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SUMMARY

The demand for higher productivity as well as health and safety con-
siderations are the main reasons for the increasing international inter-
est in the development of hydraulic transportation in underground mining
and tunneling. A hydraulic hoisting system can replace, or partly re-
place, a shaft hoisting system, and thus influence the load carrying
capacity of the main haulage system. The hoisting capacity can also

be increased without necessitating the sinking of new shafts.

In the metal mining industry, conversion into a slurry of fine particles
is often a part of the normal processing of the ore. Therefore, from a
systems point of view, slurry transportation would be considered as a
natural alternative, all the way from the working face to the final pro-

cessing.

It is also believed that the same type of hydraulic transportation as is
used for land-based underground mines will be able to be applied in

future exploitation of consolidated undersea mineral deposits.

The present study is a pilot-plant investigation of slurry transportation
in a vertical pipe with a diameter of 0.094 m, and of the effect of sus-
pended solids on the performance of a rubber-lined centrifugal pump.

In addition, the experimental results obtained in a horizontal laboratory-
scale test loop (with a diameter of 0.027 m) are compared with some

well-known computational models.

Based on the experimental results, the pressure requirement and en-
ergy consumption in a vertical slurry transportation system are rep-
resented in a simple graph. The technical-economic feasibility of hy-

draulic hoisting is also discussed and exemplified.

In a mining system for which hydraulic hoisting is being considered,
the grade of size reduction before hoisting is a key parameter. There-
fore, the solids used in this study were taken directly from in-plant
crushing and milling processing, which, in most cases, provided a wide

particle size distribution.

In the pilot-plant facility, important design factors such as velocities,
concentrations, and energy consumption were investigated for complex
ore, lead ore, two iron ores, perlite mineral and granite. The upper
limit of particle size was about 8 mm and the densities varied from
2300 kg/m° to 4200 kg/m"°.



Experimentally determined energy losses are related to a Darcy-
Weissbach friction factor and a modified Reynolds number. With the
exception of the greatest velocities, there was a tendency towards
greater friction factors than the ordinary friction factor-Reynolds
number relationship expresses. For the coarsest solids investigated,
this tendency may partly be attributed to a difference in velocity be-

tween the solid component and the water (slip).

From the experimental results of the iron ores, lead ore, and perlite
it is concluded that the total pressure gradient can, in practice, be
determined by considering the solid-water mixture as a homogeneous
Newtonian fluid. In most applications, the corresponding energy losses
can be determined from the ordinary Darcy-Weissbach equation for
clear water, where the gradient thus obtained is expressed in metres

of slurry per metre of pipe.

The effect of attrition of most solids investigated was almost negligible
because the solid particles were relatively inert. However, experience
obtained in this study with long-term exposed solids demonstrates the
importance of controlling the effect of attrition and other time-depend-

ent variables in a recirculating test-system.

The performance of the centrifugal pump was investigated in connection
with the pilot-plant study on vertical transportation, using the same
ores and industrial minerals. Pump head and efficiency are generally
lowered by the presence of solids. For example, the clear water head
and efficiency were lowered 30%-40% by the coarsest iron ore investi-

gated.

With the exception of the complex ore and the granite, all experimental
data is correlated to a formula expressing the influence of solid con-
centration and solid properties on the reduction in pump head. The
drop in efficiency was equivalent to the drop in head up to concentra-
tions by volume of 20%-25%. With higher concentrations, the drop in

efficiency became greater than the drop in head.

A computational model developed by Wasp et al. (1963) for determina-
tion of energy losses in horizontal slurry transportation systems is
analysed. It is demonstrated that the usefulness of the model is attri-
butable to the dominant influence of the Darcy-Weissbach equation,

when the model is applied to long-distance slurry pipeline systems.
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INTRODUCTION

Numerous technical and economic benefits derived from long-distance
pipeline transportation of minerals, mainly coal and fine-grade ores,
have been shown through approximately 15 years of international ex-
perience. In 1977 the world s longest and largest iron ore pipeline
went into operation in Brazil, This pipeline which runs from an inland
mine to a pellet plant on the coast 400 km away, has a capacity of 12

Mtonnes of ore per year.

In 1974 the Swedish Board of Technical Development commissioned

the Department of Hydraulics, Chalmers University of Technology(CTH),
to perform a state-of-the-art study on slurry transportation in pipes.
From that study it was concluded that any Swedish research and de-
velopment (R and D) contributions should be directed towards trans-
portation of mineral ores, peat and wood, the latter in connection with

a conceivable future utilization of biomass as an energy resource. In
the overall survey of the R and D requirements, it was pointed out,

Sellgren (1975), that the work should concentrate on:

1. Applications where hydraulic transportation can be an integral
part of the successive processing of raw material, thus leading

to elimination and rationalisation of processing steps.

2. Improvements of some components and better understanding of
specific problems, which together were believed to be of great

importance in Swedish slurry transportation applications.

In Sweden there is no tradition of long-distance pipeline transportation,
not even of oil or gas. The use of hydraulic transportation of minerals
is mainly restricted to waste products in the mining industry, with
pipelines no longer than about 5 km. In addition, slurry transportation
technology is also an interdisciplinary field of chemical, civil, mech-
anical, and mining engineering, where the choice of organization strat-
egy is a question of utmost importance if long-term R and D work is

considered.

In connection with the possible opening of a new iron ore mine north
of the arctic circle, the LKAB mining company analysed very inten-

sively the feasibility of pipeline transportation of the ore to the coast,
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Eriksson et al. (1976). It is believed that an increasing part of the
LKAB iron ore handling will be in the form of pellets. A factor of
great importance isthat railway transportation of pellet feed in arctic
climates is at present not economically feasible because of freezing.
LLKAB also delivers mineral products with particle sizes larger than
pellet feed. There is great interest in alternative modes of transpor-
tation of these products in large volumes over long distances. It is
generally believed that future improvements in slurry technology must
also include transportation of coarser particles than today. System
design and operating experience available for conveying large particle
slurries is scarce as compared to those of fine particle systems now

used extensively all over the world,

Swedish ore production is dominated by iron ore from large under-
ground mines. Complex sulphide ores (copper, zink, etc.) areusually
extracted from rather small mines in conjunction with cut- and fill
mining methods. Conversion into a slurry of fine particles is often

a part of the normal processing of the ore. There is in general a con-
siderable inflow of groundwater which has to be pumped out. There-
fore, from a system point of view, slurry transportation would be
considered as a natural alternative of transportation, all the wayfrom
working face to final processing of the ore. Hard-rock, full-face tech-
niques and continuous mining methods in softer minerals will, in the

future, use slurry transportation technology.

In 1975 the Board of Technical Development granted money for a pilot-
plant study at CTH on hydraulic hoisting of ores, as a continuation of
the previously mentioned state-of-the-art study. Parallel to the work
on the hydraulic hoisting pilot-plant facility at CTH, a system-oriented
project was organised in 1976 by the LKAB-mining company and CTH,
in cooperation with manufacturers and inventors. The project can be
seen as a part of an overall program to meet long-term requirements
for alternative modes of transportation in the Swedish mining industry.
The development work on hydraulic transportation was initially con-
centrated on improvements of some components and better understand
ing of specific problems. No major organisation was ever built up.
The work was organised in a very flexible way, with continually chang-
ing forms and partners. Necessary mining and processing expertise
was obtained through the LKAB long-range planning function. The

system-oriented work in close cooperation with different inventors
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has to date inspired much innovative thinking among the people in-
volved. The development work carried out so far was presented at
the ''5th International Conference on the Hydraulic Transport of
Solids in Pipes' in May 1978. Eriksson et al. (1977).

There are a number of technical-economic reasons for studying hy-
draulic hoisting as a possible alternative to conventional hoisting
methods. A hydraulic hoisting system can replace or partly replace
a shaft hoisting system, and thus influence the load carrying capac-
ity of the main haulage system. The hoisting capacity can also be in-

creased without necessitating the sinking of new shafts.

Most large Swedish mines today work with relatively new and highly
effective transportation facilities. Hydraulic hoisting in these mines,
therefore, should be seen as an alternative in the overall mining
system of tomorrow. However, the planning of a new main level in

a large underground mine must start 10-15 years before the produc-
tion starts, because of the long establishment and utilization times
that are involved. To find the best overall solution, altéernative tech-
nical solutions must be studied and weighed against each other at an

early stage.

In present underground mining technology, the ore is comminuted to
a rock size of about 0.1 - 0.2 m underground before being hoisted to
the surface. Additional underground grinding and handling of the oreis
necessary if the ore is to be hoisted hydraulically. The grade of size
reduction before hoisting is a key parameter in the total economy of

a hydraulic hoisting system.

A large number of pilot-plant studies on slurry transportation of in-
dustrial minerals in horizontal pipes have been carried out during the
last decades. Consequently,large amounts of data have been published
for a wide range of mineral commodities. Transportation of coarse,
highly concentrated slurries would be desirable, but the technical
feasibility of such systems still requires extensive research. The
flow of slurry through vertical pipes has traditionally been considered
to be a simpler problem, because of the axisymmetric behaviour with
no particle deposition. Therefore, vertical slurry transportation has
not merited the extensive research carried out for horizontal pipeline

systems. Little work has been reported in the vertical slurry trans-



portation of mineral ores taken from in-plant processing, and with

a wide range of particle sizes. Most available investigations have
utilized relatively low concentrations of natural sediments such as
sand and gravel. An adequate method of predicting the influence of
slurry on centrifugal pump performance does not exist, and the num-

ber of published studies in this field is relatively small.

The present study involves an experimental investigation of the hydro-
dynamic properties of hydraulic hoisting of industrial minerals of
different particle sizes and densities, which are taken from repre-

sentative in-plant processing steps.

In the beginning of the present report some characteristics of the
operation and of the hydraulic design of a slurry transportation sys-
are reviewed. This is followed by some theoretical considerations
and hydraulic design proposals of a single slurry system and a de-
tailed description of the pilot-plant experimental work, as well as

a discussion of the results. A model proposed for hydraulic design
of long-distance slurry pipeline transportation systems has been
analysed and compared to some experimental results here obtained
in a laboratory-scale test loop. Finally, the feasibility of hydraulic
hoisting is exemplified. These examples are, mainly based on the
experimental results. The section dealing with the technical-economic
feasibility of hydraulic hoisting is primarily a continuation of a re-
port delivered to the Swedish Board of Technical Development, Sell-
gren (1977). A summary of the experimental work with coarse iron

ore was also included in that report.
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1. DESCRIPTION OF THE PROBLEM

1.1 Hydraulic design considerations of a slurry pipeline system

When designing a long-distance slurry pipeline, one must consider a
number of design factors that are not normally part of an oil, gas, or
water pipeline system. A long-distance slurry pipeline system should
be designed so that the velocity can be kept at a moderate level causing
no abrasive wear and so that the slurry flow can be stopped and re-
started in the pipeline without difficulty. Carbon steel pipes without
interior treatment are used. For a long-distance system, normal
practice is to employ positive displacement pumps because of the

large amount of pressure required.

The slurry design parameters were initially obtained from large-scale
tests, and full-scale industrial operation has completed the test work.
The organisations involved in the design work have successively built

up an extensive foundation of knowledge. It is believed that the experi-
ence gained is sufficient to establish the technical feasibility of large-

diameter, long-distance conventional slurry pipeline systems.

Transported solids can be classified in a homogeneous or a hetero-
geneous flow regime, according to the flow situation and the proper-
ties of the solids. Homogeneous slurries have the solid particles uni-
formly distributed in a liquid even at low flow rates. These slurries
usually contain a high concentration of fine particles. One typical
example of such slurries is sewage sludge. The operational velocity
must be high enough to ensure turbulent flow conditions in a homo-
geneous slurry, because even fine-grained industrial minerals con-
tain traces of coarse particles capable of settling at laminar flow con-
ditions. The range of velocities where the flow changes from laminar
to turbulent conditions in a homogeneous slurry is very sensitive to
the systern rheology, which means that the mixture may behave in a
non-Newtonian way. Fluids are called Newtonian if shear stress, T ,
is directly proportional to rate of velocity gradient, du/dy, starting
with zero stress and zero gradient:

T g g-‘;- (1.1)
where [ is the dynamic viscosity. Water is an example of a Newtonian
fluid.
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Fluids having a variable proportionality between stress and deform-
ation rate are called non-Newtonian. Homogeneous mixtures often ex-
hibit non-Newtonian behaviour particularly if the solid concentration
is high and if the portion of solids less than 0.1 mm predominate. The
rheological properties are normally identified in laboratory viscosi-

metric studies.

Heterogeneous slurries tend to separate, and there is a solid concen-
tration gradient in horizontal pipe flow even at relatively high flow
rates. A typical example of a heterogeneous slurry is sand in water.
As the mean pipeline velocity is decreased, the nonuniform concen-
tration profile becomes more and more pronounced until a moving or
stationary bed of solids builds up in the pipe. Operation at too low a
velocity in a homogeneous or heterogeneous slurry system would re-
sult in unstable flow situations with possible settling of solids. The
operational velocity must exceed critical deposition conditions by a

safety margin.

As a general rule of thumb, Aude et al. (1971) defined as homogeneous

those flows with particles of median sieve size,d of less than 0.05

50°

mm and as heterogeneous those flows with d 0 of more than 0.15 mm.

5

A long-distance pipeline system is operated in such a way that the
particles are nearly uniformly distributed, i.e. the settling rate of the
solid component is small under typical flow conditions. The flow can
be classified as being in a pseudohomogeneous state. In the pseudo-
homogeneous flow in a horizontal pipe the extent of different velocities

between the components can in most cases be neglected.

Design of mine-tailing pipelines involves many of the considerations

of long-distance pipeline transportation and is further complicated by
the VariaBﬂi‘cy in particle sizes and solid throughput. In mine-~tailing
pipelines or other short-distance applications, centrifugal pumps are

traditionally used because of the moderate pressures required,

The operation and the hydraulic control of Swedish mine-tailing pipe-
lines and cut-and fill systems are not always working at their best
efficiency. Traditionally, the cost of energy has been low, and the
availability of water has been good. Escalating energy costs and seri-

ous environmental problems, such as leakage of toxic metallic salts

12



from tailing disposal areas, point out the need of more detailed hydrau-
lic design methods. This would result in benefits in many areas. For
example, if a mine-~tailing slurry is pumped with a solid conecentration
by weight equal to 50% instead of 30%, then the consumption of en-

ergy could be lowered by about 30% per tonne of solids pumped.

A hydraulic hoisting system based on centrifugal pumps

A hydraulic hoisting system based on staged centrifugal pumps is

schematically shown in Fig. (1.1).

D
U2 , _E
Ground level e

YA/ IS/ STISY/AST/ASY /A B S /A oS S S UUESSISS

D1 diameter

]

U% velocity

Pumps

A A A K A L LA X X

Fig. 1.1 Schematic lay-out of a hydraulic hoisting
system.

Hoisting systems using centrifugal pumps are limited to shallow shafts
because the number of pumps required in deep shafts would probably
adversely affect the reliability. Pumping with centrifugal pumps or
positive displacement pumps limits the maximum particle size toabout
10 and 1 mm, respectively. If conventional overland, long-distance
pipeline transportation is considered, the ore has to be ground to a

maximum particle size of 0.1 - 0.2 mm.

Centrifugal pump characteristics supplied by pump manufacturers are

mostly developed for clear water only. However, pump head and effi-
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ciency are generally lowered by the presence of solids, especially if
the solids are coarse and heavy. For example, pump tests carried out
by a manufacturer in Sweden showed that the pump head and efficiency
were nearly unaffected for iron ore composed to 90% of particles of
less than 0.07 mm and a concentration by volume of up to 25%. How-
ever, the pump head and efficiency were lowered by about 40% for the
same mineral and concentration, but with a mean particle size of
about 0.3 mm. In order to correctly match the pump to the pipeline
system, one has to know how the performance of the pump is affected

in slurry service, Fig. (1.2).
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head curve. Pipeline data from Haas et al
(1973a). Transportation of a sand of mean
particle size = 0.15 mm with a concentration
by volume = 24% in a pipe of diameter

= 0.16 m.




Having seen the relationship between the pump and pipeline curves in
Fig. (1.2), one can easily explain certain operational difficulties. The
selection of the operational point is considerably complicated by the
flat pump head curve, i.e. a small change in head produces a large
change in flow. If the operational point moves to the left, Fig. (1.2),
then the flow rate decreases, and solids settle with the possibility of
plugging the pipe. At the other extreme, overcapacity results in ex-

cess velocity in the system.

In a vertical pipe flow of slurry the static part of the total pressure
drop normally dominates over the friction loss. The total head for the
vertical transportation of a relatively fine-grained, abrasive iron ore
slurry is shown in Fig. (1.3). The friction loss term has been calcu-
lated for the two most often proposed approaches, which are based on
a homogeneous flow pattern and a two-component flow pattern, A and
B respectively,in Fig. (1.3).

Total lifting 1\

length (m) -

30m

35 Pipeline

T

curves
34 %
33
32
Pump curves
3 for different
— ‘ speeds
I
l
! Velocity
l : : , ! (m/s)
0 i 2 3 4 5 s
Fig. 1.3 Transportation of a fine-grained iron ore

with a centrifugal pump in a vertical pipe
of diameter = 0.1 m. Comparison between
two pipeline curves and pump speeds. Solid
density = 5000 kg/m3 and concentration by
volume = 20%.



Assume that the system outlined in Fig. (1.3) was designed to operate
at a velocity of 3 m/s, based on pipeline-curve B in Fig. (1.3). If the
actual pipeline friction loss is higher than estimated (curve A), then
the pump speed must be increased from 18.3 rps to 18.8 rps to restore
the flow. The operational point for practical application cannot be ex-
plicity established, because the performance is affected by the suc-
cessive wear inside the pump and by changes in slurry characteristics.
However, even a small deviation, over a long period of time, from a
predetermined average pump speed may be expensive. The slight in-
crease in rotary speed from 18.3 rps to 18.8 rps in the outlined ex-
ample might increase the wear inside the pump with up to 8%, equiv-

1)

alent to a possible extra cost of about 10, 000 Sw. Crowns™’ per year.

1.2 Objectives and scope of this study

There is no general relationship available for the determination of
energy loss and pump performance in a slurry transportation system.
The aim of this work is to establish a method of predicting the energy
loss in a vertical pipe and the characteristics of a rubber-lined, cen-
trifugal slurry pump within the range of pilot-scale tests with ores and
industrial minerals. The behaviour of these industrial slurries was
studied in a pilot-test facility, which provides an opportunity for ob-
serving flow phenomena and for measurements of energy loss and pump

performance.

The minerals used are of different particle sizes (0-8 mm) and den-
sities (2300-5000 kg/mg). They were delivered from the following

plants or mineral deposits, Fig. (1.4).

Iron ore from the LKAB-mines in Kiruna and Malmberget
IL.ead ore from the Boliden AB-mine at Laisvall

Complex ore from the Boliden AB-mine at Garpenberg
Crushed granite mineral from a crushing plant in Géteborg

Beach sand from a deposit in Baskarp

o U R W N

Perlite mineral from a deposit in Iceland

D) One Sw. Crown is about US§ 0. 23 in November 1978.
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DENMARK

Locations of plants and deposits from which
the ores and minerals used in the experi-
mental study were taken.

The hydraulic characteristics of the slurries of the most fine-grained
minerals and ores used in this study were investigated in a laboratory-
scale horizontal test loop. The friction losses and the operational

conditions obtained from the tests were compared to some empirical
models.
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2. CHARACTERISTICS OF INDUSTRIAL SLURRIES

2.1 Classification

The flow of a particle~1iquid mixture forms a complex multiphase
system. However, the solids can in many cases be represented as
one particulate phase in a carrier liquid. The particle-liquid mix-
ture is then generally treated as a two-phase (two-component) sys-
tem, assuming no change of state and no chemical reactions. The
leading variables attending the flow of industrial suspensions in pipes
are listed in Table (2.1).

Table 2.1 Leading variables attending the flow of solid-water

mixtures in industrial pipeline applications

Properties Properties Properties Properties
of solid particle of water of pipe of flow
density (ps) density (pO) diameter (D) concentration

of solids (C)

size (d) dynamic inclination (0)
viscosity (MO)

size absolute rheological
distribution (Z) roughness (k) behaviour
shape factor (§) mean velocity

of mixture (U)

Truly homogeneous solid-water mixtures are those for which separ-
ational effects due to the higher density of the solids are negligible.
Such slurries may be treated hydraulically as if they were single-

phase fluids.

If separational effects cannot be neglected, then various flow regimes
may be defined, Fig. (2.1). The concept of defining distinguished
flow regimes is, however, only applicable to mixtures of particles

of similar size, while most slurries of industrial interest contain a

considerable range of particle sizes.

In the heterogeneous flow regime the vertical distribution of solids
in the pipe is clearly asymmetric. At lower velocities in horizontal

pipes some particles indicate traces of a moving deposit on the bot-

18



tom of the pipe. With further reduction in velocity the coarser par-
ticles will form a sliding or stationary bed with the uppermost par-
ticles moving by saltation (rolling or jumping).

Fully suspended flow Flow with a

Truly Pseudo- Hetero- moving or

homogeneous homogeneous geneous stationary bed

Increasing effect of separation
due to the higher density of the
solids (settling slurries).

Fig. 2.1 IZszstration of slurries in different flow
regimes.

The flow of industrial slurries can generally be described as con-
sisting of a homogeneous fluid medium formed with the water and
the finer particles. The coarser particle sizes then act heterogen-
eously in this medium. Fig. (2.2) provides a rough means of classi-
fying an industrial slurry, based on maximum particle size and
density of the solids, Aude et al. (1971).

20 N—r1 -
Heterogeneous

-~ 1.0
£ \
E 05 b N Based on concentrated
DY AN slurries with a vehicle of
E \ fine particles lesser than
n . .

