry to be stable on shutdown
it is necessary that these "fines" be flocculated (see Thomas, Ref. 6) giving the
vehicle non-Ner,Ttonian properties including a yield stress. They can loosely be termed
Bingham plastics. Qualitatively such slurries fol1ow the same behavioural pattern as
the Newtonian fluid based ones. For example Fig. 5 shows results obtained in the
105 mm pipe loop with 0.15 mm silica sand (90% between 0.1 and 0.26 mm) suspended in
flocculated clay suspensions of various concentrations. The results for the two
highest concentrations have previously been published (Ref. 5). The concentration
of the sand in the clay suspension varies from 16,8/. by volume at zero clay concentrat-
ion to Ll%^at a clay concentration of 6.2%. The dry solids density of the clay is
2370 kgrn-3. The full lines indicate the behaviour of the clay suspensions alone.

The behaviour is qualitatively similar to that in Fig. 4, i.e. incrbasing clay
concentration is analogous to increasing viscosity. At the lotnest clay concentration
deposition occurs under conditions of pure turbulent flow. An increase in clay
concentrat,ion initially causes a slight increase in the deposit.ion velocity. This is
in keeping with the positive influence of viscosity in equation 3. At higher clay
concentrations the deposition velocity coincides rvith the transition velocity. As the
clay concentration continues to be increased eventually the consistency is sufficient
to permit laminar flow without deposition.

Tests by the author have also confirmed that the behaviour of a particular
real slurry in various pipe sizes is qualitatively similar to that observed rvith
Newtonian based slurries (illustrated by Fig. 2). Unfortunately this data is
proprietary information and cannot be presented.

6, PREDICTING THE DEPOSIT VELOCITY - REAI SLI.IRRIES

4Lthough the equations developed for Newtonian based slurries and presented in
Section 4 are applicbble in principle to non-Newtonian based slurries, their use is
subject to some uncertainties.

6. I Turbulent Flow

In applying equations I or 3 to non-Newtonian vehicles the problem Lies in
selecting a suitable value of viscosity. D.G. Thomas (nef. 10) has argued that the
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relevant viscosity under turbulent flow conditions is the effective viscosity atinfinite shear rate, which for a Bingham plastic is equal to the plastic vistosity,
I pl. However he found that there was a slight thickening of the viscous sub-layerpr8fortional to (nor/ n;0.15 rg"re fl is the viscosity of the suspending medium (water).
Equation 1 was derlied by assuming the height of the sliding bed equalied the thick-
ness of the viscous sub-layer so that the cofreet viscosity to use in this equationfor a Btngham plastic shouid belpl(n r,1/n )0'15. The author has not considered thisquestion in detail but limited data av5ilable does not support the above contention.
Forrexample consider the 3.6% c]-ay concentration result of Fig. 5 for which V. = 0.95
Tt-'. From equation 3 this results in an equivalent viscosity of.01 Nsm-2, $.". ."far as deposition is concerned this clay suspension is behaving as a Newtonian fLuidof,viscosity 10 cp. lnt for this suspension was 2.6 cp so thatl^r(I_, /Tj )0.L5= 3 cp, less than o.re'fhird of the equivalent viscosiiy. aetterPigr"E*r"rrt is obtainedif the effect,ive viscosity, I", obtained from the laminar flow curve, for the relevantwall shear stress is used, e.g. in the above case pTf3 cp.

The use of r)", in equations 1 or 3 needs to be tested over a much larger range of
data before it can be recommended for general use. However, in practice, even
without this uncertainty, equations I & 3 would need to be used wittr caution becauseofthe problem in defining the vehicle portion of a slurry. In the example above
relating to Fig. 5 there is no problem in defining the vehicle portion - it is quiteclearly the clay suspension. Horvever most, slurries will not have such a clearly
defined demarcation. They will generally have a continuous size distribution making
separation of the vehicle portion difficult. This obstacle can be overcome quite
simply however by using equations 1 6. 3 merely as scale-up relations. Suppose tests
are performed on a particular slurry in a smal1 diameter pipe and it is found thatthe slurry behaves pseudo-homogeneously and deposits out at a certain velocity.
Provided fulIy turbul"ent flow was present, aad this could be checked by tests in aslightl1 smaller pipe, the deposit velocity in any Large pipe is simply proportional
to D"'rr from equation 3. The experimental data for iron ore concentrate obtained
by Schriek et al (Ref. 11) in pipe sizes from 50 to 300 mm amply demonstrate thisfact as can be seen in Fig. 6.