02 & ; 0.04 mm in size.
o \\\ \"é\
L ~
+ 01 4
© i
n_ Lo

0.05 AN

Homogeneous Based on dilute slurries or
002 mixtures with graded par-
ticle size
10 20 30 40 50
Density ratio ss=p./p,
Fig. 2.2 Schematic classification of slurries

operation at velocities of from 1.2 m/s to
2.1 m/s in industrial pipeline applications.
decording to Aude et al. (1971).



2.2 Rheological behaviour of slurries

Truly homogeneous mixtures of small particles may behave in a non-
Newtonian way, which involves the complex field of rheology. The
behaviour of the mixture is dominated by particle surface interaction
forces, and therefore chemical properties such as the pH-value may
be of importance. For example, fine-disperse systems of clay-min-
erals often exhibit non-Newtonian behaviour for concentrations as low

as a few percent,

For the one-dimensional flow of a time-independent non-Newtonian
fluid the shear stress within the slurry is a function (¢) of the applied

velocity gradient:

T - ¢<%§;> (2.1)

The parameters required to define the rheological behaviour are in

general defined by empirical rheological models, Fig. (2.3).

Shear stress

(t) 4 Bi ,
ingham plastic model

/ Yield - pseudoplastic
Power law models

@
~ Pseudoplastic

7/
4
Newtonian fluid
Velocity gradient
( du
dy
Fig. 2.3 Common rheological models used in slurry

pipeline design.
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The Bingham plastic model is defined by the relationship:

_ B du
T = IB‘“I‘H—? (2.2)

where Ts is the yield stress and n,. ig the coefficient of rigidity.

The Power law model reads:

n
_ . du
T =K (—&-37) (2.3)
where K is the power law coefficient and n is the power law expo-
nent. These two models are those most frequently used in slurry pipe-
line design. In Newtonian fluids the shear stress is proportional to the
velocity gradient, i.e. K=y ,andn=1 in Eq. (2.3), as expressed

in Bq. (1.1).

In practice, it is believed that the slurry is not adequately described
by one of the simple models shown in Fig. (2.3). Most industrial
slurries with nearly homogeneous flow behaviour are essentially
Newtonian up to concentrations of about 10%-15%. For higher con-
centrations, the slurry may behave in a pseudoplastic or yield-pseudo-
plastic way. At very high concentrations (30%-40%), the mixture may

behave as a Bingham plastic substance.

Dilute suspensions of uniform spherical particles generally exhibit
Newtonian behaviour. Thomas (1965) proposed an empirical equation
for the determination of the Newtonian viscosity, b, of a solid-water

mixture:
B, 1+2.5C+10.05C2+0.0027 exp(16.6C) (2.4)
where is the viscosity of water. C is the volume concentration of

solids expressed by the ratio between the solid discharge and the total

discharge delivered:

Qs
C = m (2.5)
where
QS = volumetric flow rate of solids
QO = volumetric flow rate of water

The total volumetric flow rate, Q, is:
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Q = Q,+Q, (2.6)

It has been shown, however, that the relative Newtonian viscosity,
.Ll/uo, depends upon the ratio between C and the maximum concentra-
tion, Cmax’ rather than upon the concentration itself, Aziz et al.(1972).
A simple empirical relationship from determined values of metallic

powders was obtained by Landel et al. (1963).

-2.5

P oo ) (2.7)

max
Ho

The maximum concentration for uniform spheres corresponding to a

possible flow of a mixture in a pipe may be between 50% and 60%.

The particles in slurries of industrial interest are generally too coarse
for rheological measurements. A representative viscosity of a slurry
might be defined if the coarse particles are removed from the slurry

and the viscosity of the fine particle part is identified.

2.3 Energy losses

Homogeneous slurries

The energy loss in pipe flow is normally represented by the energy
loss gradient which can be related to the pipe wall shear stress by

means of a simple force balance. Thus, it follows that:

FEnergy loss gradient =

4T
W rnetres of slurry 9 8
pegD metre of pipe (2.8)

where

Ty~ wall shear stress
p = density of slurry
g = acceleration of gravity
D = diameter of pipe

Assuming that:
2

T T P U, (2.9)
where
cy = dimensionless constant
U = average velocity of slurry
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Egs. (2.8) and (2.9) can be transformed to:
f U2 {metres of slurry} (2.10)

Energy loss gradient = 5gD metre of pipe

where fo=cy .8, is called the Darcy-Weissbach friction factor.

E

For laminar flow | Ty ,(and thus also f) can be obtained for any given
rheological model. For a Newtonian slurry the following relationship

can be found

£ = W= = (2.11)
p U

where Re is the Reynolds number of the slurry:

Re = 9DP (2.12)
m

For turbulent flow conditions the absolute roughness, k, of the pipe

wall also has to be considered, which leads to the relationship:

t = (£ Re) (2.13)

where k/D is the relative roughness. For full turbulent flow, Eq.

(2.13) is independent of Re, i.e,

f = ¢ (k/D) (2.14)

For industrial pipeline applications, the function $ in Egs. (2.13) and
(2.14) is often expressed in graphical form by the Moody-diagram,
see page 183 . The concept of Darcy-Weissbach friction factor will

be used throughout this work.

Non-Newtonian properties are less severe under turbulent flow condi-
tions, and Newtonian fluid methods may apply. A common method of
determining the turbulent friction loss is to use the conventional
Moody-diagram, where Reynolds number is calculated with a limiting
viscosity obtained as an asymptotic value. For the non-laminar flow
of Bingham plastic slurries Thomas (1962) suggested that the friction
tactor could be obtained with a Reynolds number, ReB, based on the

coefficient of rigidity, N

UDp
Re = 2.15
B (2.15)

The Darcy-Weissbach friction factor of a Bingham plastic fluid and a

Newtonian fluid are compared schematically in Fig. (2. 4).
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Fig. 2. The Darcy-Weissbach friction factor versus

the Reynolds wmumber relaiionship for a
Bingham plastic fluid and a Newtonian
Fluid.

Heterogeneous slurries

The energy losses are often measured in U-tube manometers con-

taining water and some heavy oil or mercury. Therefore, it is

common practise to represent the slurry losses in terms of clear

water. The contributions of water and solid to the energy loss gradi-

ent are not independent since the particles in suspension will al-

most certainly modify the flow pattern. However, in the determina-~

tion of the energy loss gradient of non-homogeneous slurries it is

generally assumed that the components can be treated independently:

where

24

=i+ i (2.16)

= energy loss gradient of mixture.

= the energy loss gradient that would arise in the water
in the absence of solids (the clear water energy loss

gradient).

= excess energy loss gradient due to the solids in the

mixture,



All gradients are expressed here in metres of water per metre of

pipe. Furthermore, all gradients are related to the mean velocity of

the solid-water flow, Fig. (2.5)

Solid -water

log i mixture
/Clear water
s log U
Fig. 2.6 Characteristic energy loss gradient—velocity

curve of a slurry compared with the clear

water curve.

The excess energy gradient i - io’ Fig.

(2.5), is traditionally ex-

pressed as a function of the variables listed in Table (2.1), If these

variables are grouped into dimensionless parameters, the energy loss

gradient can be expressed by, Duckworth (1969),

L - k
i = 10+¢(Reo, Fr, 5, C, sg.
where UD oy
Re = —0 2
o T

. Z, ¥, 0) (2.17)

(2.18)

is the Reynolds number of the flow of water, and where

U
(gD)l/2

Fr =

is the Froude number. The parameter

(2.19)

(2.20)

is the density ratio of the solids and the water.
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The function ¢ in Eq. (2.17) is often expressed in the form of sim-
plified empirical models developed from laboratory or pilot-plant
test data. It is, however, important to know under which conditions
the various models are applicable. For example, in an extreme trans-
port situation with a stationary bed of solids on the bottom of a hori-
zontal pipe with water flowing in the reduced cross-sectional area of
the pipe, it is of little significance to relate the parameters in Eq.

(2.17) to the mean velocity of the mixture.

Pseudohomogeneous slurries

O Brien et al. (1937)found, for heterogeneous flow without saltation
and with a nearly uniform concentration profile (pseudohomogeneous)
that the energy loss gradient expressed in metres of delivered slurry
per metre of pipe was approximately equal to the energy loss gradi-
ent of water, flowing at the same mean velocity. This result was
based on experiments with sands in horizontal pipes having diameters
of 0.055 m and 0.075 m.

if the energy loss of a solid-liquid mixture is analysed in terms of
the Darcy-Weissbach parameters, it should by definition be related
to the density, p, of the flowing mixture. The energy loss gradient
of slurry, i, expressed in metres of water per metre of pipe, is

converted to metres of slurry per metre of pipe by:

. metres of slurry
i/s -
metre of pipe

where s 1is the mixture density ratio = p/po. Thus, the experimental
results by O Brien et al. can be expressed by the following relation-

ship:

i/s metr*efs of slgr‘r‘y ~ metres of w.ater (2.21)
metre of pipe o metre of pipe .

where io is the energy loss gradient of water.
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If the flow is assumed to be in the fully turbulent zone then the friction
factor is not a function of Reynolds number. Thus, if Eq. (2.21) is an

equality, and if Eq. (2.14),
_ k
f = ¢("]5')

is applied to the flow of mixture with friction factor, f, and to the same

flow of water with friction factor, fo’ respectively, then it follows that:
f = f (2.22)

O Brien et al. (1937) were among the earliest investigators who re-
lated the energy loss to the Darcy-Weissbach equation. In their orig-
inal work they represented some of their experimental data in the
form of f-U graphs. For the sand-water mixtures they investigated,
the flow was usually well into the turbulent region where the friction
is little affected by the viscosity. However, more generally, it isnot
clear whether f would be defined by a Reynolds number determined
from the density and viscosity of the liquid or from the slurry. In
applications where the flow of the mixture can be considered to be
pseudohomogeneous, Graf (1971) stated that f in general can be taken
from the Darcy-Weissbach equation based on a modified Reynolds
number, Re’, calculated on the basis of the density of the mixture

and the viscosity of the carrier water, i.e.

Re = s Re (2.23)
where
s = p/po
UDp
Re = ._._._._._9._
o] l’LO

In systems encountered industrially, Eq. (2.21) seems to be valid in
any pipe of given orientation provided the velocity is sufficiently high.

Thus, more generally:

[E-f ] =0 if Re > Re_ (2.24)

where Re ~defines a "eritical" Reynolds number dependent on the

properties of the system and the slurry.
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2.4 Discussion of some experimental observations

Pilot-plant studies by Haas et al.(1973 a)with silica sand slurries in
horizontal pipes having diameters of 0.055 to 0.31 m may here exemp-
lify the converging tendency of f to fo for growing Reynolds numbers.
The sand was of uniform size distribution with median sieve size,

dSO = 0.15 mm. The e>q:»erix:r1e1r1ts6 were conducted in smooth pipes

with absolute roughness, k = 100~ m. The energy loss gradients in
Table (2.2) are related to a concentration of 23 to 24% and to a veloc-
ity just above that which has been observed for moving dunes on the

bottom of the pipe.

Table 2.2 Energy loss convergence for growing pipe diameters
and velocities. Based on experimental data from Haas
et al, (1973a).

Pipe diameter, D(m) 0.055 0.11 0.16 0.28 0.31
Velocity, U (m/s) 1.64 1.95 2.56 2.83  2.98
Energy loss gradient 1,33 1.30 1.22 1.11  1.08

ratio, i/sio

A decreasing energy loss gradient for concentrations from about 10 to
about 25% can be found for heavy solid slurries in horizontal pipes as

schematically illustrated in Fig. (2.6)

i/sig

1.5 =

125§

1.0 & ] £ i { H ] c{*/
0 5 10 15 20 25 30 )

Fig. 2.6 Energy loss gradient ratio of heavy solid
slurries versus concentration for constant
velocity.
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Cave (1978) described this behaviour as a typical flow pattern in pipes
of diameters of 0,05 m to 0.35 m with mineral ore slurries of particle
sizes and solid densities in the range of 0.15 mm to 0.20 mm and 4500
to 5000 kg/m3 respectively.

B

The effect of particle size distribution on the energy logs in general is
very complex. From the pilot-plant studies by Haas et al. (1973 a) with
sand slurries, it was in some cases found that the energy loss of mix-
ture containing solids having a broad size distribution was less than
that of a mixture of uniform solids with comparable mean particle size.
This effect, however, depended on the pipe diameter, and with concen-
trations below 20-25% the energy loss was lower for the uniform sand

than for the sand having the broad particle size distribution.

Based on extensive pilot-plant test data of settling industrial slurries
in horizontal pipes, Faddick (1972) correlated the experimental energy
loss data with the Darcy-Weissbach friction factor, f, and a modified

Reynolds number defined by Eq. (2.23):
Re” = s Re
o

The single-component parameters (f, Re, k/D) were thought to be re-
lated to (SS, 7, C, 4/D), where d is a characteristic particle size,

7 is a particle size distribution factor,and S is the slurry density
ratio. The influence of all these parameters was found to be very com-
plex. It was observed that the divergence from the clear water curve
for decreasing values of Re” mainly differentiates full suspension flow

and non-suspension flow, Fig. (2.7).

Similar observations were reported by Lazarus et al, (1978), who ana-
lysed experimental friction loss data for the flow of settling mixtures

of uniform particle sizes in horizontal hydraulically smooth pipes.

The convergence of the slurry curve, shown in Fig. (2.7), illustrates
schematically the decreasing relative significance of separational ten-
dencies of solid particles or laminar non-Newtonian behaviour. This
is related to the increase in velocity. A comparison of Fig. (2.7) with
Fig. (2.4) may illustrate the complex influence of separational effects
due to higher density of the solids and non-Newtonian behaviour in

industrial slurries.
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Fig. 2.7 Schematic representation of experimental
data with the Darcy-Weissbach friction
factor versus a modified Reynolds number,
according to Faddick (1972). Taconite
tailings, D = 0.16 m, p_ = 2630 kg/m?,
d50 = 0.37 mm, maximum particle size,

d = 0.85 mm, and C = 26% to 38%.
max

Prediction of energy lossesinthe 1aminar/turbulent transitional region
is not a well-defined phenomenon, not even for Newtonian fluids. With
the combined non-Newtonian and separational effects in a slurry flow,

it is not expected that unique criteria for distinguishing between flow

regimes can be found.

In the analysis of energy loss data from experiments and full scale

operation of non-homogeneous slurries, it is sometimes found that

i/s {metres of mlxtureJ < io [metres of waterJ (2.25)

metre of pipe metre of pipe

i.e. the energy loss in metres of slurry is less than the energy loss
for the flow of water compared at equivalent velocities. Suchbehaviour
has generally been observed under various operational conditions. The
behaviour demonstrated by Eq. (2.25) has usually been attributed to

a dampening effect of particles on transporting turbulence eddies, re-
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sulting in a lowering of the energy losses.

Under certain flow conditions it has been cbserved by, for example,
Briihl (1976) and Zandi (1967), that the energy loss is reduced when
relatively small concentrations of fine particles (less than about 0.05

mm) are added to the non-laminar flow of a solid-water mixture.

As stated before, the effect of particle size distribution is very com-
plex. The slurry may behave in a non-Newtonian way with small par-
ticles, whereas larger particle sizes may make the slurry behave in
a Newtonian way. However, even in systems where fine particles are
not present and where non-Newtonian behaviour is unlikely, experi-

mental results confirming Eq. (2.25) have been reported.

2.5 Problems encountered in experimental studies

Limited laboratory bench tests may be sufficient to characterize the
rheological properties of a pseudohomogeneous mixture. In many
cases, such small scale tests must be completed with pumping in
larger diameter pipes, which are usually carried out in recirculating
test facilities. Evaluation of experimental data to full scale applica-
tion is not only a scaling up problem, loop tests present a number of

problems, which must be interpreted carefully.

Viscosimetric studies indicate changes of the hydraulic characteristics
of a slurry. For example, the maximum solid concentration may be
taken as the concentration at which a small increase in concentration
results in a large change in the measured viscosity. Conventional
viscosimeters are not always suitable for measurements of slurry
viscosities and measured rheological variables are not independent

of the type of viscosimeter used. Stratification of particles can cause
considerable errors, Cheng et al. (1972). Rotational viscosimeters
cannot, for example, handle coal particles of sizes over about 0.2 mm,
Lavingia et al. (1974). The rheological properties should be evaluated
up to the expected wall shear stress in the actual pipeline application.

At such high shear rate a finite viscosity may be reached.

The degradation of solid grains in a transported slurry is an important
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design factor, because a system working at optimal conditions may
be very sensitive to small changes in the particle size distribution,
Experience of long-distance transportation of coal and limestone has
shown that attritional effects usually occur very gradually. However,
in a recirculating test system such effects can occur very rapidly,
mainly because of repeated passages through the pumps. The number
of passages per hour in an ordinary pilot-plant test loop may be 50 to
100. In addition, the elbows in a test loop introduce changes in the

flow direction similar to the changes that occur in centrifugal pumps.

The effect of attrition generally shows up as a wearing away of sharp
projections on irregularly shaped particles. Wasp et al. (1968) point
out the important role of circulating effects in test loops in the general
"pumpability' of slurries. The effect of circulation in experimental
studies is difficult to determine and to interpret to full-scale applica-
tions. The long-term stability of the flow, i.e. the influence of par-
ticle segregation in a long-distance pipeline, cannot be fully inter-

preted from test-loop studies.

The recirculating solids and the secondary flow introduced in bends
and fittings may have a considerable influence on the settling condi-
tions. Deposition conditions are mostly observed visually in short
transparent pipe test sections. The interpretion of the influence of
upstream disturbances on friction loss in straight pipe sections in
a loop is complicated by the fact that the extra turbulence generated
may be transferred downstream in a different way for slurry and

clear water, respectively, Cave (1978).
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3. SOLID-WATER FLOW IN A VERTICAL PIPE

3.1 Two-component definitions

Spatial concentration and delivered concentration

In a solid-water mixture the components are considered to be in-
compressible, and no transfer of mass is assumed to occur within the
mixture. Only steady one-dimensional flow in a circular pipe is studied,
and all variables are considered as averages over the area of the pipe.
When the components move at different velocities in a pipe, the energy
required cannot be determined without knowledge of the mixture density

inside the pipe.
The spatial concentration of solids, E, is defined by the ratio:
E = 2 (3.1)

where AS is the cross-sectional area occupied by the solid component

and A is the total area of the pipe, Fig. (3.1),

g_v_,w

e
R : Total volume = Adz
dz 3 : = Volume of solids = Agdz
)
ENSS
A
Fig. 3.1 Definition sketch of the spatial concentra-

tion of solids in a pipe.

The concentration of water is (1-E), and the density of the mixture
in the pipe is given by:

4

p = (1L-E)p +Epg (3.2)
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which is equivalent to:

P p (L E(s - 1)) (3.3)

where Sq is the solid density ratio = ps/po, The density ratio of the

mixture in the pipe is defined by:

L - 1+E( -1 3.4
o (s - 1) (3.4)

In general, there will be a relative velocity between the solid and
water component. The mean value of the relative velocity is often

defined by the slip velocity S, Fig. (3.2), as follows:

S = U -U (3.5)
o s

where UO is the mean velocity of the water and US is the mean veloc-

ity of the solids.

\ Delivered

slurry
U ) Velocity
o rofiles
Us P
Frg. 3.2 Sketceh of a vertical two-component flow.

Due to the relative velocity between the components the concentration,
E, in the pipe is not the same as the concentration, C, in which the

components are introduced into or delivered from the system.
The delivered mass flow rate, M, atthedischarge end ofa pipe is, Fig.
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M = M +M (3.6)
0 s

where
MO: mass flow rate of water

MS = mass flow rate of solids

The mass flow rates can be expressed by:

M = Q
o oo (3.7a)

s (3.7b)

The delivered concentration is defined by the ratio between the discharge

of solid and the total discharge from the pipe, Eqgs. (2.5) and (2. 6):

QS QS
€ qrFa,” @

The density ratio of the delivered mixture, s, is obtained in a similar

way to Eqs(3.2)to(3.4)but withthedelivered concentration, C, i.e.
P ~
s = .p__nl-l—L,(s - 1) (3.8)

The average velocity, U, of the mixture is defined as the total vol-
umetric flow rate of the components per unit area:
- +
U = Q. 9_0 Qs (3.9)
A A '

The true velocity of each component in the pipe is obtained by:

Q

Uo = ET-BT (3.10)
QS

US = e (3.11)

From Egs. (3.9), (3.10),,and (3.11), it then follows that:

U= U (1-E)+UF (3.12)

The conservation law of mass for the steady-state flow of a mixture

in a pipe gives for the solid and water component, respectively,




QCpS:AEUSpS (3.13)

Q1 - C) pO=A(1~E) Uopo (3.14)
which together with Eqs (3.5) and (3.12) give:
U- US

g = Uo - Us =45 (3.15)
_ C

US = U = (3.164a)
B 1-C

U, = Up—p (3.16D)

Eqgs. (3.15) and (3. 16 a) then finally give the ratio between delivered

and spatial concentration:

_CE_= .50 - E) (3.17a)

or
(3.17b)

Thus, the delivered concentration C is less than the concentration E

within the pipe if the relative velocity, S > 0.

Flow behaviour

In a vertical pipe flow the velocity and concentration profiles are
always symmetric but not necessarily uniform. Investigations by
Durand (1953), Newitt et al. (1961) and Toda et al. (1969) have shown
that the turbulent water-velocity profile is flattened somewhat by the
presence of the solids, Fig. (3.3).

With relatively dilute suspensions the previously mentioned authors
also observed that the particles were uniformly distributed over the
entire cross section for low or modest velocities (less than about
1.5 m/s). At higher velocities and coarse particles, Newitt et al,
(1961) and Toda et al, (1969) observed a concentrated peaking of
solids in the centre of the pipe with almost clear surroundings of

water,
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Fig. 3.3 Water velocity profiles. Data from
Newitt et al. (1961) (left), and Toda et

al. 1969 (vight).