Just as with Newtonian fluids the pressure gradient at deposition can be
obtained by multiplying the vehicle only pressure gradient by tire ratio of slurry
density to vehicle density. Alternatively, and more accuratlly, the pressure gradient
can be obtained by scaling up from the small pipe loop results. i.e. Ly multiplying
the vehicle only Pressure gradient by the same factor as indicated by ihe results in
the smaller pipes. A third alternative is to scale up the actual slurry results
using the method of Bowen (Ref. L2).

6 . 2 Laminar Fl orv

No reliable deposition criterion exists at present for the laminar flcw ofslurries composed of coarse particles in a flocculated fine particle vehicle, the socalled stabilized slurry. Use of equation 5 often results in severe overprediction.
Thomas (Ref. 4) recently considered this and has suggested that the discrepancy is
due to a less compact sliding bed. The particles are apparently kept separated by thefloc structure of the vehicle thereby reducing particle/particll inieraction and
reducing the pressure gradient.

Although quantitative prediction is not possible it
the pressure gradient'required to prevent deposition under
be great'er than t,hat reqliired Llnder turbulent florv for the

can safely be stated that
l aminar f l ow rdil1 alway s
same coarse partieles.

6.3

Just as with the Newtonian fluid based slurry the deposit velocity will
coincide with the transition-velocity for some slurry and pipe size situations. Inthese cases once again the pressure gradient at depoiition can be estimated by multi-plying the vehicle only pressure gradient by the ratio of slurry density to vehicledensity or by scale up from the results of small pipe tests.

Trans i tion
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7. DES IGN EXA},IPIE

Because of the uncertainties associated with the prediction of deposition under
laminar and turbulent conditions for real (.f1occu1ated) slurries the design must
proceed on the basis of scale up of small pipe loop results. The procedure to be

followed can best be understood by working through a typical design example. Unfort-
unately limited data obtained in only two pipe sizes is avaiLable. To help in
illustiating the procedures fictitious data for two other pipe sizes will also be

presented.

Fig. 7 shows resul-ts obtained in the two pipe sizes' 18.9 and 105 mm, with a

32"/. concentration of loam slurry (mixture of sand and c1ay, solids density 2540 kg
*-3). Also shonn are fictitious data showing likely behaviour in 40 and 200 mm pipes.

.7.L Scaling-up of Laminar Fl"ow Data

In the 18.9 nrn pipe lamlnar flow without deposition was possible down to
velociLies as low "" .OOg ms-r indicating pseudo-homogeneous behaviour. This data,
plotted as wal| shear stress (DJ/4) versus apparent shear rate (8V/D), represents the
ilov, crrve for this slurry from which the theoretical laminar behaviour in any pipe
size can be calculated. The resulting laminar flow cur\res are shown as dashed Lines
on Fig. 7 although it must be remembered that as the pipe size is increased deposition
*uy oicur before such l-aminar flow can be realized as is seen to occur with the 105 mm

and 200 mm pipes. The fictitious data for the 40 nrn pipe indicates laminar flow
was obtained but this data would not be suitable for determining the flow curYe
because of the distortion due to settling effects.