For solid-water mixtures transported industrially the distribution of
water and solids tends to be approximately uniform with a modest

peaking in the centre of the pipe.

Aziz et al. (1972) reported that experimental observations on the solid
velocity, Us’ are very few but that available data confirm that Us can

be approximately determined by the following expression:

U = U_ -Ww (3.18)

where w is a characteristic terminal settling velocity of the solids.
Thus, for the steady flow of a solid-water mixture in a vertical pipe,
it follows from Eq. (3.5), S = Uo - Us’ that:

S = w

3.2 Terminal settling velocity, drag coefficient

The terminal settling velocity, w, for a single particle is the uniform
velocity the particle attains under the influence of gravity in a still

fluid which is infinite in extent, The relative steady-state motion is
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coefficient : CD

Drag

38

expressed by counterbalancing the hydrodynamic forces by gravita-
tional forces. If this relationship is applied to a single smooth non-
rotating solid sphere of diameter do’ and density Py in water of
density P and viscosity B then the terminal settling velocity

of the sphere W s is given by:

w -|ig. 2o

where Sg is the solid density ratio = ps/po, and CD is the drag coef-

ficient. CD is uniquely related to a particle Reynolds number,

W dopo
Re = -—-2°20 (3.20a)
w u
o) o
106 -
Laminar motion Transition region Turbulent motion
105 |- :% Cp=0.44 Boundary
N i w (Newton’s Ilayer
(Stokes' law) .
. \ law) separation
10% -
103
102 L.
10! - - Disk particle form
e CUbE  particle form
: p
0™ | | l | | ~h“-I—‘__ml-N\ l
10* 10° 10% 16" 10" o 10 10 10° 10 1
wd p
Particle Reynolds number :Re,, = o
Ho
Fig. 3.4 Dependence of drag coefficient on particle

Reynolds number for spheves and irregular
particles for which d is defined as the
diameter of a sphere having the same volume
as the particle (the nominal diameter).




through the so-called standard drag curve for spheres, Fig. (3.4).
With non-spherical particles the particle Reynolds number is defined
by: wd Po
Re = —— (3.20D)
w i o
where d is a characteristic diameter of the particle and w is the

corresponding terminal settling velocity.

Solid particles from industrial slurries mostly have terminal settling
velocities or CD~coeffiCients in the transition region. Some examples
of sphere diameters and the corresponding terminal settling velocities

at the limits of the transition region are shown in Table (3.1).

Table 3.1 Examples of sphere diameters and the corresponding
terminal settling velocities at the approximate limits

of the transition region.

Re =1 Re = 1000
Wo Wo
Solid density (Stokes’law) (Newton’ s law)
3
Py (kg/m"”) Wo(m/s) do(mm) Wo(m/s) do(mm)
2500 0.009 0.12 0.37
4000 0.012 0.10 0.47

The irregular shape of a crushed solid particle normally reduces the
terminal settling velocity substantially, for example w can be re-
duced by about 50% for a cube-shaped particle compared to a sphere

of equivalent volume.

When there are a number of particles in a still fluid, the interference
between neighbouring particles will reduce the terminal settling veloc-
ity, provided no agglomerative effects are acting. This is referred
to as the hindered settling velocity, w . Experimental data in verti-

cal ducts has shown that:

w o= w(l - E)“ (3.21)

where o is a constant > 2, Kranenburg et al. (I 974). For example,

from Eq. (3.21) it can be seen that w will be less than about half the

39



value of w in a mixture with E = 25%,

It should be pointed out that W(CD) so far has been defined for ideal
conditions without the influence of pipe-flow turbulence, which will
exist in practice. The impart of turbulence is not well understood,
and experimental evidence is conflicting. Gauvin et al, (1960) stated
that turbulence may reduce the point of starting boundary layer separ-
ation (see Fig. 3.4) by a factor of about 100 in solid-gas flow, and
Ingebo (1956) found from experiments with solid spheres in gas flow
that turbulence reduced the CD—coefﬁcient, Adams (1968) found an in-
crease in CD for spheres of glass and iron (diameter = about 4 mm)
in the flow of water in horizontal pipes (104€ ReOS 3. 105). These
measurements indicate a similar influence as is caused by irregularly
shaped particles. Wasp et al. (1977) reported similar findings by Ho
(1964) in an oscillating flow of water.

Most slurries of industrial interest, covering a considerable range

of particle sizes and characteristic values of d, w, and CD’ cannot

be uniquely defined. These variables are together with S interrelated
by Eq. (3.18), and Cp can be expressed by:

d(s_ - 1)
_ 4g S
CD - £ 5 (3.22)
A

In the following, d and w will not only represent the size and the

terminal settling velocity, respectively, of a single particle, but they
~ will also stand for characteristic values of all solid particles in the
mixture. Thus a characteristic diameter, d, must be chosen accord-

ing to some convenient method of measurement.

A representative particle diameter may be represented by the mean
value of each sieve size, dj’ i.e. although the particle size represents
a square mesh opening, it is considered as a diameter. If pj is the
weight fraction of solid particles of diameter dj, then a weighted value,

a, may be obtained as:

N

d = . d. 3.23
E p; 4 ( )
j=1

where N is the number of fractions.

Different weighting methods have been proposed in the representation
of w, but direct measurements in still water for each size fraction

seem to be as reliable as any method. An average estimate may be
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defined by a weighted value, @,
N

W = Z p; W, (3.24)

ji=1
where Wj is an average value of randomly chosen particles from each
fractional part pj.

3.3 Equations of momentum and energy

In contrast to what occurs in single-phase flow, the weight of a column
of a two-component mixture ("'hydrostatic head') does not truly repre-
sent the potential energy because of the difference in velocity between
the components. A term in the energy equation, which accounts for
energy dissipation including wall shear stress of mixture and relative

motion between the components, will therefore be determined.

The components are considered together, but their velocities are
allowed to differ. Under such conditions, the conservation laws of
mass, momentum, and energy can be conveniently used for the entire
mixture, rather than separate formulations for each component,Wallis
(1969).

For the flow of a solid-water mixture in a straight vertical pipe of
constant diameter, Fig. (3.5), the conservation law of momentum is
reduced to a simple balance of forces, This balance is expressed by

the relationship:

-Adp -pgAdz - dF = 0 (3.25)

where p is the pressure, 0 is the density of the mixture within the

element, and dF is the resulting force of the average wall shear stress
z

p*‘ldp

dF y ” dz

|

-

Fig. 3.5 Considered variables for the steady flow
of a solid-water mixture in a vertical pipe.
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around the pipe within the element.

The pressure required to maintain a steady flow may be expressed
as a gradient in the direction of motion:

. _ dp
ipgr = —p—————————o 7 dz (3.26)

where the gradient, is expressed in metres of water per meter

i
Tot*
of pipe. Eqgs. (3.25), (3.26) and (3. 3) then give:

. ) : aF
Ipot ]+E(SS’1)+W (3.27)

This equation will now be combined with a relationship based on the

energy equation.

The law of conservation of energy or the first law of thermodynamics
balances the time rate of change of internal, kinetic and potential
energy with the rate of heat transfer for a flowing fluid (shaft work
omitted). With negligible transfer of heat to the surroundings, then

the energy equation in differential form is reduced to:

de + dp/pg +dz = 0 (3.28)

where e is the internal energy which for the incompressible medium
here studied accounts for all energy degraded as a result of irrevers-
ibilities. The density, p, in Eq. (3.28) represents the ratio of the
mass flow rate and the volume flow rate, i.e. the density entering

the infinitesimal element in Fig. (3.5) per unit time:
M + M
o s
O = ——-———Q—————— (3.29)

Expressing the pressure required in Eq. (3.28) in the form of the

total gradient defined in Eq. (3.26),then Eq. (3.28) may be written:
pode e Ly (3. 30)

The first term in Eq. (3.30) represents the irreversible energy

(energy losses) expressed in metres of water per metre of pipe, iIrr'

The last term in Eq. (3.30) represents the rate of change of revers-

ible (potential) energy, expressed in metres of water per metre

sy
Rev
of pipe. Thus,
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T | = 0 (3.31)

where i is equal to the term p/pO in BEq. (3.30) which together

Rev
with Eq. (3.29) can be expressed by:

i =g = MO+MS - QOPO+QSPS -
Rev p,Q h,Q

(3.32)

For the upward transportation of a two-component solid-water mixture
in a vertical pipe of constant diameter, the conservation laws of mo-
mentum and energy expressed by Eqgs. (3.27), (3.31) and (3.32) give:

. dF
i, = (E-C) (ss_1)+m- (3.33)

where i is expressed in metres of water per metre of pipe.

Irr
The pressure gradient required to transport the flow vertically in a

pipe may thus be written:

. - _ _ pipe wall]
Ipot 1+C(ss-1)+((E C)(SS 1)+[friction ] (3.34a)
. * .\r ’
'Rev "rr
which is equivalent to:
. - _ 1y, |pipe wall
Yot 1+ E (Ss 1)+ [fr‘iction } (3.34b)

The first two terms in Eq. (3.34b) represent the weight of the mixture

per unit area.

In Eq.(3.34a), i, , i , C, and s _ can easily be measured. How-
Irr* "Rev S

ever, the equation shows that thorough analysis of the composition of

ilrr should also include the determination of E, which is much more

difficult. It is thus almost impossible to distinguish the different in-

fluences of the slip velocity and the pipe wall friction on iIrr"

43



If the term (E - C) (sS— 1) in Eq. (3.33) is to be determined, then the
density in the pipe must be known in order to obtain the spatial con-
centration E. However, this requires sophisticated techniques, as

for example by gamma-ray scanning.

The second term in Eq. (3.33) is the common pipe wall friction loss
gradient, which can be expressed by means of an average shear

stress, Tt For axisymmetric flows:

ar 4Ty

Kdz D
which inserted in Eq. (3. 33) gives:

47
w

= (E-C)(s_ - 1)+

- (3.35)
s POgD

i
Irr

Most correlations used to estimate the pipe wall friction losses are
based on standard single-component methods. With the wall shear
stress, T expressed by the Darcy-Weissbach relationship, Eq.
(2.9), for the flow of water, it follows that:

]2
o
which inserted in Eq. (3.35) then gives:
£ U2
i = (E-C) (ss-1)+——2—%—r—)9—~ (3.36)
3.4 Presgsure requirement in a two-component system

According to Eq. (3.36), Eqgs. (3.34a) or (3.34b), the total pressure
gradient can then be expressed by: )

£ Ul

. _ o o
ipgp = 1TB(sg - 1)+ 25D (3.37)

This is the relationship most often proposed for the determination of
the total pressure requirement in a vertical solid-water system. The

water velocity, Uo’ in Eq.(3.37) is obtained from Eq. (3.16b):

i.e. the pipe wall friction term cannot be determined without knowl-

edge of E.
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A model of optimal operation

With the assumption,S = w, where S is the slip velocity and w is the

terminal settling velocity, inserted in Eq. (3.17a):

,.C _ s(@-m®
BT T U

it follows that:

w(l - E) < w(l - C)

C W
1- g = < - < T (3.38)

The spatial concentration, E, can then be estimated from Eq. (3.38):

-1
E < C(l—%—) (3.39)
w -1
If B is considered to be equal to,C (1 - TJ”) , in Bq. (3.37):
w -1 foUoz
ipop = LHC(-g)  (sg - Dtoepy (3.40)

where
B 1 -~C
UO = U T

then it follows that there exist a minimum of iTot with respect to the

average velocity, U, for constant values of C, w, Sgs fo and D.

According to Eq. (3.40),"the consumption of energy in a vertical

solid-water mixture can be expressed by:

P=p gQLip, (3.41)

where
P = power
Py = water density
@ = flow rate of mixture
L

= vertical pipe length

The mass flow rate of solids, Ms’ is obtained from Eq. (2. 6):

Qs Qs
c = =
zo+ zs )
and Eq. (3.7b):
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M =Qp_C (3.42)

The power consumption per unit mass of hoisted solids, P/Ms’ is
then obtained from Eq. (3.41) with Eqgs. (3.40) and (3.42). Thus,
P/MS can be expressed as a function with a minimum respect to the
average velocity, U, or with respect to the pipe diameter D, if U is

constant, Fig. (3.6).

Energy consumption
per unit mass of solids

A

Friction
dominates

Slip
dominates

Velocity

[e>Y

Fig. 3. Schematic representation of energy consumption

when the componentes move at different velo-

cities.

Condolious et al. (1963), Brebner et al. (1964), Laubcher (1973), and
others have analysed optimal conditions of operation in vertical two-
component systems mainly based on simplified approaches, as illus-
trated here by Eq. (3.38). However, the optimal conditions obtained
with these approaches sometimes correspond to operational velocities
which are only slightly higher than the terminal settling velocity. At
present, there is no experience of operation at such low velocities in

industrial applications.

46



Based on a similar analysis, Weber (1973) demonstrated the optimal
conditions for the vertical transportation of spherical particles in

water from a depth of 1000 m in a hypothetical example:

Capacity 300 tonnes/h
Solid density (p) 3000 kg/m°
Water density (po) 1025 kg/’m3
Delivered concentration (C) 5%
Particle diameter (d) 16.5 mm
Terminal settling velocity (w) 1 m/s
Spatial concentration (E) 7.1%
Velocity (U) 3.13 m/s
Pipe diameter (D) 0,475 m
Solid velocity (US) 2.2 m/s
Water velocity (UO) 3.2 m/s

In-plant operation

In a hydraulic hoisting application the operational velocity must be

sufficiently high to maintain a continuous flow of solids at the dis-

charge end. In a vertical slurry transportation system,Aziz et al.

(1972) proposed a minimum operational velocity, Umin’ based on:
Umin =2 Wmax

where w_ .~ was defined as 'the terminal settling velocity of the

largest solid particles if there is a range of particles''.

In-plant experience of hydraulic hoisting of coal and ores has usually
shown that the operational velocity must be considerably higher than
two times the terminal settling velocity. Most known applications
operate at velocities which exceed the terminal settling velocity of
the largest particles by 4 to 6 times. In fact, most plants operate
under conditions where the relative velocity between the components

seems to be almost negligible.

Gamma-ray measurements of the density inside the pipe in an indus-
trial application for iron ore (Lengede mine, West Germany), showed
that no measurable difference in E and C occurred, Ilseder Hutte,
(1969). The principal hydraulic data from that plant and another re-

presentative industrial application, are shown in Table (3.2).
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Table 3.2 Principal hydraulic data from two industrial

application of hydraulic hoisting

Lengede-mine Hansa-mine

(Federal Republic of Germany)

Mineral Iron ore Coal
Solid density (kg/m°) 3000 1500
Mean particle size (dBOmm) 4 10
Max, particle size (d mm) 30 60

max
Terminal settling velocity, 0.4 0.4
w, corresponding to d50
Max. terminal settling 0.65 0.9
velocity (w_-_ . m/s)

max
Delivered concentration (%) 20 up to 30
Pipe diameter (m) 0.225 : 0.250
Operational velocity (m/s) 3.4 4.1
2w 1.30 1.80
max

Wmax
1 0.22 0.19
w
T 0.10 0.12

Operational conditions of negligible slip

From the hydraulic data in Table (3.2) it was found that = 0.1,

Due to Eq. (3.38),

w
U

w
L-gs—T
with w/U = 0.1, it follows that:

C/E = 0.9

However, the measurements at the Lengede plant indicate that, if

w/U = 0.1 then E = C, i.e. the slip was negligible.

From experimental data on crushed magnetite, Kostuik (1966)

quantifiedthat B could be taken as equal to C, provided that:

w/U < 0.1
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where w may be taken as an average value. The solids used in
Kostuik s study had a weighted terminal settling velocity, W = 0.19
m/s. The principal hydraulic data from Kostuik's investigation will

be shown later,

An operational velocity corresponding to negligible slip between the
components can be estimated in the following way. Solid particles
continually tend to settle downward in direction of gravity relative
to the flow of a solid-water mixture. The average turbulent fluctu-
ations are typically of the order of 10% of the average velocity, U,
in the longitudinal direction of the flow of water in a pipe. Therefore,
the steady state capability of a turbulent flow of water to transport
a single solid particle vertically under stable conditions with no
average velocity difference between the components can be expressed
by:

0.1 U > w

or

U>10w

where w is the characteristic terminal settling velocity of the solids.

Based on the previous estimations and investigational experience
already discussed, it is reasonable to assume that E can be taken
as equal to C if w/U is less than about 0.1. Thus, the estimation
given by Eq. (3.38):

1.8 e ™
E ST

seems to be conservative in connection with industrial systems where
the concentration is high and w may be reduced because of hindered

settling effects.

Estimation of energy losses (negligible slip)

The following discussion will be based on situations where E is taken
as equal to C and no attempts will be made to identify E separately.
The irreversible energy for the two-component system is expressed
by Eq. (3.36):



£ Ul
(e} (o)

! 2gDh

Irr = (E—C)(ss—l) +

In order to relate i r to the average velocity,

Ir

U = Q/A

which is easily measurable, Eq. (3.16b),

. 1-cC
U, = U T

can be rewritten as:

U, = U +41%

With this expression inserted in Eq. (3.36) it follows that:

i UH(E-C)
iIrr = (E - C)[(SS~])+ R —
2g D(1 - E)
(3.43)
¢ Ul J ¢ 1l
o) o
gD(I-E) 2g D
Thus, in the limit:
E —s C
it follows in BEq. (3.43) that:
t v
e © TED =i (3'44)

where io is the ordinary Darcy-Weissbach equation for the flow of
water with velocity U, and where:

t, = ¢ (Re, k/D)

Some investigational data

Some investigational data often referred fo in the field of vertical

pumping of slurries are summarized in Table (3. 3).
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Table 3.3 Some investigational data dealing with two-component

mixtures.
Maximum
Pipe . Particle concentration
diameter Density  gizeg d;, by volume
Investigator (m) Solids kg/ rnB) (mm) (%)
Durand 0.150 Gravel 2670 4,36 7.3
(1953 a) Sand 2670 1.0 7.9
Sand 2670 0.18 8
Newitt 0.025 Manga- 4200 1.3 7
et al. (1961) and nese-
- 0.051 dioxide
Pebbles 2590 3.6 20
Sand B 2640 0.19 30
Sand C 2590 0.7 25
Sand D 2590 1.3 25
Sand A 2620 0.10 35
Zircon 4560 0.11 10
sand
Einstein 0.076 Sand 2700 1.70 17.5
et al. (1966) Sand 2700 1.15 11.8
Kostuik 0.076 Iron ore 4060 2.5 20
(1966)
T oda 0.043 Glass 2500 0.5-3.6 less
et al. (1969) Plastic 4900 10 than
- coated 10%
steel
Plastic 1200 6-10
Steel 7700 8

The criterion of negligible slip previously discussed, w/U < 0.1,
was here compared to the settling conditions of the solids and the
operational velocities in the experimental studies in Table (3.3). It
was found that most investigational results in Table (3.3) correspond
to flow situations where slip is negligible, i.e.E can be approxi-
mately taken as equal to C. Furthermore, many investigators found
that their measured energy loss data was well-correlated with Eq.
(3.44):

Alternatively, if the energy loss gradient, iIrr’ is expressed in
metres of mixture per metre of pipe,then Eq. (3.44) is equivalent

to:



: metres of mixture | _ .
111‘1“/8:[ metre of pipe J - 10/8 (3.45)

where io is expressed in metres of water per metre of pipe and where

s = p/pO = 1+C(ss~l)

The conclusion reached by means of Eqs. (3.44) and (3.45) is that
the energy loss of the flow of a mixture expressed in metres of
mixture is less than the energy loss of water flowing at the same

velocity, i.e.

i / metres of mixture . |metres of water
Irr/S metre of pipe o| metre of pipe

This relationship corresponds to Eq. (2.25), discussed earlier in

section 2, 4,

Total pressure gradient

The total pressure gradient required to maintain a steady state flow

in a vertical pipe is obtained from Eq. (3.34a):

iTot = lRev * lier
where

ipey = 8=1+C(s - 1) Eq. (3.32)
and

ilrr ) io Eq. (3.44)

The total pressure gradient required in Eq. (3.34a) is then:

It = s+1O (3.48)

Alternatively, if the gradients are expressed in metres of mixture

per metre of pipe, then Eq. (3.46) corresponds to:

(3.47)

. _ . metres of mixture
1Tot/S = 1+1/s |: metre of pipe J



3.5 Pressure requirement in a homogeneous system

From a strictly phenomenological point of view, a solid-liquid
mixture can be treated as a single-component homogeneous fluid
medium only if the particle size is much smaller than the fine
structure of the turbulence, where the particles follow all fluctu-
ations of the turbulence field. In the classification of industrial
slurries,truly homogeneous mixtures were defined as those for
which the action of the gravitational force on the particles is negli-
gible under non-laminar flow conditions. Independently of the orien-
tation of the flow, Newtonian or non-Newtonian single-component

methods have been successfully applied to such systems.

The pipe wall friction loss of a homogeneous Newtonian mixture is
traditionally treated as a loss from a true fluid by use of the Darcy-
Weissbach equation, where f is determined by use of the density

and the viscosity of the mixture:

f U2 metres of mixture
; (3.48)
metre of pipe

f = ¢ (Re, k/D)

where

i = energy loss gradient expressed in metres of water
per metre of pipe

s = mixture density ratio = p/po

p = p, (1+C(s - 1))

Re= UDp

n

[ = Newtonian viscosity of the mixture

The viscosity must be measured or otherwise identified. If the
whole solid-liquid mixture is considered as a continuum, then the

viscosity may be estimated by the empirical Eq. (2.4):

Bjie = 1+2,5C+10.05C"+0.0027 (exp 16.6 C))
Aude et al,(1971) proposed Eq.(3.48) together with Eq. (2. 4) for in-
dustrial applications of Newtonian slurrytransportationin vertical

pipes. Einstein et al.(1966) and Graf et al.(1967) found from experi-
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mental results with sand-water slurries that f = fo in Eq. (3.48)

was a good general approximation.

Total pressure gradient

The total pressure gradient required in the case of a homogeneous

flow pattern is obtained from Eq. (3.34 a)

. _ ~ T _ pipe wall
Mot 1+C(Ss 1)+ (B c)(ss 1) +{fmlction }
. . N — ,
1Rev llr’r

In a homogeneous mixture:

E = C

and the pipe wall friction is expressed by Eq. (3.48). Thus,the

irreversible gradient, i, , in Eq. (3.34a) is expressed by:

Irr

1Irr/s = ifs - 2g metre of pipe

fUZ {metres of mixture:l
D

and the reversible gradient, i » is obtained from Eq. (3.32):

Rev

i - 1)

Rev:S=1+C(

S
S

The pressure gradient required in metres of water per metre of

pipe, ip ., in Eq. (3.34a) is then:

iTot = g+i (3.49)

Alternatively, with the gradients expressed in metres of mixture

per metre of pipe it follows that:

: _ . metres of mixture -
lTot/Sg 1+i/s { metre of pipe J (3.50)

The ratio of the Reynolds number of the flow of mixture and the

flow of water is:



Re :UD”LOp
Reo pLUDpO
(3.51)

1+C(ss~ 1)

142.5C+10,05C2 + 0,0027 (exp (16.6C))

where
o s
and where the viscosity ratio p/po was obtained from Eq. (2.4).

The physical properties of the solids influence the development and
the scale of turbulence in a way which cannot be quantified by com-
paring the Reynolds numbers of the mixture and the liquid, respect-
ively. However, the relationship in Eq. (3.51) will still be used to
show schematically that the friction factor in Eq. (3.48) can be
approximately determined by use of the density and the viscosity of

the water.

For the Newtonian non-laminar flow in a pipe, Eq. (2.13),

f = ¢ (Re, k/D)

where ¢ is a decreasing function defined for Re larger than about
0.5 - 104. The maximum gradient of f in Eq. (2.13) with respect to
k/D corresponds to a hydraulically smooth flow (k— 0), where f
can be expressed by a simple empirical relationship, Brebner etal.
(1964):

f= — (3.52)

where Cq and c, are constants of less value than about 0.32. The
maximum gradient of f with respect to Re corresponds tothe largest

value of ¢,. For Re less than about 10% f can be expressed by the

4
following well-known relationship, Blasius (1913):
¢ = 0.316 (3.5
T TTT0 9% 3.53
Rel-25 )

The maximum ratio of the mixture friction factor, f, to the clear

water friction factor, f_., is then:

e}l



Re 0.25
o]
(e

f
—
o

Eq. (3.51) is now schematically applied to Eq. (3.54), i.e.
92 0.25
P [1+2.5C+10.05C +0.0027 (exp (16.6C)] (5

T 1+ C(ss—l)

. 55)
o

The largest scatter of taking f = f0 in Eq. (3.48) was estimated from
Eq. (3.55) to be below about 15%, for mixtures of water and industrial
minerals or ores of densities of 2600 ]:«:g/m3 - 5000 kg/m3 and con-
centrations of 20% - 30%, Thus, if a Newtonian behaviour of a mix-
ture is recognized and if the viscosity can be related to Eq. (2. 4),
then the friction factor, f, in Eq. (3.48) can be approximately calcu-

lated from the clear water viscosity and density, i.e.

where

f, = ¢ (Re,, k/D)

then Eqgs. (3.49) and (3.50) can be expressed by:

. _ . metres of water

gy = s(1+iy) [ metre of pipe J (3.56)
or

. _ . metres of slurry

1Tot/S = 1+, [ metre of pipe J (3.57)
3.6 Discussion

Based on negligible slip and a continuum description by Darcy-Weiss-
bach equation, Eq. (3.44) and (3.48) represent two energy loss ap-
proaches which can be expressed in the form of the wall shear stress,
T Eq. (3.44) corresponds to:

£ p U2

o %o

T, t T, =2 (3.58)
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where Ty is the wall shear stress developed in clear water flow.
o
Eq. (3.48) corresponds to:

2
_ fpU
Tw™ 738 (3.59)
As discussed earlier, f can be taken as equal to fo without serious
error. The question whether wall shear stress should be computed
from the density of the water, or from the density of the mixture leads

to doubt in the choice of Eq. (3.44) or (3.48).

Recommended design methods for the flow of industrial slurries in
vertical pipes reflect this uncertainty. In practical applications where
E approximately may be taken as C, Aziz et al. (1972) suggested that
the energy losses should be calculated with the approach based on Eq.
(3.44) but added: 'in some cases the use of a density corresponding
with that of the mixture seems preferable”. On the other hand, Aude
et al. (1971) stated: 'in a vertical pipe the solids are uniformly distri-
buted so the friction loss is calculated as for a homogeneous slurry'’,
i.e. Bq. (3. 48) was suggested. An intermediate flow pattern, with
the value of the wall shear stress between the two approaches given
above seems reasonable in practice. However, such a pattern is

difficult to interpret phenomenologically.

A transported slurry is often described as a "heavy medium'' of the
liquid and the solid particles of sizes less than 0.04 to 0.07 mm, in
which coarser particles then act with their separate identities. The
homogeneous part may then be characterized by its density and rheo-
logical properties. The remaining solid particles are then considered
separately in distinct size fractions, where each fraction is represent-
ed by a reduced settling velocity in the modified carrier substance.
However, it does not seem possible to state a physically sound criteria
that would enable division of an industrial slurry into a heterogeneous
and a homogeneous part. For example, the viscosity of a suspension
is a manifestation of the energy dissipated due to electrochemical
interaction between the components, while the transfer mechanism of

coarse particles depends on mechanical forces due to collisions.
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Radial migration

Many investigators have observed that particles in low concentration
slurries may not be uniformly distributed over the entire cross-
section of the pipe. Investigations reporting radial migration of
particles toward the centre of the pipe in upward slurry flow were

mentioned previously in section 3. 2.

Radial migration of particles in turbulent solid-water flow was also
observed by Willets (1970), in a vertical pipe of diameter = 0,077 m
and with low concentration of sand particles of diameter = 0.6 mm.
Willets observed a systematic shift of the particle distribution. The
particles tended to migrate away from the pipe wallin upward flow
and toward the pipe wallin downward flow. Similar observations
have been reported for spherical particles under steady laminar
conditions (Poiseuille flow) in vertical pipes, see for example
Jeffrey (1965). Jeffrey used particles of density = 1190 kg/m3 with a
diameter of 0.15 mm in the flow of glycerol in a pipe of a diameter
of 0.033 m.

In effect, the findings in a laminar pipe flow corresponds to the ob-
servations by Willets in a turbulent flow. Willets explained partly the
systematic shift of radial migration to an action of a lateral force,
The existence of a lateral force on a rigid sphere which is both rotat-
ing and translating in a fluid is usually known as the Magnus effect,
In the upward flow of water with constant average velocity in a verti -
cal pipe a spherical particle may start spinning and, on entering the
wall region, it may perhaps propel itself out again. It can be shown
from hydrodynamics, that a transversal force can be created per-

pendicular to the direction of motion and the rotating axis, Fig. (3.7).

If the particle were free to move transversely due to the force, Fv’
then it would have a velocity component towards the centre of the pipe.
However, a radial velocity component due to the Magnus effect can

only develop if there is a difference in velocity between the components,
i.e. the local spatial concentration cannot be equal to the locally de-
livered concentration due to slip, Therefore, irreversible energy,

over and above that of the pipe wall friction, will be generated. Thus,
an explanation as to why the wall shear stress of the flow of slurry

is the same as that for clear water cannot be directly related to the

presence of an annulus of clear water at the pipe wall due to the
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Magnus effect.

Centre
of pipe

NN

Water velocity

Solid velocity

e T RS- T Y]

= Q\Rotary motion

Sphere —f——b Transversal force | FY

" Motion of the sphere
relative to the water

Fig. 3.7 Schematic representation of the movement
of a single solid spherical particle near
the wall in a vertical pipe [low.

There is experimental evidence of radial migration of solid particles
in the upward flow of slurries, at least at low concentrations. How-
ever, it is doubtful if the effect can be developed in the flow of in-
dustrial slurries at higher concentrations. For example, operational
experience from the Hansa mine (principal hydraulic data on page 48)
shows that the total wear in the vertical pipe did not vary appreciably
from the wear observed in horizontal pipe parts, Gaessleret al. (1976).
This observation indicates that solid particles alsocreate erosiveac-

tion in vertical pipes.

The erosion may generally be lesser in the axisymmetric flow in a
vertical pipe than in a horizontal pipe, but the combined effect of
erosion-corrosion can still be substantial. Corrosion studies with
slurries by Holdner et al. (1975, 1976) show that the rate of wall
mass transfer of dissolved oxygen is much higher in slurry flow than
in clear water flow, independent of the orientation of the pipe. How-
ever, the mechanism of momentum transfer leading to different
energy losses depending on the orientation of the slurry flow can

not be related to the same factors that lead to wall mass transfer,
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Some turbulent related phenomena

The basic structure of the turbulenc is, at present, not completely
understood, not even for single-phase fluids. Energy loss phenomena
in mixtures are coupled to the kinetic energy spectrum of turbulence.
Mechanical energy which is transformed into turbulence is not necess-
arily directly dissipated into heat, but part of the kinetic energy
generated may be used to create lifting of the solids. Therefore,

relationships in the form of Eq. (2.16):

(see Fig. 2.5, page 25) represent simplifications of basically very

complex phenomena.

Some variables dealing with the scale of turbulence and the size of
solid particles in the near wall region in a vertical pipe will be dis-
cussed based on some general definitions for the turbulent flow of a
solid-water mixture in a pipe. The instantaneous velocity, ﬁ, at a
point in one direction in a steady turbulent flow over a period of time
is given by the sum of a mean value, u, plus a fluctuating component,

-

u,

A .
u = u + u

Because the fluctuation is both plus and minus, the mean of the
fluctuating component, -1:1', is equal to zero. The spread is defined by
the standard deviation, (u‘z)lfz,

Consider the flow of water in a straight circular pipe of constant
diameter. The average velocity is parallel to the axis of the pipe

but in any point there are three-dimensional velocity fluctuations.

The turbulence field of the flow of water, in a circular pipe is aniso-
tropic. The degree of anisotropy increases toward the wall region,
Fig. (3.8).

The maximum fluctuation occurs at the region of maximum production
of turbulence, which is near the viscous sublayer, Fig. (3.9), in

which viscous forces dominate,

The viscous sublayer is approximately defined by:
u ye
_ET O g (3.60)

Ho
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Fig. 3.9 The near wall region of turbulent pipe flow.
where

(3.61)

is the friction velocity. The motion in the sublayer undergoes a

change toward intensive turbulence in the so- called buffer zone
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which is approximately limited to:

u_yp
4<JEIL——9<50 (3.62)
(o)

For the flow of water, in a hydraulically smooth pipe at a Reynolds
number of about 105 the extension, Yo of the viscous sublayer can

be roughly estimated by the following expression:

y_ 2
S “ -3
») = 10 (3.63)
The thickness of the buffer zone, ¥y,, can be consgidered to be:
Vp 2 -2
5 = 10 (3.64)

The behaviour of a solid-water mixture depends largely on the size
of the particles in relation to the scale of turbulence. Howard (1974)
found, from laboratory tests in a vertical pipe of diameter = 0.184 m
and with particles in the size range of 2 mm to 5 mm, that radial

particle dispersion generally increased with particle diameter if;

i>1

A

where A is the turbulent microscale.

The microscale represents the average dimensions of the smallest
eddies that are mainly responsible for dissipation., For the flow of
water in a pipe with Re= ]()5, the dimension of the smallest eddies
in the wall region will be between the size of the viscous sublayer

and the buffer layer Eqs. (3.63) and (3.64), respectively.

The relative length of viscous sublayer, buffer layer, and represen-

tative particle diameters is shown in Fig. (3.10).

The momentum transfer mechanism depends on the state of the tur-
bulent motion, which varies across the mixture in the pipe. In the
near wall region, it is mainly the physical properties of the flowing
medium, that are attributable to the wall transfer mechanism. From
Fig. (3.10) it can be seen that the thickness of the viscous sublayer
in general is much smaller than the length of the transported solid

particles. Therefore, it is not possible to define a physically valid
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Fig. 3.10 Relative thickness of the viscous sublayer
and buffer layer compared with the diameter
of different spherical particles in a
hydraulically smooth flow in a pipe of
diameter = 0.1 m.

property defining a mixture viscosity, at least not for particles

which are of larger dimension than the viscous sublayer.

Newitt et al. (1961) obtained greater energy losses for the fine-grained
solids, sand A and zircon sand, than for the other solids in their ex-
perimental study (see Table (3.3) page 51). They related the higher
energy losses to a possible increase of the rate of shear within the
viscous sublayer, because the diameter of the particles were of the
same order as the thickness of the viscous sublayer. However, the
opposite effect of decreased rate of shear, due to an addition of fine
particles of similar or lesser order as the sublayer, has also been

related to changes in the near wall region.

A reduction of the energy dissipation can also be produced by the
addition of small quantities of certain polymers into the flow of water
in a pipe. No measurable change of the density or the viscosity
occurs. The reductional effect is related to changes of turbulent
transfer mechanism, mainly in the buffer layer. However, it is at
present not possible to interpret a physically valid analogy between

the mechanism of possible suppression action of fine particles and
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and the effect of polymers.

Application of a pseudohomogeneous approach to the determination

of the energy losses

The pseudohomogeneous flow pattern was discussed earlier in section
2.3 in connection with the experimental results by O Brien et al.
(1937) in horizontal pipes. Moreover, Graf (1971) suggested that the
Darcy-Weissbach friction factor, f, could be approximately deter-
mined on the basis of a modified Reynolds number, Re’, in situations

where the flow could be considered to be pseudohomogeneous:

Re’ = sRe_ (Fq. 2.23)

This is an obvious approach to the axisymmetric flow of industrial
slurries in vertical pipes where the particle sizes mainly are in
the range of 0.1 mm to 10 mm. The Reynolds number parameters
can be considered as the ratio of inertial forces to viscous forces.
For the flow in a pipe of diameter D the inertial force may be ex-
pressed by pDzUz, which is a function of the mass flow rate. The
density, p= po(l + C(ss - 1)), expresses thus the influence of C and
S
The viscous force, WDU, is a function of the average velocity. The
portion of small particles less than the size of the viscous sublayer,
i.e. less than about 0.1 mm, will generally be low for the transport
situations studied here. Therefore, it is believed that the viscous
properties of the mixture can be represented by the viscosity of
water. This behaviour may also be reinforced by the possible radial

migration tendencies of particles in the near wall region,

The observed flattening of the velocity-profile curves, exemplified

in Fig. (3.3) page 37 indicate also that the slurry flow corresponds
to a higher Reynolds number than that of clear water flow. This can
in turn be related to a reduction of the thickness of the viscous sub-
layer. Solid particles penetrate the viscous sublayer and may strip

away the upper part of the sublayer,

The energy losses may thus be determined from the Darcy-Weiss-

bach equation, with f determined from a Reynolds number based on
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the density of the slurry and the viscosity of water,i.e.

i /s = i/s=f U2 metres of mixture (3.65)
Irr 2gD metre of pipe

with
f= ¢ (K, Re)

where ¢ can be obtained from the ordinary Moody-diagram. If a repre-
sentative Newtonian viscosity, | , can be defined, then the homogene-
ous approach,Eq. (3.48) may apply, i.e. Darcy-Weissbach equation
with:

f = ;zS(k/D, Re)
where

Re = -—-—-—UDp

In a recent pilot-scale investigation on oil shale minerals in a vertical
pipe of diameter = 0.154 m, the f-Re relationship was found to be ad-

equite for predicting the hoisting energy requirement, Pouska etal.(1978).

Most investigational data shown in Table (3.3) page 51 corresponds
to relatively low concentrations, at least for slurries composed of
particles of greater mean particle size, d50, than 0.50 mm. How-
ever, some experimental data by Newitt et al. (1 961) also included
concentrations of industrial interest. Their experimental results
were originally presented in graphs in the form of measured clear

water head loss versus mean velocity on a linear plot.

Newitt et al. concluded from their experimental results with manga-
nese-dioxide, pebbles, sand A, sand B, and sand C, see Table(3.1),
that: the energy loss of slurry expressed in metres of water are either
identical with the clear water energy loss at all velocities or slightly

higher at low velocity but tend to the water-losses at high velocities.

In order to study the results of Newitt et al., some of their experi-

mental data was converted into the f-Re” parameters, Fig. (3.11).

The alternative representation in Fig. (3.11) shows that the experi-

mental result obtained by Newitt et al. (1961) can be related approxi-
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mately to the f-Re” parameters. It can also be seen from Fig. (3.11)
that there is a tendency towards a growing friction factor when the

velocity (Re') decreases.

f Manganese - dioxide
p.= 4200kg/m?
0.040 |- dao= 1.3 mm.
0.035 |- Clear water C=7%%
0.030 |- 2m/ssU< 3m/s
0025 |- )
0.020 |~
0015 |-
i 7 I T S T 1 Ré
390 4 S5 6 7 891105 1510°
i Pebbles
0001 ci t 3s= isgo o
ear water 50° 3.6 mm
0.035 | C =20%
0.030 . © 1m/ssU<3m
0025 | S~
0.020 o
@
0015
i L i TE S N T 1 Re
30 4 5 67 89110° 1510°
Fig. 3.11 Representation of eaperimental data by

Newitt et al. (1961) in the form of the
f=Fe” parameters. D = 0.0255 m.
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4. ESTIMATION OF ENERGY LOSSES IN HORIZONTAL
PIPES

4.1 Tlow regimes - operational velocity

The concept of defining flow regimes was discussed in Chapter 2.
Classification of slurries into different regimes is only applicable
to mixtures of particles of similar size. Criteria for distinguishing
between flow regimes are generally empirical formulas based on
limited experimental data. For slurries composed of particles of
wide size distribution, Fig. (2.2) page 19 may indicate the domi-

nant regime of the flow.

Based on experimental tests with different minerals in a pipe of
diameter 0.025 m, Newitt et al. (1955) separated heterogeneous

flow from homogeneous flow and flow with moving bed, respectively:

Unib < Uttet < Upnh (4.1)
(flow with (heterogeneous (pseudohomo-
moving bed) flow) geneous flow)
where
UMb =17 w -
Upy, = (1800 ghw) '*
w = representative terminal settling velocity
D = pipe diameter
UMb defines the velocity below which solids form a deposit on the

bottom of the pipe. For velocities larger than UPh the mixture flows
as a pseudohomogeneous suspension. The limits defined by q. (4.1)
were obtained by the investigators by making a continuous function

of their empirical energy loss relationships.

The velocity at which the particle settle out at the bottom of a hori-
zontal pipe (the deposition velocity, UD) is generally determined by
visual observations of the flow through a transparent pipe section in
pilot-plant studies. The deposition velocity of a slurry system re-
presents the lowest velocity at which the system can be operated.
From a design standpoint it is advisable to operate at a somewhat
higher velocity. Aude et al. (1971) and many others, suggested that

the operational velocity should be about 0.3 m /s higher than UD'
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In the literature different criteria and empirical formulas have been
presented for determination of the deposition velocity. Most relation-

ships have been expressed in the following form

u, - ¢p'/ (4.2)

where the function ¢ depends on d, C, and g The relationship most
often proposed goes back to Durand (1953), who related his experi-
mental results to a modified Froude number expressed by a diagram

factor, FL’
U
D -7 (4.3)

(2¢D (s -1)'/? T

where FL varies with the particle size and the concentration as

shown in Fig. (4.1).

F

0 T N | 1
0O 04 081 2 3

Particle size [ mm)

[N

Fig. 4. The factor F_ versus the particle size and
some concentrations. According to Durand
(1953).

Eq. (4.3) was originally obtained for uniformly sized particles.
The experimental background to Eq. (4.3) and Fig. (4.1) will be

considered in the next section.
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4.2 Heterogeneous flow - Durand’s equation for energy loss

Great research effort has been conceﬁtrated on this flow regime buf,
unfortunately no generally accepted criteria to describe energy loss
under various flow conditions have yet been established. About
thirty more or less empirical formulas were recently presented in

a survey of existing criteria to predict energy losses in horizontal
pipes, Kazanski (1978).

The relationship most used to predict energy loss in a heterogeneous
flow of a slurry composed of uniformly sized particles goes back to
Durand (1953). The now classical expression given by Durand in-

cludes the parameters,Fr, C, Sgs and CD reads:

i o= i =2 -1/2.3/2
i —-10(1+C5C(}‘I‘ (bs—l)CD YT (4.4)
where

i = energy loss gradient of slurry expressed in metres
of water per metre of pipe

io = energy loss gradient of water

cg = constant equal to 81

C = delivered concentration

F_= ~—~——[—L—,-—-- (FFroude number)

r 172

(gD)

s = pgle,

CD = drag coefficient defined by Eq. (3.22)

It is not difficult to find experimental or full-scale operational data
which contradict Eq. (4.4). However, in comparison with many
other published relationships, it has been proved to be useful in
representing a broad range of slurries. Eq. (4.4) was based on
extensive tests for D = 0.04 m to 0.58 m, d = 0.2 mm to 25 mm,
sy = 1.60to 3.95, and U = 0. 6 m/s to 6 m/s. Most experimental
data was obtained for sand and gravel with concentrations not ex-
ceeding 22%. Some data undoubtedly must be classified as belonging
to a pseudohomogeneous flow situation. Furthermore, the larger

particle sizes were only investigated in pipes of diameter of less
than 0.2 m.
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In practice, the mineral in the slurry cover a considerable range

of particle sizes. Fq. (4.4) has been modified, Aude et al. (1971),
to yield mixtures covering a wide span of particle sizes and solids
of different physical properties. Tach size fraction (based on stan-
dard screen analyse) is treated as a separate entity. If a represen-
tative value of CD of each fraction is used, then Eq. (4.4) is separ-
ately applied to each size fraction. The sum of the individual contri-
butions then gives the corresponding energy loss gradient for the

whole system:

N

e e w2 3/2} -3/4

i = 10(1705(1“1 (ss—l)) / 1CDj Cj) (4.5)
j=

where N is the number of fractions and C. is the volume concentra-
tion of fraction Pj- The corresponding, Cyy , is a representative

value for particles within that fraction, Fig. (4.2):

Pig. 4.2 Vartables defined for each particle size
fraction.