7,2 Predicting the Transition Velocity

A linear plot of the above fIo-w curve indicated that the Bingham model with a

T., = l0 pa and nol = 9 x 10-3 NSm-2 was most appropriate. Govier 6' Aziz (Ref. 13)

ha{e considered ariumber of methods of predicting the transition velocity for Bingham
pLastics. Perhaps the most commonly used is the one obtained by analogy with
Newtonian fluids, namely that transition occurs when

DvrP = 2100 (8)

,nr( + TD \y, IutJrl
For this slurry in a 18.9 rnm pipe.this equation gives V* = 1.9 ms-I, in close
agreement with the observed 2 ms-r. An al-ternative predictign method has been
pioposed by Hanks (Ref. 14) and this indicates V, = 1.g5 ms-I, also in good agreement.
Both methods can be used to predict the transitiSn velocity in any size pipe but the
two methods result in predictions increasingly different as the pipe size is increased.
Hanks I method indicates a steady decrease in V1 as D is increased whereas equation 8

gives Vg asymptotically approaching a constant value of 1.60 *"-I itt large pipe sizes.
It is beyond the scope of the present paper to resolve this discrepancy. Instead
Hankst value of Va will be taken as a lower limit and the value obtained using
equation 8 will bE taken as the upper limit. The resulting transition band is shown

in Fig. 7.

7.3 Scaling-up € the Deposit Vel-ocitv

From Fig. 7 it,can be seen that deposition occurred within the transition band
for the 105 mm pipe*,i.e. that deposition coincided approximately with transition.
However, as has been shown in previous sections, this does not mean that deposition
wilL coincide with transition in larger pipe sizes. This is illustrated by the
fictitious data for the 200 mm pipe which shorvs deposition occurring well into the
turbulent regime.

With data such as on Fig. 7 available the prediction of the deposit veLocity
for this slurry in Large pipe sizes proceeds by scaling up the result for !!]g
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turbulent deposition in the 200 mm pipe using equation 3, i. €.

vdo Do' ll

as is shown in Fig. B. The pressure gradient at
mul tiplying the calculated pressure gradient, for
ratio of the slurry density to the water density
results in the smaller pip€s.

(e)

deposition can be obtained sirnply by
wa ter al one a t vel oc i ty Vd by the
or more accurately by scal ing up the

This example has served to illustrate the method which must be followed to
predict the deposit velocity. For the particular slurry considered it is evident
that deposition only co-incides with transition for pipe sizes approximateLy between
100 and 200 nrn, i.e. a similar 2 lo L pipe size 

"ange 
as occurred wlth Newtonian

fluids (Section 4.4). For pipe sizes greater than 200 mm deposition occurred above
the transition velocity. Note that to predict the deposit velocity in these large
pipes it is necessary that tests be carried out in a pipe of size sufficiently Large
that deposition occurs under pure turbulent f1ow. For this particular sLurry this
required a pipe size of 200 mm. However, this slurry would not be suitable for long
distance pumping because the deposit velocity in large pipe sizes is above the normal
economic pumping velocity of about 1.75 ms-r. As has been discussed by Thomas (Ref. 6)this economic veLocity restriction means that deposit velocit.ies around 1 ms-1 are
required. For such slurries tests in pipes no larger than about 100 mm are sufficient
to obtain deposition under fully turbulent flow. For example the iron ore concentrate
tested by Schriek et al (Ref. 11) r,rould be a suitable-slurry for Long distance
applications as the deposit velocity rvas around I ms-1. It yas-previously seen,
Fig. 6, that Va for this slurry varied roughly as Du.lr, indicating turbulent
deposition even fot a pipe size as smalL as 50 mm. For this slurry it is obvious
that tests in the 50 and 100 nm pipe would be sufficient to confirm that depositlon
was qccurring under turbulent flow.

B. CONCLUS IONS

The common assumption that for long distance type slurries the criticatr deposit
velocity coincides with the laminar/turbJlent transiiion velocity has been shown to
be in general incorrect aLthough for any particular slurry there will be a limited
range of pipe sizes (generally about 2 to I ratio) for which the two velocities will
coincide. As the pipe size is reduced within this range deposition wilL continue to
be determined by transition until the pressure gradient rises sufficlentLy to permit
laminar flow without deposition. For pipe sizes belorv this range deposition w111
occur under laminar flor''z conditions whilst for pipe sizes above this range deposition
will occur under conditions of pure turbulent fLow. To predict the depoiit vel"ocity
in large pipe sizes it is necessary to perform pipe loop tests in a pipe of size
sufficiently large that deposition occurs under conditions of pure turLulent flow.
For typical long distance type slurries this necessitates tests in pipes up to about
100 nrn diameter.
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