In Eq. (4.5) the solid density ratio, S has not been defined for
individual sieve fractions. Thus, the solid density is represented
by an average value. This assumption will be used throughout in

this study.
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4.3 The Wasp et al. computational model

Wasp et al. (1963) applied a classical relationship from sedimenta-
tion technology to determine the distribution of solids in a solid-
liquid flow in a pipe. The calculated distribution was used to define
a split between a heterogeneous and a homogeneous part of the
slurry. They then suggested determination of the energy loss due
to the homogeneous part and the heterogeneous part, separately.

The model will be described here in the case of a Newtonian slurry.

Background

The classical model for the distribution of solid particles in a steady
uniform flow in wide open channels is based on the assumption that
the flow of solids through a horizontal area, z = constant, is zero,
Fig. (4.3).

z
A
Surface v
————
Unit area TES(Z)E%
z = constant
~WC
Horizontal
7 777 directi
Bottom ction
Fig. 4.3 Schematic representation of the vertical

movement of particles in the steady uniform
flow in a wide open—channel.

The equilibrium between the upward rate of particle motion due to
turbulent diffusion and the volumetric rate of solid transfer per unit

area due to gravity is expressed by:

de _
we + Es(z)a—z— = 0 (4.6)
where
w = terminal settling velocity of a single particle
¢ = local concentration of solid particles
€g 7 diffusion coefficient for solid particles
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By integrating Eq. (4.6) and letting (z; 0 < z < h) be the domain on
which the equation is integrated, then it follows that:

h
c= ¢ exp[—wJ' dg J
o ggg?
0
where
¢ = local concentration of solids at level z
¢ = local concentration of solids at level z =0
h = water depth
£ = integration variable
Physically, the solution to Eq. (4.6) cannot be applied to the com-
plete domain (z; 0< z < h), because ES is not defined for z = 0.
The suspension does not exist close to the bed, where the physical
situation is extremely difficult to define. Therefore, solutions to
Eq (4.6) have referred to a concentration a distance z = Zy from
the bed. The boundary condition at the free water surface is based
on the fact that the net vertical transfer of solids must be zero at
the free surface, i.e.
we + Es(z)g—g=0 for z=nh
Under these conditions, Eq. (4.6) can be easily integrated with the
case of constant diffusion coefficient. O Brien (1933) integrated
Eq. (4.6) based on the triangular shear distribution of the open-
channel flow and a logarithmic veloecity profile, and arrived at the
now classical expression:
cle, =(BE _° (4.7)

z h-z
o o

where ¢, represents the concentration at a level z = Z s and where

h is the Water depth. The exponent in Eq. (4.7) is:

- w

where % is the universal von Karman constant, and u is the
friction velocity defined in Eq. (3. 61). The factor B in Eq. (4.8)

is considered as a constant in the relation
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ge. =B¢€ (4.9)

where € 1is the momentum transfer coefficient for the flow of

water.

Description of the model

From experimental results in closed rectangular channels, Ismail
(1952) found an empirical relationship between the exponent, Y, and
the distribution of solid particles. This findings was applied by
Wasp et al. (1963) on observed distributions in a coal slurry pipe-
line with a diameter of 0,60 m. By relating the concentration of
solids at the top of the pipe to the concentration of solids in the
centre-line of the pipe, they obtained the following relationship:
CO.OSD/CO.SOD exp (-1.8 Y) (4.10)
where 9. 08D is the concentration of solids at 0. 08D below the top
of the pipe and 0. 50D is the concentration in the centre-line of the

pipe, Fig. (4.4).

0.08
008D €0.08D
D 050D
E‘SOD
Fig. 4.4 Diagram of the distribution of solids in a

eireular pipe.

The exponent Y in Eq. (4.10)was defined by Eq. (4.8). Wasp et al.
used Eq.(4.10)under the assumption that the concentration at the
centre-line of the pipe was equal to the average solid concentration,
c,

¢y 50D ° C (4.11)
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The friction velocity can be expressed in the form of the average

velocity and the Darcy~Weissbach friction factor. With Eq. (2. 9):

£ p U2
I\/V

in Eq. (3.61) with T, and p:

12
uo = (v /p)
it follows that:
!
u, = U (£/8)}/2 (4.12)

Following the general assumptions, ®¥= 0.4 and £ = 1, with Eqgs.
(4.11) and (4.12) in Eq. (4.10) then it follows that:

¢y gsp/C = exp [—12.7 ET—;VT—]?J (4.13)
Wasp et a_l. used Eq. (4.13) to define a limit between a homogeneous
and a heterogeneous part of the slurry. Eq. (4.13) was applied suc-
cessively to each particle size range interval, j. The concentration
and the size distribution of the particles occuringata depthof 0.08D
below the top of the pipe were taken to exist at all other points in
the pipe, i.e. the conditions at that level represent the homogeneous
part of the slurry. Thus, for each size fraction the homogeneous part,
C.Hom, is assumed to be equal to the concentration ratio defined by
Eq. (4.13) multiplied by the average volume concentration, Cj’ of that
size fraction, i.e.

clom - ¢ exp (-¥)) (4.14)

J J
where

12.7 w,
J

Y L=
Iyl

where Wj is the terminal settling velocity in the fractional homo-
geneous part defined by its viscosity and density. The remainder

of the solids:

cJHet = (1 - exp (-Y))C, (4.15)

was considered to be a heterogeneous suspension conveyed by the

homogeneous part, Fig. (4.5).
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C:
J C,Hom
]
j=1 N N
Fig. 4.6 Sehematic representation of the homogeneous

and heterogeneous portion for each particle
size fraction.

The total energy loss was then calculated by summing up the homo-
geneous energy loss and the excess energy loss due to the hetero-
geneity of the remainder of the solids. The excess energy loss that
may be attributed to the solids in heterogeneous suspension was ob-
tained by applying Durand’ s equation to each size fraction, as dis-
cussed earlier, using the properties of water when calculating the
drag coefficient, CD’ The calculation procedure to determine the
energy loss of the heterogeneous part is schematically shown in

Fig. (4.6). Heterogeneous part

. Fractional . Energy loss
Fraction concentration Concentration gradient
1
j-1 . :
. ) t . .Het Het
C. et o1 Jexp(-yie, et = ¢
j | j (1-exp( J)) i i i o
i+l : :
N
N
.Het _ Z .Het
iHet = fractional energy loss gradient of ! - 1j
J mixture (heterogenous part) ji=1
.Het . .
i = energy loss gradient of mixture (heterogeneous part)
These gradients are expressed in metres of water per
metre of pipe.
Fig. 4.6 Calculation procedure to determine the

energy loss of the heterogeneous part
in the Wasp et al.model. The function

P, is here equal to:
. f D -1/2, 3/2
s (Fr—2 (s -1) C
T,¢s (F1 (.78 1) LDj )
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Hom

The total homogeneous part of the slurry, C , 1s obtained from

Eq. (4.14):

N

cHom _ Z CJHOH\ (4.16)
=1

The density of the total homogeneous part is then obtained from Eq.
(3.8):

Hom

o = p, 1+ CHom(

s -1) (4.17)
S

The viscosity of the total homogeneous part is simply related
to Eq. (2.4):

wHom = 1+ 2.5 O™ 4+ 10,05 MO 4
(4.18)
+ 0.0027 exp (16,6 CHo™)
Hom . .
The energy loss of the homogeneous part, i , is calculated with

the Darcy-Weissbach equation, according to section 3.5. Finally,
Wasp et al. related the pressure gradient, iTot’ as the sum of the

heterogeneous and the homogeneous part, respectively:
ipop =1 + i (4.19)
where all gradients are expressed in metres of water per metre of

pipe.

Het

To find C, 7, iterations are required because the fractional viscos-
ity ugIom depends on Yj’ where the fractional terminal settling vel-

ocity, wj, in turn, is related to the fractional homogeneous part de-
fined by its viscosity and density. Furthermore, the friction factor,

f, depends on the pressure gradient, iTot'
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4.4 Discussion

The deposition velocity in large diameter pipes may be roughly
predicted by scaling-up of pilot-plant data by the exponential rela-
tionshipin Eq.(4.2). Scale effects on the deposition conditions might
be anticipated when pipes of different roughness are compared,

according to Kazanskij (1976).

Durand’ s equation must be used with caution for solid-liquid mix-
tures other than those for which the formula has been verified
through experiment. The equation represents an oversimplification

of very complex phenomena.

The computational model developed by Wasp et al. (1963) is empiri-
cal in nature because it, among other things, involves the use of
Durand’s formula. The split between the heterogeneous and homo-
geneous part is one of the central features of the computational
model. The criterion used goes back to the mathematical model of
the distribution of small solid particles in low concentration in a
two-dimensional open-channel flow, where Eq. (4.7) has been found
to apply to laboratory and field data. However, it is not possible to
determine the value of Y in Eq. (4.8) from an independent physical
interpretation of the variables,w, B, ® , and u - Available analy-
tical and experimental work gives no assurance that a model based
on Eq. (4.6) is more valid when applied to the flow of industrial

slurries in pipes with much higher solid concentrations.

The use of the Wasp et al. model has generally been associated with
the design of long-distance slurry pipelines, where the flow can be
classified as being in a pseudohomogeneous state, Therefore, if the
Wasp et al. model is applied to a pseudohomogeneous flow, then the
homogeneous part, CHom’ is considerably larger than the hetero-
geneous part, CHe in the relationship:

Hom n Het

c =C C

where C is the total concentration of solids in the slurry. The press-

ure gradient in metres of water per metre of pipe is expressed Dby :

iHom Tet

+iI

iTot (Eq. 4.19)
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The heterogeneous part of the mixture is low and the heterogeneous
term in Eq. (4.19) will be small, compared with the homogeneous
energy loss term. Therefore, the usefulness of the model in a
pseudohomogeneous flow is attributable tothe dominant influence of
the Darcy-Weissbach equation and the usefulness of this relation-

ship.

The iteration procedures described earlier in section 4.3 were
formulated for computer calculation. The computer programming
was carried out at the Department of Hydraulics as a part of a
Master of Science thesis, Kindlund et al. (1977).

The previous discussion of the determination of the energy loss with
the Wasp et al. model will now be demonstrated in an example, with

iron ore slurry in a horizontal pipe.

Example
Mineral Iron ore concentrate
Solid density (kg/m°) 4947
Mean particle size (d50 mm) 0.06
Max. particle size (dmax mm) 0.2
Concentration (%) 21.3
Pipe diameter (m) 0.1
Absolute roughness of pipe (m) 1076
Temperature (OC) 15

The deposition velocity, UD‘ was estimated from Eq.
(4.3) and Fig. (4.1) with d50 = 0.06 mm.

Up

(2gD (s,- 1))

72 T YL

Up

(2g:0.1+3,947

172

UD = 1.65 m/s

The operational velocity was chosen to:

U =1.65+0.3=1.95m/s
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In the application of the model the fractional drag

coefficient, C was related to the standard curve for

D’
spheres, Fig. (?3.4), based on the size distribution of

the particles given as input.

The following results were obtained from the computer

calculations:
cHom — 47 7q,
cHet - 3 69
iHe‘c + iHom _—

0.0100 + 0.0539 = 0.0639

With the gradient, iTot’
iTot/s’ then with s = 1.84 it follows that:

expressed in metres of slurry,

. _ metres of slurry
lTo‘c/S = 0.035 [ metre of pipe }

If the total energy loss is determined directly with the
Darcy-Weissbach equation based on the density and
viscosity for the total solid content, C, then Eq. (3.48)

applies to the flow in the horizontal pipe, i.e.

2
. . fU metres of slurr
1Tot/s i/s = [ y}

T 2gDh metre of pipe

The gradient, i/s, was determined and it follows that:

1Tot/S metre of pipe

= 0.031 {metres of slurry]
Thus, the value of iTot/S calculated directly by the
Darcy-Weissbach equation is, in this case, only slightly

less than the value obtained with the model.

The particle size distribution of the iron ore in the
example corresponds to sizes which are slightly larger
than those normally encountered in long-distance slurry

transportation of iron ore in pipelines.
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The calculations in the example have been carried out
under the assumptions of non-laminar flow and Newtonian
behaviour of the slurry. These are reasonable assump-

tions for the operational conditions given in this example.



5. PERFORMANCE OF CENTRIFUGAL PUMPS

Solids in suspension adversely influence both the head developed
and the energy consumed in a centrifugal pump. Because of the
reliability of the transportation system and the wear on pump parts,
centrifugal slurry pumps mostly operate at flow rates lower than

those corresponding to the highest efficiency.

5.1 Hydraulic characteristics of pumping liquids

In a centrifugal pump the mechanical energy is transferred to the
fluid to produce mostly kinetic energy within the small passages of
the impeller, which is then transformed to potential energy in the
larger passages of the volute and discharge piping of the pump

casing. The losses in a centrifugal pump when pumping liquid are
schematically shown in Fig. (5.1).

Power (kW)

=
2 Head output
@
T
Power output
Flow rate ( m¥s) Flow rate {m¥s)
Fig. 6.1 Schematic illustration of the losses in

a centrifugal pump. According to Cruger (1974).

The disc friction is a result of friction between the outer sides of
the impeller and the pumped media. Media which have passed the
impeller leak back and cause losses. The hydraulic losses are

mainly eddy and separaticn losses due to changes in direction and

magnitude of the velocity of the flow.

The head developed by a centrifugal pump pumping a true liquid

generally is a function of the following variables, Hansen (1967):

81



H = ¢ (@ N,D,p,p, k, g) (5.1)

where H is the head, Q is the flow, N is the rotary speed of the
impeller, D is the impeller diameter, k is the absolute roughness,
and g is the acceleration of gravity. After grouping the variables
in Eq. (5.1) in dimensionless parameters, then:
2
H ND” k

B, = ¢(_Q_3_, LA ) (5.2)

N“D ND K
The highly turbulent flow usually encountered in pumping liquids
causes negligible viscous influence and the dependence on viscosity
is therefore omitted. The influence of the roughness is also nor-

mally neglected. Then,

He - 49 (5.3)
N°D? / ND®

n = ¢(—-9—§—) (5.4)
ND

where n is the efficiency of the pump determined by:

. PERH
Al

where P is the power delivered to the pump.

The influence on the performance of pumping fluids of higher
(Newtonian) viscosities or densities than those of water is schemati-

cally shown in Fig. (5.2).

If the viscosity of a pumped fluid of constant density is increased,
then the head and efficiency are lowered, and the power needed to
maintain a constant capacity is increased. If the density of a fluid
of constant viscosity is increased, then the head and efficiency
curves will be unaffected, but the energy requirement will be in-
creased to maintain the capacity. In this case, no change of the
internal flow characteristics within the pump occurs, compared
to the pumping of water. The power input is proportional to the

density ratio of fluid and water.
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5.2 BEffects of solids on pump performance

The pump head and efficiency are generally lowered by the presence
of solids. When pumping slurries, the relative reduction of the clear
water head and efficiency for a constant flow rate and rotary speed

may be defined by the following two ratios:

the head ratio: H/H
o

the efficiency ratio: n /ng

where
H = head developed in slurry service,
metres of slurry
HO = head developed in water service,

metres of water
n = pump efficiency in slurry service

Ne= pump efficiency in water service
These variables are schematically defined in Fig. (5.3).
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Most investigational work carried out on performance tests with
industrial slurries in centrifugal pumps has shown that the power

consumption increases proportionally to the density ratio:

P = SPO (5.5)

where

1

power input to pump when pumping a mixture
= power input to pump when pumping water

s = mixture density ratio, p/pO

and that a lower head output of the pump is directly related to a re-

duction in efficiency:

ﬁfi - (5.6)
o o
see for example, Stepanoff (1965) and Vocadlo et al. (1974).
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Eqgs. (5.5) and (5.6) are in fact equivalent statements:

H/H
P _pgHQ __ "o =5 Mo s (5.7)
Po no P eH QR g

The slurry absorbs the same kinetic energy as a heavy fluid with
density p. In principle, pump head can only be developed by the
energy imparted to the liquid by the impeller. The diminution of
the area for the liquid in the impeller channels may reduce the
amount of energy transfer to the liquid in the pump. Based on this
assumption, Frazier (1968) explained that the head and efficiency

of a centrifugal pump were reduced in the following way:

H o

H _n _ p_ _1-C
T 1
O JRE—

which corresponds to the ratio of energy imparted per mass unit of
mixture and water, respectively. However, experience has shown
that the particle size has a marked influence on the performance,
and therefore Eq. (5.8) alone does not present a complete repre-

sentation of the flow situation in the pump.

The flow of solids through the pump causes additional hydraulic
losses due to relative motion of coarse particles or viscous effects
by a high concentration of small particles. Because of the different
densities of solids and liquid, a separation of the two components
will take place in the acceleration field of the pump, which also

results in additional friction loss.

Observations by Herbich (1962) showed that the particle velocity
leaving the impeller was 4 to 5 times as large as the velocity of the
fuid (Plastic beads: diameter = 3 mm, density = 1190 kg/m®).
Similar findings from theoretical calculations were reported by
Fairbanks (1941). However, at the discharge end of the pump,
Wiedenroth (1970) found from experimental investigations with a
quarz mineral of particle sizes from 0.1 mm to 10 mm that the

velocity of the components was equal.

Burgess et al. (1978) extended the variables in Eq. (5.1) to the flow

of slurries in centrifugal pumps. For a particular pump, they wrote:
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Qg H,n, N, D, dgg, b, e, Ay C) =0 (5.9)

The variables were then expressed in dimensionless parameters:

de
B 20, 22, s (5.10)
H N°D ND
and
Q dsg
_l’_l_ = ¢( a5 C,——*,S) (5-11)
! pu] D S
L ND

Burgess et al. assumed Eqgs. (5.10) and (5.11) to be approximate-
ly independent of flow rate and pump rotary speed, a statement
confirmed experimentally by Stepanoff (1965) and others. Eqs.
(5.10) and (5.11) are then reduced to:

d
H 50
'HO - ¢(C: D ¢ SS) (5'12)
d
noo 50
N $(C, ——, s.) (5.13)

Results published by other investigators

Mec Elvain (1974) presented reduction curves, where the dependence
of the density, particle size, and concentration was defined by a
reduction factor K, Fig.(5.4). In an empirical approach,Mc Elvain
found a linear dependence between the efficiency and head ratio and
the concentration. He related the factor K to C = 0.20 (20%) and

obtained:-

no_ c
+ - Kggg (5.14)
o)

H
H
[0}

Test data published by some other investigators have been listed in

Table (5.1) and are compared with Eq. (5.14) in Fig. (5.4).
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meter=0.30 m.
Rotary speed =
16.7 rps.
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Fig. 5.4 Curves of reduction due to the presence
of solids, Mc Elvain (1974). Comparison
with some other experimental data listed
in Table (5.1).
Table 5.1 Legend for comparison of investigations in Fig. (5.4)
Investigator: Fairbanks (1941) Vocadloetal. (1974)
Mineral: sand sand
Solid density (kg/m">): 2655 2670
Particle size: 0.8 0.11, 0.57, 1.4
| d50 (mm)
Concentration by 20 20, 20, 20
volume (%):
Symbol in Fig. (5.4): v A

Worthington, 0.10 m
slurry pump. Rub-
ber-lined 3-vanes
impeller with dia-
meter = 0.28 m.
Rotary speed =

29.6 rps.
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5.3 Discussion

Fairbanks and Vocadlo et al.used pumps of different geometry and
impeller design, Table (5.1). However, the comparisons in Fig.
(5.4) indicate that there is only a slight influence of the individual
pump design characteristics on the performance for a given slurry.
Cave (1976) stated more generally that the influence of pump ge-
ometry on the reduction in head is slight for typical slurry pump
proportions. Contrary to these findings, Hunt et al. (1968) demon-
strated a substantial change in the efficiency reduction due to the
impeller design. Their tests were carried out with woodchip

slurries and different impellers.

The statements given in Eqs. (5.6) and (5.7) have been confirmed
in most reported studies. However, the amount of available pump
performance test data with highly concentrated industrial slurries

is small.

A greater reduction in efficiency than in head was reported by
Sasaki et al, (1958) when pumping coal (0-15 mm, C = 25%) with

a pump having a discharge diameter of 0.076 m. The increased
power consumption of rather small pumps, working at low speed or
flow rate, may be explained by increased disc friction logs, es-

pecially if the slurry is composed of fine solids, Stepanoff (1965),

The functional relationships given by Eqgs. (5.12) and (5.13) indicate
that the relative performance of a particular slurry pump of given
impeller diameter is altered by concentration, particle size, and
density. However, most investigations have generally dealt with
slurries composed of particles relatively close in size. It is be-
lieved that the depression in head and efficiency will be lesser for

a mixture containing solids of a broad size distribution than that

of a mixture of uniform solids with comparable mean particle size.
The liquid and the finer particles may form a medium in which the
separation between the components is reduced, which may cause

a smaller change in the internal flow characteristics. Therefore

it is questionable if dSO can be used as a representative particle
size of slurries covering a considerable range of particle sizes.
More generally, the solid particles may be related to a characteris-
tic particle size, d, and a characteristic particle distribution factor,
Z.
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The influence of the shape, { , of the particles on pump perform-
ance must also be considered. For example, Wiedenroth (1970)
reported greater losses in efficiency for fresh angular particles
compared to more rounded particles (particle sizes from 2 to 8
mm). The fact, that centrifugal pumps cause preferential attrition
in friable materials, thus may be an important factor in industrial
applications. Besides,attrition has to be considered when discussing

results from tests where the slurry is recirculated.

The reported gbservations of a large difference in velocity between
the components inside the pump while leaving the impeller indicates
that the performance should be related to a characteristic terminal
settling velocity, w. The variables discussed previously: d, Z, ¢, and
w are believed to give a better expression of the solid properties than
those given in Eqgs. (5.12) and (5. 13). The influence of d and w can
be expressed by the particle Reynolds number:

wdp
Re = MQ_
W lJ'O

With Rew, ¢ , and Z then Eqgs. (5.12) and (5.13) can be rewritten

in the following form:

H

"I_I—O‘ = ¢ (Rew.r Z: “p 3 SS’ "D‘: C) (515)
- d
-r{; = ¢ (Rew, Z,L’J B SS’ D C) (5.16)

where Rew, z, ¥, Sgs and d represent characteristic solid prop-

erties,

89



6. EXPERIMENTAL STUDY

6.1 Objectives

The overall objectives of the experimental study were the determinat-
ing of important design factors such as velocities, concentrations, and
energy consumption in vertical slurry transportation of some ores and
industrial minerals, and of the effect of solids on the performance of
a centrifugal pump. The solids were taken directly from in-plant
crushing and milling processes, thus covering a wide particle size
distribution, Table (6.1). The study is intended as a part of an overall

program on hydraulic transportation.

Table 6.1 Industrial minerals and ores used in the pilot-plant
study. The portion of particles less than 0. 07 mm

varied from about 5% to about 20%.

Solids Average solid properties Remarks

d50 dmax Density

(mm) (mm) (kg/m°)

Coarse iron ore 2.0 8 4150 Sinter fines from the
LKAB-mine at
Kiruna

Primary ground 0.25 1 4000- Taken from the

iron ore 4350 dressing process

(rod mills) at the
LKAB-mine at Malm-

berget
Complex ore 0.17 4 3300- Zink-lead-copper ore
3500 from work face at the
Boliden AB-mine in
Garpenberg
ILead ore 0.4 2.0 2670 Taken from the

dressing process
(rod mills) at the
Boliden-AB mine in
Laisvall

Perlite 0.35 2.0 2350 From deposit in Ice-
land. After process-
ing (thermal expan-
sion), perlite has been
suggested as a sub-
stitute for asbestos.

Crushed granite 3.0 3.5 2670 From crushing plant
in Goteborg
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The required parameters were obtained by experimental determina-

tion and evaluation of the following hydrodynamic characteristics.
@ Energy losses of the solid-water flow in a vertical pipe.

® Head and efficiency of a rubber-lined centrifugal slurry
pump, mainly operated at reduced rotary speed and flow

rates.

The importance of attritional effects on mineral particles in a test
loop has been pointed out, and therefore special attention was given

to this problem. The objectives were to quantify, to some extent:

® Time-dependent changes in pipe friction loss and pump
performance with respect to repeated passages of the

slurry through a pilot-scale test loop system.

The hydraulic design characteristics of horizontal parts of a hydraulic
hoisting system were experimentally studied in a small horizontal
test loop only. These laboratory-scale tests were limited to rela-

tively fine-grained solids, Table (6.2).

Table 6.2 Minerals and ores used in the laboratory-scale
horizontal test loop. The portion of particles less
than 0.07 mm varied from 5% (beach sand) to about

60% (iron ore concentrate).

Average solid properties
Solids d50 dmax 3
(mm) (mm) {kg/m")

Density Remarks

Primary ground 0.25 1 4000- See Table (6.1)

iron ore 4350

Iron ore con- 0.06 0.2 4900 Pellet feed from

centrate Malmberget

Beach sand 0.15 0.6 2670 Deposit in
Baskarp

Limited rheological bench tests were carried out for the finer parts

of the iron ore.
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6.2 Design of the pilot-test facility

The pilot-plant facility was designed for a planned enlargement. In
an enlarged test-facility, a complete hydraulic transportation system
from underground could be simulated by connecting a horizontal pipe
to the top of a vertical pipe. The available pump was a rubber-lined
centrifugal slurry pump with a 66 kW motor. If the pump was placed
in the basement store-room of the laboratory, the vertical test line
could be attached to a balcony floor 10 m above. Then, in an enlarged
system, the pump was capable of transporting a slurry with a density
of up to 2000 kg/m3 in a pipe of a diameter of about 0.1 m. Because
of these considerations, the length chosen for the vertical test pipe

was 10 m, with an inner diameter of 0.094 m.

On-line continuous measurement of flow in industrial applications is
often carried out with magnetic flowmeters, Worn-out or coated
electrodes have hindered the use of magnetic flowmeters in connec-
tion with mineral slurries. The use of capacitance-type magnetic
flowmeters, where the electrodes do not come into contact with the
slurry, seems to have eliminated these problems. However, magnet-
ic material can cause considerable inaccuracies, why the use of such
flowmeters is thus limited by the content of magnetic solids in the
mixture. The upper possible limit of concentration of magnetite ore
in this study has been estimated to about 50% by weight.

The density inside a pipe transporting slurries can be measured by

a nuclear density gauge without disturbing the flow. Nuclear gauges
are sometimes used in slurry laboratories to obtain knowledge of

the profile of the density inside the pipe. In the mineral industry,
these are used t{ogether with a magnetic flowmeter for indirect regis-
tration of the capacity of dry solids in a pipeline. In laboratory tests
the in situ density has also been obtained hy weighting a flexible con-
nected pipe section, Haas et al. (1973Db).

In a closed loop small quantities of solids can be used, but the energy
fed by the pump shaft is given off as a considerable amount of heat,
which must be carried off by a refrigation system. Besides, it can

be difficult to avoid negative pressure at the top of a vertical loop.

Because of the difficulties with closed loops and the costs of instru-
mentation, it was decided to design an open recirculating system,

where flow rate and slurry density were measured directly by divert-
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ing the flow to a calibrated volumetric weighting tank. The head loss
measurements in the vertical pipe were carried out with a differential
manometer containing some heavy oil. It was believed that these

methods were the simplest and most accurate.

The schematic lay-out of the open loop test facility is shown in Fig.
(6.1). The energy of the downcoming slurry was utilized to obtain
uniform mixing in the feeding tank without baffles or circulating pump
arrangements.

Timed sampler

Return pipe

Sampling tank

Hoisting -
pipeiine
" Mixing
tank
Pump and '
motor i
h—t
Fig. 6.1 Open loop testing facilities - schematic
lay-out,

Effects of circulating in the test loop were intended to be studied as
particle attrition, measured as changes in particle size distribution
during a test period. The relative tendency of the minerals to degrade

was believed to be quite different, but it is generally believed that

93



attritional effect, measured as changes in particle size distribution,
must be registered over a relatively long period, for example at
least 1 h. However, during a 1 h test-run each of the solid particles
was expected to pass through the pump some 200-500 passages, which

was considerably more than in a true transport situation.

The volume and the depth of the pump feeding tank must be sufficient
to allow the release of entrained air. In general, pump manufacturers
recommend a volume adequate for 1-2 minutes of pumping. However,
the recirculation in a laboratory open loop causes continuous entrain-
ment of air, and special attention has to be given to the discharge of

the slurry in the mixing tank.

At the top of the hoisting pipe the flow could be divertedtothe sampling
tank, Fig. (6.1). The sampling tank must have a minimum volume to
provide sufficient time intervals and prevent spills during the time

of measurement. On the other hand, during sampling, the mixing tank
level will be lowered by an amount equal to the volume of the sample,
and this will affect the flat head curve of the pump and, consequently,
the discharge rate. To ensure an overall sufficient accuracy of
measurements in the system, the volume chosen for the sampling
tank was 0.5 m3 and the working volume of the conical-cylindrical
pump feeding tank was 2.5 m3 with a water surface area of 5.7 mz.
The entire discharge was diverted into the sampling tank by a swivel
elbow at the top of the hoisting pipe. The elbow was rotated over a
sharp edge between two cones, which were connected to the mixing

tank and the sampling tank, respectively, Fig. (6.2).

The time of discharge into the tank was measured by means of a digi-
tal counter with an accuracy of 0.01 s. The switching of the elbow

was controlled by an interrupter, adjusted in such a way that ittrans-
mitted a signal to the counter whenever the flow passed a sharp edge
between the cones. The sampling discharge was gravitated down a

vertical pipe into the sampling tank, and spills were prevented by the
flow being discharged into the tank as shown in Fig. (6.3). The inflow

time into the sampling tank was between 6 and 15 s.

The volume of the discharged mixture in the sampling tank was ob-
tained by reading a millimeter-ruler attached to the side of the tank,

Fig. (6.3). The volume flowing into the tank was normally 0.2-0.3 mS.

94



swivel
elbow

glass
section

test line

\1 IR

to sampling tank to mixing tank

Fig. 6.2 Swivel elbow at the top of the test line
and cones connected to the miwing tank
and to the sampling tank.

The millimeter scale on the ruler therefore corresponds to a repeata-
3 3

bility of about 107" m”.

The weight of the filled sample tank was registered by a load cell
having an accuracy of +0.5%. The output of the load cell was recorded
on a transmitter with a resolution of to.5 kg. The total accuracy of

the weight determination therefore, was about 0.7%.

The flow from the cone at the top of the vertical test pipe returned to
the feeding tank in a 0,20 m diameter plastic pipe with an inclination

of 89 to the vertical line. The return pipe discharge jet was horizon-
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from test line

}

load cell
volumetric
scale

It

Pig. 6.3 Sampling tank - discharge of slurry from
) the top of the test line.

tally entrained into the tank for uniform mixing and prevention of air
entrainment and possible vortex information. The discharged mix-
ture in the vertical test-pipe was expected to be composed of coarser
minerals than those added to the system. Coarse or dense particles
would pass through the mixing tank more quickly than fine particles.
The return pipe was extended around the wall of the tank so that the
time of residence of coarse and dense particles would be increased.
The slurry was gradually discharged by an elongated opening on the
inside of the pipe, Fig. (6.4). The design is based on a liquid level
placed 0.5 m below the top of the tank. Entrained air was released
by perforated holes in the upper part of the discharge pipe in the

mixing tank.

The lower part of the conical feeding tank was designed to allow start-
ups and shut-downs without valve installations. The lay-out included

cylindrical by-pass lines from the upper part of the tank, Fig. (6.5).
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Fig. 6.4 Discharge of slurry in the mizxing tank.
The return pipe was extended around the
tank, and slurry was discharged by an
elongated opening on the inside of the pipe.

These cylinders and a three-hole entrance in the bottom will supress

any tendency of vortex formation.

The three vertical by-pass lines are connected to a shifting axle.
They were moved by an arm which was operated from the side of the
tank. The vertical axle was pivoted in a nylon wheel between two
steel plates in which the three discharge holes had been furned out.
During shut-down, the three cylinders were switched over and the by-
pass lines opened, allowing water to be drawn down from above and
solids to settle onto the bottom, Figs. (6.6) and (6.7). The pump
could then be started up with water only, and solids were continuosly

introduced by a gradual opening of the entrance holes in the bottom.

The pressure drop test section (length 2.5 m) in the vertical pipe

was preceded by an approach section of about 50 diameters of pipe
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Fig. 6.5 Lay-out of the lower part of the mixing tank.
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BY - PASS LINES CLOSED BY - PASS LINES BY - PASS LINES OPEN
PARTLY OPEN

Fig. 6.6 Principal lay-out of the by-pass facility
in the mixing tank. '

Fig. 6.7 By-pacs Llines partly open

in length. The measurements were made with a differential mano-

meter (U-tube) containing tetrabromine methanol and water, Fig.
(6.8).

The solids were prevented from plugging the pressure gauges by
fitting all taps with flushing arrangements, and by injecting a small
constant flow of de-aerated water into the pipe. The constant flow was
obtained by a purge meter connected to a differential pressure regu-

lator.
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Fig. 6.8 Schematic lay-out. of the differential
manometer system. ’

The readings on the manometer columns were 0.4-1.2 m, which
meant that the smallest division, 1 mm, on the manometer scale

represented an accuracy of 0.25% of the reading.

The pump was a 0.152 m by 0.152 m hydroseal rubber-lined Mor-
)

meter. Slurry dilution must be minimized for experimental reasons,
3

gdrdshammar BC—pump] with a 3-vane impeller of 0.43 m in dia-

therefore, a constant seal water flow of 3.3 - 10~ mg/min was per-
mitted which was considerably lower than the proposed 0,015 mB/min,
Pump discharge and suction pressure were measured with bourdon

gauge manometers which were fitted with flushing water lines,Fig. (6. 9).

1)

manufactured under licence from the Allen-Sherman Hoff Pump
Co., U.S.A.
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Fig. 6.9 Schematic lay-out of the pump control and
measurement facilities.

The motor was an ASEA LD-29 DC-motor (66 kW) with the speed
regulated by a thyristor converter with tachogenerator feedback,

Fig. (6.10). The pump rotary speed was regulated by a potentiometer,

Thyristor converter panel for 440 V and

Fig. 6.10
150 A. (Aros Electronics AB). 101



and the input power consumption was determined from ampére- and
voltmeter readings. The ampére- and volmeter readings gave the

power consumption with an accuracy of . 3%,

6.3 Test procedures and performance

The initial stage of the experimental work was devoted to reliability
tests of the system. The observations and results from this initial
test programme led to modifications of the lay-out of parts of the
system and, finally, an operational procedure was established that
met the requirement of fast high-accuracy registration of the hydrau-

lic data.

Observations showed that air was released along a relatively short
distance by the perforated holes in the top of the discharge pipe which
was extended around the mixing tank. Visual observations through a
glass section at the top of the vertical test section showed that no air
entered the test section during steady-state flow conditions. No
changes in pump performance were observed after hours of clear-

water pumping.

From test line

\_ /‘Airﬁ 4

Iy Sy

Cross section [ A-A , B-B , C-C)
- i i

Fig, 6.11 Design of the discharge of the returned
slurry into the mixing tank.
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Preliminary tests showed that the elongated opening on the inside of
the discharge pipe in the tank should be opened up for a more uniform
discharge of the solids. The opening was adjusted to be constantalong

the whole length of the discharge pipe, Fig. (6.11).

The downcoming flow in the pipe and the initial part of the discharge
line has a skewed distribution with a high rate of dissipation and

mixing, Fig. (6.12).

0=0.0157m3/s

) 0.2m
1 2.5m/s . 0.9m/s Om/s

Q=0.0268m3/s

/
. 0.2m
I 1.8 m/s 1.4 m/s 0.2m/s
i
Pig. 6.12 Die tion of velocity in the discharge
pipe with clear water. Symbols from Fig.
(6.11). The velocities were measured 25 mm

above the bottom of the pipe with screw-
type current meters.

The temperature of the mixtures increased 29.4°C during a 1h test
run. T\f[ost of the data was collected at temperatures of 13°C to 17°C
and in the evaluation of experimental data the density of water was

related to 15°C (999 kg/mS), giving an error of less than 0. 1%.

General test procedure

Solids were delivered to the laboratory in barrels. A representative
armount of solids was taken out for particle size analysis, etc. The
slurry was prepared by filling the pump feeding tank with water and
then adding the predetermined amount of solids. As described earlier
the pump was started and circulation was initiated by clear water
from above the settled solids. Once the solids in the system were

fully suspended, the flow rate was regulated to the value desired for
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obtaining the first data points. A test run started at the highest de-
sired velocity. The velocity was then reduced in steps. Discharge
rate, solid concentration, and head losses were measured for each
step until unstable flow conditions were reached, sometimes causing
clogging of solids in the pump. The procedure was then repeated,
and the solid concentration was adjusted until the desired ranges of

concentrations and velocities were covered.

Most tests were carried out at constant pump speed, and therefore
the operation point was varied by a conventional gate valve at the
top of the vertical test line. The thyristor variable speed control
made it possible to increase the flow very quickly when the system
operated close to clogging conditions. However, in the beginning of
the test programme there was some failure, leading to complete
clogging of the pump. The pump and the lower parts of the facility
had to be withdrawn and emptied manually. A non-return flap-valve
on the pressure side of the pump never worked, because its moving

mechanism was clogged.

Discharge measurements

The mixture density, p, of the delivered slurry taken out at the top

of the test line was obtained from the sampling tank measurements:

G

1
p = = (6.1)
Vi
where
G1 = weight of the mixture in the sampling tank
V1 = volume of the mixture in the sampling tank

The flow rate, Q, and velocity, U, in the hoisting pipe were deter-
mined from the readings of the volume and the filling time in the

sampling tank:
Q= — (6.2)

where

t = filling time

% (6.3)

)
I
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where

A = Area of the test pipe section (0. 00694 mz).

Reliability tests with water and slurry showed that the sampling tank
relative volume error was less than f 0.5%. The weight and volume
measurements yield the slurry density, Eq. (6.1), at an accuracy

of ¥ 1.0%, while volume and time measurements give discharge
within 70.5%. The mean velocity in the vertical pipe was then deter-

mined at an accuracy of less than J: 1%.

Analyses of mineral samples

Periodically the full pipe slurry was allowed to discharge into a

0.02 m3 sampling bucket placed in the lower part of the sampling
tank cone and samples were taken for analysis of particle size dis-
tribution and solid density. Some samples were also taken for pH
measurement. Only a limited change of the fresh water pH = 8.2 was
observed. There was a decrease of pH with time of exposure in the
loop with the coarse iron ore which was exposed up to 25h. A mini~
mum pH value of 6 was observed. With the complex ore a constant

pH-value of 9.1 was observed after about 5 min.

Particle size distribution

Mineral samples were analysed by the following standard screening

procedure. The finest mineral samples analyzed were 0.074 mm in

size.

1. The sample was dried at a constant temperature of 95°C
and then weighed.

2. The -0.074 mm sized fraction was removed by washing
the sample through a 0.074 mm screen.

3. The washed sample was again dried at a controlled
temperature of 95°C and the weight of the -0.074 mm
fraction was determined.

4. The remaining coarse fractions were screened, using

standard screens and standard testing sieve shaker

equipment and procedures.
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The discharge mixture at the top of the test loop contained coarser
particles than solids taken directly from the barrels, because of the
shorter time of residence of coarse dense particles in the mixing
tank, Fig. (6.13).
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1 effect on particle size distribution
hovrter time of residence of

5 in the miming tank (Coarse

Zron ore: 10%<C<25%, 3,6 m/s <U<3,9 m/s).

The effect was expected to decrease for higher concentrations due
to hindered settling. However, no such trend was observed for the
conditions investigated in Fig. (6.13). For slurries containing finer
or lighter minerals the effect on particle size distribution, because

of different time of residence was nearly negligible.

Throughout this experimental study all particle size distribution

data will be related to samples taken from the flow at the test loop.

Solid density

A standard procedure (Swedish Council for Building Research, 1973)
for determination of the solid density had to be modified so that the
desired accuracy (T 2%) could be reached. Alcohol was used in-
stead of water because it has lower viscosity and thus more easily
finds its way through the pores of the mineral. The tare of a stan-

6

dard 50 - 10~ mS volumetric flask was determined (G,) and about

)
2
0.03 kg of pulverized solids was filled into the flask and the weight
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(GB) of the solids was determined. Exactly 25- 10”6 1m3 of 99. 0%
alcohol was now added by a burette. The flask was then taken into
an ultra-sound bath for about 15 min. to force out any entrained air.

Finally, alcohol (V,) was added to the 50 - 1076 m® point of the

2
flask and the density was calculated according to the following
relationship:
G, - G
3 2 .
by = Py ———— ¢ (6.4)
(50 - V2)- 10

where p, was taken as 999 kg/mg. The solid density was then ob-
tained from the mean of two values determined experimentally in

the manner described above.

The concentration by volume, C, was determined from Eq. (3.8),

S 1+C(ss—1)

in the form:

s -1
Cc = ST (6.5)
where
s = p/pg
s, = pgle,

With measured values of p and Pg and with Py = 999 kg/m3 then the

concentration was determined with an accuracy of 3%.

The terminal settling velocity of the mineral particles was measured
in two perpex pipes having a diameter of 0.074 mm and length of 1 m
and 4.5 m, respectively. The settling time over a length of 0.7 m
and 4.0 m was registered by a time recorder. The mean terminal
velocity,Wj, was determined from the individual terminal velocities
of 10-20 randomly chosenparticles from each sieve fraction. The ter-
minal velocity of the finer fraction particles was observed as an
average velocity of a cloud of particles. The characteristic particle
size was represented by the mean of each sieve size. The wall cor-

rection factor was within the experimental error of * 2% of the
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settling velocity measurements.

Reliability of mineral sample tests

The accuracy of the particle size distribution measurement was
tested by holding all other variables constant and taking samples
in rapid succession from the flow at the top of the vertical test line.

A representative example is shown in Fig. (6.14).

Tyler mesh size
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Fig. 6.14 Particle size distribution and solid density
aceuracy test (Perlite mineral).

The above procedure generally gave an accuracy of about *10% of
the particle size distribution. It was believed that the scatter in the
particle size distributions was not only sampling or screening effects
but also influence of inherent fluctuations in the slurry flow that
exist even under controlled laboratory conditions. The accuracy was
conéiderably better for the uniformly distributed crushed granite

mineral. Therefore, the attrition of this angular mineral could be
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uniquely demonstrated, Fig. (6.15).

Tyler mesh size
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Fig. 6.15 Attrition of the crushed granite, observed
during constant flow conditions.

The influence of flow-dependent changes of the concentration in the
test pipe was investigated in the following manner. A constant amount
of solids and water was circulated in the system, and samples were
taken from the whole span of flow in the pipe. The test was carried
out with the lead ore and the coarse iron ore. It was previously found
that the attrition of these solid particles could be neglected during a
short period of testing. From the measured results, Fig. (6.16), it
was concluded that the influence of flow-dependent changes of the
delivered concentration have no significant effect on the composition

of the solids in the mixture in the pipe.

The coarse iron ore was the coarsest and heaviest solid investigated.
The coarse iron ore was also the only solid tested over a relatively
long period of time up to about 25 hours of exposurein the loop. The
variation in observed size distribution of large particles exposed over
a long period of time, was mainly a result of.the rounding of their

sharp edges, Fig. (6.17).
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Attrition test procedure

If the data was to simulate a true transport situation, it had to be
collected during a 5 min period, which is equal to about 20-40 pass-
ages through the pump, However, only limited data on such short
times of exposure could be collected because of the demand for very
large quantities of fresh mineral. Finally, the following operational
procedure was organized to meet the demand of accuracy and fast
determination of hydraulic data. '"Fresh mineral" condition was de-
fined as: "mineral exposed less than 20-30 minutes in the loop'" (60
minutes with coarse iron ore).''Circulated mineral'was defined as
"mineral exposed 50-90 minutes' (more than 4h with coarse iron
ore). These tests were carried out with a constant pump speed =
12.67 rps. In the intermediate time between "fresh' and 'circulated"
mineral conditions the pump performance was tested at a maximum

pump speed = 19 rps.

Pressure drop measurements

The pressure gradient required to maintain a steady-state flow be-
tween two sections of a vertical pipe was obtained from the energy
equation along the centre-line streamline, Fig. (6.18),
Py - P
ot ?ijéfgi (6. 6)
where the gradient, iTot’ is expressed in metres of water per metre
of pipe and where py and p, are the pressure in pipe section 1 and 2,

respectively.

The measured pressure gradient, iTot’ is obtained from the following

relationship for the tetrabromine methanol system in the differential

manometer:
(s,-1)h

. _ t t

ipor = Tt ——g— (6.7)
where

s, T AR

Py = density of tetrabromine methanol

ht = manometer reading (see Fig. 6.18)

The density of the tetrabromine methanol was found to be 2980 kg/m3,

.and since L = 2.50 m it follows that:
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2 -

L
1 -

ht
tetrabromine metanol
Fig. 6.18 Schematic representation of the determina-—
: tion of the pressure gradient.
ipop = 1 + 0.793h (6.8)

An average reading was estimated, since there were always minor
fluctuations, especially at high velocities of coarse slurries. The

overall accuracy of the U-tube system was found to be within TZ%.

Pump performance measurements

The pump head was obtained from the pressure rise and flow rate
readings. Application of the energy equation to the inlet and outlet
sections of the pump, Fig. (6.9)page 101, gave:

2 2
: o, Q P o Q

He -2+ —t— = Z‘gt + 2 4050 (6.9)
Ain 2g Aou’t 2g

where

P = pressure reading at the suction side of the pump

in



pressure readingat the discharge side of the pump

out
p = mixture density
Q@ = flow rate of mixture
H = pump head in metres of mixture
Uiy T velocity distribution correction factor at the
suction side of the pump
Aout ~ velocity distribution correction factor at the
discharge side of the pump
7,
An T T
2
7rDout

The correction factors, o, and Ao 2re taken here as unity.
The possible error of this assumption will be negligible in the

determination of the pump head.

From Eq. (6.9) it follows:

P .-P. 2 D. 4
H=0.50+ Ouggm—‘ ;Q c - ) (6.10)
Ain2g out
with
D. = 0.094 m
in
and
D = 0,152 m
out
then p - p
H= 0.50+-0ut Tin 904 @2 (6.11)

pg

The pump head, H, will be greater than 10 m and the flow, Q, will

be less than about 0. 04 mB/s. Therefore, the influence of slightly
different values of % and ot will be small and negligible. The
pump manometer readings yield the pressure rise by the pump with,
an accuracy of “52%. The pump head was then determined by Eq. (6.11)

with an accuracy of ¥ 5%.

The pump efficiency characteristics were obtained from the pump
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head determination and the measured values of density, flow, current
and voltage. The efficiency of a centrifugal pump, n , is defined as
the ratio of pump energy output to the energy input applied to the
pump shaft. The total efficiency, R ot includes the efficiency of

the motor, N Motor? and the efficiency of the motor-pump trans-

mission, N\ Transm °
Urotal = N " UTransm ° Wotor (6.12)
Pout
Total = P (6.13)

where the input power, Pin’ was obtained from the ampére- and volt-

meter readings, The output power, Pout’ was given by:

P ° PEQH (6.14)

From the p, Q and H measurements,Pou,E was then determined from

Eq. (6.14) with an accuracy of about T 10%,

The efficiency of the LD-motor, nMO‘tOI" for different values of
rotary speed and input current was obtained from the motor manu-

facturer, Fig.(6.19).
n‘!\J‘k)tj)r( %)

100 |-

90 -
12.67,
80 | Ips

70 -

19 rps

60 |-

! 1 1 { 1 i |
0 20 40 60 80 100 120 140

¢
2 Ampere

Fig. 6.19 Efficitency of the LD-motor at 12.67 and
19 rps. The rotary speed of the pump
shaft was measured with a stroboscope.
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The losses in the belt drive transmission can generally be estimated
at 4% - 5%, Nilsson {1976). Therefore, a constant value of 95. 5% was

used for Fluetuations in the ampére-meter registration

U Transm’
were observed. This was the main source of the error in the input
power measurements during slurry tests. The indirect evaluation of
n from Egs. (6.12) and (8.13) yileld pump efficiency with an accuracy

of not better than about ¥ 15%.

The pump utilized in the study operated in the domain showed in Fig.
(6.20). The pump performance test was carried out at two pump
speeds, 12.67 rps and 19 rps.

Head Efficiency
(m)
1 40% 50% 60%
| /
40 ¢ ; / L T——
———ft- 19rps 20rps
30 / /I /
B y
/ /
20 |- / X 15rps
b 12.671PS
10 |- T~ 11.67rps
1 1 ] ) Flow
0 0.025 0.05 0.075 0.1 (m3/ s)
Fig. 6.20 Operational domain of the pump.

Performance of pump and pipe in water service

A summary of operational data from the whole experimental study
is shown in Table (6.3).

The clear water pump characteristics were compared with a similar
water test following every slurry test run. There was no noticeable
difference between the water performance after about 70h of pumping
the different minerals shown in Table (6. 3). Measured clear water
head and efficiency are shown in Fig. (6.21), together with the clear

water characteristics published by the manufacturer.
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Table 6.3 Summary of operational data

g Averageconcen-

: Delivere R Average velo-
Mineral tonnes tration by volume city (m/s)
/0
Coarse iron ore 2450 15 3.3
Primary ground 290 24 3.2
iron ore

Complex ore 50 1 3.2
I.ead ore 150 30 3.0
Perlite 140 27 3.2
Crushed granite 25 10 3.2
Total « 3105 tonnes

The hydraulic characteristics of the water in the vertical pipe x;';vere
determined throughout the range of velocities to be considered for

the slurry tests. These clear water characteristics were comp';ared
with similar tests following the slurry run to determine if there

was any change in the pipe roughness caused by erosion or éorrosion.
Visual observations of the inner surface of the pipe showed a starting
formation of pits at the end of the experimental programine. However,
the roughening of the surface has no measureable influence on fric-

tion losses.

The clear water friction loss was expressed in the dimensionless

form of the Darcy-Weissbach friction factor and the Reynolds num-
ber. The clear water friction factor - Reynolds number relationship
was within experimental error during the whole period of investiga-
tion. The pipe roughness coefficient, k, was found to be 3.0 - 10_5
m. The domain of the tests is shown in the Moody-diagram in Fig.

(6.22).

The formation of pits demonstrated the strong effect of corrosion.
The corrosion component was high because of the presence of dis-
solved oxygen in the circulated water and the relative freshness
of the solids.
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6.4 Wear in the test loop

Approximative prediction of wear

Wear in slurry flow is caused by two distinctly different mecha-
nisms: chemical corrosion and mechanical abrasion or erosion.
Corrosion is generally due to the presence of dissolved oxygen in
the slurry and low pH values. The abrasion of materials by fluid-
borne solid particles is primarily caused by a combination of de-
formation wear (impact) and wear caused by cutting (sliding). The
relative rate depends on the nature of the wearing material as well
as on the angle of impingement. The solids have the effect of re-
moving the surface film of the pipe and increasing the rate of mass
transfer of oxygen. The great effect of this erosion-corrosion be-
haviour in slurry flow has been demonstrated by Postlethwaite
(1978).

Numerous tests have shown that wear in pipes and in pump parts,
etc. increases exponentially with velocity, the exponent being some-
where between 2 and 3 (Link et al. 1972, Wilson 1972). It has also
been shown that wear increases linearly as particle size and density
increase (Link et al. 1972). The latter also reported that when the
concentration increases more than about 20% by weight, the influ-

ence of concentration on wear diminishes.

Data from wear tests in pipe bends have been published only to a
small extent. The following investigational data from a steel pipe

test with sand slurry was given by Schreiber (1967):

D = 0.056m
= 7.5m/s
C = 0.15
Py = 2650kg/m2 (sand)
d50= 1.8 mm

After 1000 h of exposure, 4 mm of wall thickness loss was observed
in a 90° elbow. The wear rate per delivered tonne of sand was 0. 19
. 10_3 mm. Assuming equivalent concentration and velocity, one
¢an transfer the wall thickness loss obtained in a smaller pipe to
pipes of larger diameters. Faddick (1 975), thus found the wear rate,
We, mm /tonne, to be inversely proportional to the cross-sectional

area of the pipe, i.e.
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We1 Dy 2
ﬁW-é-gﬁ = %“f) (6.15)
In the test loop the elbows at the top of the vertical test line, Fig,
(6.2) page 95, and the bend of the return pipe, Fig. (6.4) page 97,
were the sections most impaired by wear. The characteristics of
the flow in the initial stage of the investigational work in the test

loop were assumed to be:

D = 0.094m

U = 3.3m/s

C = 0.15,

Py 4150 kg/n13 (coarse iron ore)

d50: 1.8 mm

Based on the investigational data given by Schreiber, Eq. (6.15),

and assuming an exponential increase of wear with velocity (expo-

nent 2-3) and a linear increase with particle size, d50, and no in-
fluence of concentration, one can estimate the wear in the test loop
elbow:
2 2-3
-3 ,0.050 3.3 _
Weq. 09q = 019+ 1077 (Figg) ~ (75) =
= 0.01 - 1073 - 0.005. 1073 mm /tonne (6.16)

About 60 tonnes of iron ore were delivered per hour and the pipe
wall thickness was 3.6 mm; thus the lifetime of the elbow at the top
of the test line could be predicted to be over 1000 h.

The velocity of an iron ore slurry was estimated to be about 12 m/s
when the slurry entered the steel pipe elbow in the mixing tank,
because of the acceleration of the free flow in the return pipe.

The flow was strongly supercritical and the energy dissipation of

the submerged hydraulic jump inside the curved conduit was con-
siderable. The wear of the bend was believed to be concentrated in

a relatively small area because of the skewed distribution of the
flow. The exposed area of the free surface flow in the return pipe
bend (diameter = 0.2 m) was assumed to be roughly equal to that of
the investigational data given by Schreiber. Again, assuming exponen-
tial increase of wear with velocity and a linear increase with particle

size, then:
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-3, 12 )70

We =0.19 - 10

0.2 7.5

(6.17)

- 0.49 - 0.77 - 107> mm /tonne

which gives an estimated lifespan of 75-140h (wall thickness = 3.6

mm).

The predictions given above are of course very approximative and

in no way conclusive.

Observed wear

After about 1 h of pumping the angular crushed granite mineral a
slight decrease in the clear water pump efficiency was observed,
but the variation was hardly measurable and was within the experi-

mental error.

Examination of the pump parts showed the beginning of wear of the
lining and the wheel. "Chips'' of rubber were ripped off during the
test, Fig. (6.23).

Fig. 6.23 Observed wear in pump lining after
about 1k of pumping the crushed granite.
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The return steel pipe elbow was completely worn out after about 30h

in coarse iron ore slurry service, Fig. (6.24),

Length = 0.25m

Fig. 6.24 Worn-out part of the bend in the return pipe.

The destroyed elbow was repaired, and the return pipe was lined

with a flexible rubber hose all the way up to the top of the test line.

The 90° elbow at the top at the test loop was worn out after 35 h in
coarse iron ore service, which was considerably earlier than esti-
mated. However, the fracture occurred locally at a welding joint

just downstream the elbow.

6.5 Horizontal pipe test loop

The small horizontal test loop system is schematically shown in
Fig. (6.25).

A glass section permitted visual observation of deposit conditions,
etc. Ancillary equipment included a mixing tank, pinch valves and
a U-tube manometer, Slurry temperature was controlled by circula-
ting water. The flow and the slurry density were measured directly
by diverting the flow to a sample bucket with a volume of 0. 03 mS.

Average velocity and slurry concentration were determined from
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Fig. 6.25 Horizontal pipe test loop - schematic
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time interval, volume, and weight measurements.

The pressure drop in the horizontal pipe test section was measured
by a similar differential manometer system as is shown in Fig. (6.8)
page 100. The energy losses, iH’ measured in metres of water per

metre of pipe was obtained from the following relationship:

(s, - 1)h
g = J_L___f_ (6.18)

where s,, and ht were defined on page 111, With 8y % 2.983

t)
and L = 2. 00 m, then it follows from Eq. (6.18) that:

iH = 0.991 ht (6.19)
The general accuracy of the iU, and C determinations were 2%
2%, and 3%, respectively.

5 . The

domain of the friction loss test is shown in the Moody-diagram in
Fig. (6.26).

The pipe roughness coefficient was found to be 3.8 - 10
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7. EVALUATION OF EXPERIMENTAL DATA
7.1 Pilot-loop test

The experimental study was carried out for concentrations by weight
of up to 60% to 70% for the ironores, perlite, and lead ore. The con-
centration by weight, CW, is related to the concentration by volume,
C, by the following relationship:

C Sg

w s (7.1)

where

s = mixture density ratio, p/pO

Sg = solid density ratio, ps/pO

Tor the complex ore and the crushed granite no experimental data for
concentrations by weight greater than 30% was available, because

of limited amount of ore and limited pump motor power, respectively.

The experimentally determined density of the mixture, p, was ob-

tained from Eq. (6.1}):

LG
V1
where
G1 = weight of the mixture in the sampling tank
V] = volume of the mixture in the sampling tank

The irreversible energy in the 2.5 m vertical test section was evalu-

ated from Eqgs. (3.31), (3.32) and (6.8), respectively

Irr Tot Rev
where

iRev=s=1+C(sS—1)

it =1+ 0.792 ht

and where ht is the manometer reading in metres and iTot is the
measured pressure gradient in metres of water per metre of pipe.
Thus, the experimentally obtained irreversible energy gradient in
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metres of water per metre of pipe is:

i = i - 8 (7.2)

where, s = p/po ,is the measured mixture density ratio. The con-

centration by volume is obtained from Eq. (6. 5):

c o= s -1

Mineral properties etc.

The average physical composition, solid density, particle size distri-
bution, terminal settling velocity, and the attrition of the pumped
minerals are shown in Figs. (7.1 ~ 7.6) on the following pages. The
mean particle size distributions and terminal settling velocities shown
were based on mineral taken from the test loop within 5 minutes, i.e.
fresh mineral conditions. The weighted particle sizes and weighted

terminal settling velocities were determined by Eqg.(3.23) and (3. 24),

respectively:
N
d = Z . d
Pi%
j=1
N
W o= . W,
A - Pi ™

where the particle size, d., and the terminal settling velocity, Wj’
were related to the weight fractions, p., defined by the standard sieve
openings. W. is an average value of randomly chosen particles from

each fractional part, pj.

In the determination of d_, particle sizes of less than 0.074 mm was
assumed to be uniformly distributed down to 0, because the particle
size distribution of the fine particle part was not investigated. In the
determination of w, Wj was taken = 0 for particle sizes less than
0.074 mm, a reasonable approximation because the portion of small
particles in general was low. The calculated values of w and the ex-
perimentally obtained distribution curves of W, and d. are shown in

Figs. (7.1 - 7.6). The particle size dj corresponding to Wj was
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IL.ead ore
(Boliden AB-mine in Iaisvall)

Lead 3.5% - 4%
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Perlite mineral
(Deposit in Iceland)

Quartz 70%

Oxids of Aluminium, Natrium, Potassium etc. 30%
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Complex ore

(Boliden AB-mine in Garpenberg)

?ggger} mainly in the form of carbonates, sulfates,

i1 o
Zink silicates and hydrates 10%
Pyrite 5%

Talc 15%

Leptite, limestone etc. 70%
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Crushed granite

(Crushing plant in Géteborg)

Density 2676 kg/m"°
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Coarse iron ore

(LKAB-mine in Kiruna)

Iron (magnetite) 50%
Sulphur 1%
Silica 11%
Apatite etc. 38%
Density 4150 kg/m3

Tyler mesh size
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Fig. 7.6 Average composition, particle size distribu—

tion, terminal settling velocity and attrition
of the tested coarse iron ore.

132



represented by the mean of each standard sieve size. For comparison,
the standard CD - Rew relationship for spheres is represented in the

form of graphs given by Weber (1973) in Pigs. (7.1 - 7.6).

The relative tendency of the solids to degrade during circulation in
the test loop was negligible, and was within experimental error for
the primary ground iron ore and the lead ore, Figs. (7.1 and 7.2).
Tor the perlite, the complex ore, and the granite mineral circulated
up to 90 minutes, there was a trend of particle size reduction, Figs.
(7.3), (7.4) and (7.5). Only with the coarse iron ore exposed up to
95 h in the test loop, a significant change in the particle size distri-

bution occurred, Fig. (7.6).

Measured energy losses

The experimentally determined gradient, iIrr’ obtained from Eq.
(7.2) was converted to the form of a Darcy-Weissbach friction factor.
Thus, the friction factor, f, was determined with,ilrr,expressed in
metres of mixture per metre of pipe, ih‘r/s' With measured values
ofi. , s, U, and D = 0.094 m inserted in Darcy-Weissbach equation,

Irr
it follows that:

(i;../¢) 2¢ D
= _.I_EL_Z_._.__ (7.3)
U

Thus, all irreversibilities schematically expressed in Eq. {(3.34 a)
by:

i - (E-C)(s_-1)+ pipe wall

Irr s friction
are here expressed in the form of a Darcy-Weissbach friction factor.
Based on the previous discussion in section 3.6, it was decided to
define the corresponding Reynolds number using the density of the

mixture but the viscosity of the water, i.e. Eq. (2.23),

= sRe
o

The variables, iTot’ and,s, in Eq. (7.2) were experimentally deter-
mined with a maximum error of 2% and 1%, respectively. However,

the experimental error of the evaluated f values in Eq. (7.3) will be
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134

considerable, because i —» 0 when U-—0, based on fluid-like

behaviour similar to thehc‘:liear water fo - Reo relationship. Examina-
tion of the experimentally determined f-Re” values demonstrated

the large experimental scatter. Values corresponding to "fresh"

and "circulated" conditions (see page 111) were uniformly distrib-
uted and no conclusions as to tendencies could be drawn, except for
the coarse iron ore. With coarse iron ore exposed more than 4h,
Fig. (7.6), there was a tendency towards a lower friction factor,

This will be shown later.

For each mineral commodity tested, a graph of f versus Re  was
compared to the clear water curve, Figs. (7.7 to 7. 13). The clear
water relationship is expressed by the fo - Reo parameters. The
concentrations in percent are shown for some points on the graphs.
The lowest velocities in Figs. (7.7) to (7.13) indicate the locus
below which certain operation risks occurred in the test loop. These
velocities represent conditions where steady-state conditions could
not be maintained, which at once led to accumulation of solids and

plugging of the pump.
f
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Fig. 7.7 Mizture friction factor (f) versus Reynolds

number (Re”) for the primary ground irom orve
wn water. D=0.094 m and water temperature
T = 139-17°C.
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Fig. 7.8 Mizture friction factor (f) versus Reynolds
number (Re’) for the lead ore in water.
D =0.094mand T = 139-177C.
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"Fresh'' solids
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Fig. 7.12 Mixture friction factor (f) versus Reynolds

number (Re’) for "fresh" coarse iron ore in
water. D = 0.094 m and T = 139-179C.

The f-Re’ graphs in Figs. (7.7 - 7.12) show that there was a tendency
for f to diverge at lower Re”, corresponding to a lower operational
velocity. The divergence reflects increasing irreversible energy be-
cause of slip or possible turbulent /laminar transitional (non-Newtonian)
behaviour, the latter in connection with highly concentrated slurries

composed of fine-grained solids.

The general tendency of the graphical representations in Figs. (7.7 -
- 7.12),indicates that the energy loss of the industrial slurries in-
vestigated here will generally be greater than the energy loss of a
similar flow of a Newtonian fluid which has the viscosity of water? and
the density of the slurry. However, there is a slight tendency of lower

values of f for the coarse iron ore shown in Fig. (7.12).

The experimentally obtained friction factors for the coarse iron ore
which had been circulated up to 25h in the test loop, Fig. (7.13), were

mostly lower than those shown for the other mixtures in Figs. (7.7 -
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-7.12). The clear water friction factor - Reynolds number rela-

tionship for a smooth pipe has been drawn for comparison in Fig.

(7.13).
f '
\ "Circulated' solids
- 3
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d =1.8 mm
C =18% - 249
0.020} -5 2 To o
lea =3
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k-»0 o T e Ie) o
O "=
022.3 e
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0.010 |- C=203 © 5 ©  om7
© o
o 0
18.4 8231 ,
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0.005 I | | | | L1 1
5 "6
1-10 2 4 5 6 7 8 9 110
Fig., 7.13 Mizture friction factor (f) versus Reynolds
number (Re’) for "circulated" coarse irown ove
in water. D = 0,094 m and T = 179-839C. The
dashed line is the clear water relationship
for a smooth pipe.
7.2 Laboratory-loop test

Mineral properties etc,

The properties of the solids were determined in a similar way as for

the minerals used in the pilot-loop study. The density, particle size

distribution, and the weighted terminal settling velocity of the pumped

solids are shown in Fig. (7.14). The terminal settling velocity was

related directly to the CD - w relationship of spheres for particles

of less size than 0,074 mm.
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w (m/s) 0.022 0. 007 0.067
Fig, 7.14 Particle sise distribution, terminal settling

velocity, and density of the solids tested
in the horizontal test loop.

The physical composition of the iron ores was similar to that shown

in Fig. (7.1), except the content of magnetite was higher.

Energy losses - operational conditions

In accordance with the earlier discussions on representation of
measured irreversible energy, all experiméntal data was related

to the Darcy-Weissbach friction factor and a representative Reynolds
number., The friction factor was determined from the ordinary rela-

tionship in the form of Eq. (7.3) with 1Irr/s = iH/s, i.e.
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] [ins} 2gD

UZ

f

where D = 0.027 m and s and U are the measured density ratio and

velocity, respectively.The gradient, is the measured energy loss

i

HJ

in the horizontal test section, Eq. (6.19),
g = 0.991 ht

where ht is the manometer reading in metres. The friction factor

was determined with a maximum error of less than 10%.

The content of fine particles of size less than about 0.1 mm was con-
siderably higher for the iron ore concentrate than for any other
mineral tested, Fig. (7.14). However, the particle size spectrum
was too large for rheological measurements in conventional viscosi-
meters available. It was found that a relatively stable (non settling)
mixture could be obtained,if particles of size less than 0.04 mm were
removed from a sample. The volumetric portion of particles of size
less than 0.04 mm in a slurry of iron ore concentrate will be less
than 5% if the total solid content is 30% by volume. It is generally
recognized that such mixtures are essentially Newtonian in behaviour
up to a concentration of about 10% to 15%. Besides, most reported
measured values of the viscosity for concentrations up to about 10%

are close to Eq. (2.4):

plu, = 1+2.5C+10.05 ¢ ...

The linear Newtonian relationship between shear stress-velocity
gradient was recognized and Eq. (2.4) was approximately confirmed
by some limited measurements with a Brookfield viscosimeter for

an iron ore concentrate slurry of a concentration of less than 10%.

A representative viscosity of the slurry may be defined by Eq. (2.4),
with C less than about 10%. The corresponding Reynolds number for

the mixture is:

However, taking Ko instead of i in this relationship, i.e. taking it

as:
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Re = s Re
(o]

will have a nearly negligible influence on the friction factor, f.

Similar estimates, as shown previously in section 3.4, page 55,
showed that the largest scatter of determining f based on Re” instead
of Re, with | defined for the fine-particle content, was below 5%.
Therefore, all experimentally determined values of f were related

to Re”, as in the representation of the pilot-loop results.

The deposition velocity, UD‘ was evaluated from direct observations
of the flow through the transparent pipe section. The deposition vel-
ocity was defined as the velocity at which a stationary bed was first
built-up by the stoppage of some of the larger solids, which formed

a shallow and narrow band on the bottom of the pipe.

The evaluated values of f are graphically represented against Re’, and

compared to the clear water curve for eachmineral tested in Figs. (7.15)

f A
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g B8
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D = 0.027m
T = 15°C
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i { I | | | | I P 1 I L q
2-10* 3 4 5 6 7 8 9 110°12 14 16 18 210°

Fig. 7.15 Mixture frietion factor (f) versus Reynolds
number (Re’) for the beach sand in water.
The arrows show observed deposition velocities.

141



f 4

0050 - 096m/s
0040 4222
1L.I0m/s 4256
0030 | VLT
AbA
0025 213 210
b b
%
C=225
0020 5 532
pg = 4947 kg/m
D =0.027m
T =15°C
Reé
| i | | i 1 ’ I | T T
2:10* 3 4 5 6 7 8 9110° 12 14 1618 2-10°
Pig. 7.16 Mixture friction factor (f) versus Reynolds
number (Re’) for the iron ore concentrate in
water. The arrows show observed deposition
¢ 4 velocities.
0050 | 1.88m/s @196
187m/s N\ @234
@191
0040 | AW
@238
0035
0030 | ®e 273
2600:024.4
0.025 |- c=187
e
0020 | 10.3
= 3
pg = 4350 kg/m
D =0.027 m
T =18°C
Reé
) 1 1 i L4 l 1 | N
2-10* 3 A 5 6 7 8 9110° 12 14 16 18 210°
Fig. 7,17 Mizture friction factor (f) versus Reynolds

142

number (Re’) for the primary ground iron ore
in water. The arvows show observed deposition
velocities,




to (7.17). The observed deposition velocities are shown by arrows
in Figs. (7.15) to (7.17). Individual concentrations are shown for
some points in the graphs. The primary ground iron ore could not be
transported at higher velocities than about 3 m/s because of limited

available power in the test loop.

The operational conditions for the slurries tested have been compared
in Table (7.1) to some of the criteria defining flow regimes and de-

position velocities, given earlier by Eqs. (4.1), and (4.3).

Table 7.1 Application of some empirical criteria defining flow
regimes and deposition velocities to the tested minerals
in the horizontal test loop. The criteria, in the form
of the velocities UMb’ UHet’ and UPh were defined in
section 4.1, page 67.

Velocities defining flow Beach Iron ore Primary
regimes and deposition sand concentrate ground
ironore
Vi 17 w 0.37 0.12 1,14
Upp = (1800 gWD)l/g 2.19 1.49 3.17

(BEq. 4.1 with the weighted
terminal settling velocity, W)
Up = Fp,
(Eq. 4.3 with FL obtained
from Fig. 4.1)

ZgD(ss_ml/Z 0.9 1.1 1.7

Comparison of the f-Re” relationships determined by experiments in
Figs. (7.15 - 7.17) and the calculated values in Table (7.1) indicate
that the flow of the sand and the iron ore concentrate slurries can be
considered to be mainly in pseudohomogeneous suspension. Further-
more,the primary ground iron ore slurry exhibit a heterogeneous

flow pattern.

7.3 Pump performance test

The slurry density, flow rate, and the solid concentration were ob-
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tained from Eqgs. (6.1), (6.2), and (6.5), respectively, as shown
previously in section 7.1. The head developed by the pump, H, in

metres of slurry, was evaluated by Eq. (6.11):

p - P

H o= 0.50+-°8t "in g4, 2

Pg

where

Poug =~ Pressure reading at the discharge side of the pump
p;, = pressure reading at the suction side of the pump
P = mixture density
Q = flow rate

The efficiency of the pump, n , was obtained from Eq. (6.12)

Mrotal™ V'V Transm *° U Motor

where

Pou’c
Trotal - P, (4. 6:19)

These variables were defined in section 6.3 page 114.

A typical set of results for the primary ground iron ore, the lead
ore, the perlite, and the coarse iron ore are shown in Figs. (7.18 -
- 7.21), for a constant pump rotary speed equal to 12. 67 rps and at

solid concentrations of about 20%.

It can be seen in Figs. (7.18-7.20) that the time of exposure in the
loop has only a minor influence on the pump performance which in
the following will be neglected. Only for the coarse iron ore, Fig.
(7.21), which was exposed more than 4h (about 500 pump passages)
a more distinguishable effect of circulation was observed. However,
the effect was small and it was not interpreted quantitatively. In

the following analysis, the experimental results on the coarse iron

ore will be limited to ore that was exposed less than 4h.

The reduction in head and efficiency increases slightly for decreased
flow rates, however, for the flow rates investigated here,the head
and efficiency ratio can be considered to be nearly independent of

flow rate.
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The experimental results with the higher pump rotary speed, 19 rps,
showed a similar behaviour as was illustrated in Figs. (7.18 - 7. 21)
for solid concentrations of about 20%. The statement that the de-

pression in efficiency is equal to the head depression,

P = SPO (Eq. 5.5)

s = p/po = mixture density ratio

H/HO = r\/r\O (Eq. 5.6)
was largely confirmed by the experimental data shown in Figs. (7.18-
-7.21) and similar results were also found for the higher pump speed.
The reduction in efficiency was slightly higher than the reduction in
head for the coarse iron ore, Fig. (7.21). The experimental data
shown in Figs. (7.18 - 7.21) and similar findings with a pump speed

of 19 rps, were related to Eq. (5. 14)and compared to Fig. (5.4) in
Fig. (7.22). Eq. (5.14) reads:

C

H/H, = nfng =1-K g5

where K is a reduction factor.
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Fig. 7.22 Comparison of measured reduction in head

and efficiency of the primary ground iron
ore, lead ore, perlite mineral, and coarse
iron ore to the reduction curves in Fig.(6.4).
Solid concentrations in the range of 20% and
punp speeds of 12.67 rps and 19 rps.
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The experimental findings presented so far agree for the most part
with the general trends discussed earlier and illustrated in Fig. (7.22).
These general trends were, however, not in accordance with the ex-
perimental results of the complex ore and the crushed ore as can be

seen in Figs. (7.23) and (7. 24), respectively.

From the graphs in Fig. (7.24) it can be seen that the clear water
efficiency was reduced by about 70% for the angular crushed granite.
On the other hand, the drop in efficiency was only a few percent below
the clear water efficiency for the complex ore, Fig. (7.23). The
graphical representations in Figs. (7.23) and (7.24) indicate that
Eqs. (5.5) and (5. 6) do not hold uniquely for these solids. It can be
seen from Fig. (7.23) that:

n/n, > H/H

for a given concentration of complex ore. The corresponding power

requirement is less than that given by Eq. (5.5), i.e.

P<sP
o

Furthermore, for the crushed granite in Fig. (7.24), it can be seen
that:

n/ng < H/H, (7.4)

which corresponds to:

=] » IS
I >SPO (7.5)

Similar results as is shown in Fig. (7.23) were obtained with the
higher pump speed = 19 rps. No experimental data was available for
the high pump speed with the crushed granite, because of power limi-
tations in the experimental facility. The results shown in Fig. (7.23)
and (7.24) demonstrate the complex influence on the pump perform-
ance of the physical and the chemical properties of the solid compo-

nent.

The results presented so far have not included concentrations of over
about 20%. For higher concentrations, it was observed that the solid

concentration has a predominant influence on the pump performance.
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Therefore, the dependence of the solid concentration on the relative

reduction in head and efficiency was evaluated in detail.

The observed values of the efficiency ratio, q/qo, can in some

cases be correlated to Eq. (5. 8),

_1-C

With

and
s = 1+ C(sS - 1)
in Eq. (5.8), then it follows that:

g o= 1-C (7.6)
The reduction in head and efficiency, dimensionlessly expressed by
H/HO and n/qo were separately represented as functions of C, and
the two pump speeds for each mineral investigated. These relation-
ships are graphically represented in Figs. (7.25 - 7.30) for concen-
trations by volume, C, from about 20% to about 40%, which corre-
spond to concentrations by weight, Cw’ in the range of 45 to 65%,.
For comparison, Eq. (7.6) has been plotted in Figs. (7.25 - 7.30).

It can be seen from Figs. (7.25 - 7. 28) that the reduction in efficiency
diverges from the drop in head for higher concentrations. The drop

in efficiency is greater than the reduction in head:
n/no< H/IIO (Eq. 7.4)

which corresponds to a power requirement, P, of:

P>sP (Eq. 7.5)
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Thus, the investigational data in Figs. (7.25 - 28) comprising high

concentrations is not in agreement with Eqs. (5.5) or (5.6):

H/H = n/ng (Eq. 5.5)

P = sPO (Eq. 5.6)

The drops in head and efficiency were almost equal for concentrations
close to 20%, as shown in Figs. (7.19 - 7.22). Figs. (7.25 - 7.27)
show that a significant reduction in efficiency occurred at concentra-
tions by weight of approximately 60%, 40%-45% and 45%-50% for the
primary ground iron ore, perlite, and lead ore, respectively. These
concentrations by weight of the three solids of different densities corre-
spond to concentrations by volume of 20%-25%. These concentrations
represent threshold values over which the drop in efficiency consider-
ably exceeds the drop in head. For the perlite and lead ore slurries,
the reduction in efficiency approaches the values given by Eq. (7.86)

for concentrations by weight larger than about 50%.

The reduction in efficiency was not so significant for the primary
ground iron ore, Fig. (7.25), and the coarse iron ore, Tig. (7.28).
The primary ground iron ore has the smallest weighted particle size,
a, of the minerals investigated, while the coarse iron ore has a com-

paratively large d-value and a wide particle size distribution.

From Figs. (7.25 - 7.29) it can be seen that the drop in head is in-
dependent of the pump speed but the small number of data points
shows a slightly smaller decrease in efficiency for the higher pump

speed, 19 rps.

TFinally, Figs. (7.29) and (7. 30) again illustrate the influence on the
performance of the complex ore and the crushed granite, respectively.

For the complex ore in Fig. (7.29):
r[/qo > H/HO
and for the crushed ore in Fig. (7.30):

Q/qo < H/HO
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8. RESULTS OF EXPERIMENTS - DISCUSSION

8.1 Effects of particle attrition

In this study the characteristic dimension of the solid particles was
related to the weighted value, d, which gives a greater weight to the
largest particles than the median value dSO' Most solids used have
particle sizes which correspond to the transition region defined by
the CD—ReW relationship, shown in Fig. (3.4). In this region the
influence of particle shape becomes significant, as shown in the

w-d graphs in Figs. (7.1 - 7.6). This was accounted for to some
extent by representing the settling conditions by the weighted settling
velocity, W, which gives the greatest weight to the largest particles.

It was found that the circulation in the loop and the frequent passages
through the pump caused change in the particle size distribution for
the coarse iron ore which was exposed up to about 25h. The attrition
process produced a large amount of fine particles and the intermedi-
ate size fraction almost disappeared, Fig. (7.6). This is a typical
effect of pumping friable materials or of frequent passages in centri-

fugal pumps.

For the coarse iron ore which had been exposed up to 25h in the ver-
tical loop, the experimentally determined f—Re'relationship, Fig.
(7.13), differs from the general tendency shown in Figs. (7.7-7.12).
The values of the friction factors in Fig. (7.13) are usually lower
than obtained for the ore which had been exposed less than 1h, Fig.
(7.12). This difference may be related to effects caused by attrition

of solid particles during the long-term exposure in the loop.

The attrition of the coarse iron ore produced a large amount of
particles of size less than 0.074 mm. The particle size distribution
of the fine particles of sizes less than 0.074 mm was not investigated
in this study. However, aitrition tests with limestone slurries in
centrifugal pumps have shown a shifting towards very fine particles
of sizes less than 0.005 mm, Haas et al. (1973 ¢). The presence of
such fine particles affects the rheological properties of the slurry
and may introduce the turbulent dampening effects, discussed earlier
in sections 2.4 and 3.6. This behaviour may be the cause of the
comparatively low friction factors obtained here for the coarse iron

ore slurry which was exposed up to 25h.
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The rheological behaviour of a mixture of the fine particle part
(particle size less than 0.074 mm) was investigated for concentrations
less than 10%, which correspond to the fine particle part in a "ecircu~
lated" coarse iron ore slurry with a total solid content of 30% by
volume. However, limited measurements with a Brookfield viscosi-

meter indicated no changes of the Newtonian behaviour.

In the 25h test it was also observed that the pH-value was lowered
from about 8.2 to about 6. A similar lowering of pH was not observed
for the iron ore slurry exposed only up to 1h. The pH-value of the

"tresh' slurry was very close to the value for fresh water, pH =8.2.

Tt is possible that the low losses of the'circulated iron ore can be
partly explained by the conditions in the loop due to the lowering in
pH. The long-term test with the coarse iron ore was the first test
after the initial stage of the experimental programme. After this
test, no change in the friction loss of the flow of water in the vertical
pipe was observed. However, this does not necessarily mean that
changes did not take place during the long-term test. For this parti-
cular test, it seems reasonable to believe that the erosive action of
the solids would first have produced a more polished pipe wall, which
then was roughened due to corrosion. Corrosion may be magnified
considerably in comparison with a neutral surrounding. Thus, some
measured values may have been obtained with a smoother pipe wall
surface. The rest of the test programme was carried out for solids
for which the pH-value was never less than that of fresh water. No
measurable influence of a change in the pipe wall roughness was ob-

served during the entire experimental programme.

It was only for the coarse iron ore, which had been exposed for up
to about 25h, that a more distinguishable effect of attrition on the
pump performance was observed, Fig. (7.6). Therefore, the ana-
lysis of experimental data on the coarse iron ore, was limited to
ore that was exposed less than 4h. The effect of different times

of exposure on the rest of the experimental data of the pump per-

formance was negligible, in comparison with other variables.

In summary, the effect of attrition of most solids used in this study

was nearly negligible, because the solid particles were relatively
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inert and because the time of exposure in the loop was not too long.
However, the effect of attrition can be servere, with more friable

minerals such as coal and limestone. This has to be considered in
industrial applications working at optimal conditions which may be

very sensitive to small changes in the particle size distribution.

In this study, the contradicting results obtained for the energy loss
of the fresh coarse iron ore slurry and the ore exposed for a long
time demonstrate the importance of controlling the effect of attrition

and other time-dependent variables in a recirculating test-system.

8.2 Pilot-plant study of vertical transportation

Minimum operational velocity

The minimum operational velocity was related to conditions where
steady state delivery of solids could not be maintained at the dis-
charge end in the vertical test loop. The lowest observed velocities
correspond to 1.3 m/s - 1.9 m/s, for concentrations in the range

of 25% - 40%, for the more fine-grained mixtures of primary ground
iron ore, lead ore, and perlite. The lowest possible flow for stable,
steady state operation with the more coarse-grained mixtures should
exceed a velocity of about 5-8 times the terminal settling velocity

of the largest particles. This is roughly in agreement with in-plant
experience, discussed earlier in section 3.4. However, observations
of unstable flow conditions in a relatively short test loop system
cannot always be transformed to a full-scale application, because

of the effect of recirculation.

Estimation of the effect of slip

The representation of experimental data in the form of the f-Re”
parameters in section 7.2 shows that there was a tendency towards
an increasing friction factor, f, over and above fo for decreasing
values of Re . The increasing value of f is an expression of additional
irreversible energy. However, it is not possible to distinguish the
different influence of pipe wall friction of water and solids, slip, and
particle-particle interaction, because the behaviour of the flow in-

side the pipe is not known.
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With highly concentrated fine-grained slurries, the increased friction
factor for lower velocities may be attributed to transitional non-
Newtonian behaviour. However, the influence of such phenomena can
be neglected for the experimental results for the crushed granite

shown in Fig. (7.11) page 136.

The crushed granite was the coarsest solid investigated, with d=

= 2.63 mm, W= 0.20 m/s, and with a uniform particle size distri-
bution without fine particles. Furthermore, the investigated con-
centrations were lower than 15%. The observed tendency of diver-
gence from the Darcy-Weissbach relationship in Fig. (7.11) indi-
cates that irreversibilities are generated by other factors than pipe

wall friction due to a fluid-like behaviour.

The irreversible energy gradient, in a two-component system, iIrr’
can be schematically represented by Eq. (3.43):

fU2
0

i = (E - C) ¢1+~§_g——]j—

Irr

where

¢ vl®-c) f U?
[e] (o]

gy = (sg-1)7F 25D (1 - B)2 5 DI-E)

In section 3.4 it was found that:

1-C/Es w/U (Eq. 3,38)

which was based on the assumption of slip, S, to be approximately
equal to a characteristic terminal settling velocity, w. Ba. (3. 38)
can be rewritten as:

-1
E-C< %(1 -%’.) c

Thus, in Eq. (3.43) it follows that:

1
. W W -1 |pipe wall
11]{'1“/56 ~T—J’(l “‘I“J) Chs Jr[friction J (8.1)

In order to evaluate the difference between experimentally deter-
mined f-values and the clear water relationship, the pipe wall fric-

tion term in Eq. (8.1) is related to the pseudohomogeneous f-Re’
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parameters. Based on this assumption in Eq. (8.1), a maximum

irreversible energy gradient, iImriX’ is defined by:

-1
.max W w -1
1Irr/s_7(l—ﬁ) C¢ls *

+

f UZ metres of mixture
2g D metre of pipe

With this expression identified to the Darcy-Weissbach equation in

the form:

.max prmax U2 [metres of mixture}

1Irr/s =72gD metire of pipe

it then follows that the maximum friction factor is determined by:

P8 = 2 DU ¥ - W ot s (8.3)

The friction factor, fmax

mentally determined values of U, s, f, and % for C = 13.2%, which

, in Eq. (8.3) is estimated from experi-

is the average concentration of all measured values for the crushed
granite in Fig. (7.11). The theoretically estimated ™% in Eq. (8.3)
is graphically compared with the experimentally determined f-values
in Fig. (8.1).

It can be seen in Fig. (8.1) that most experimentally determined
friction factors is larger than the maximum values estimated in Eq.
(8.3). If the observed extra irreversibilities are attributed to the

slip-term,

in Eq. (8.2), then the estimation given earlier in Eq. (3.38):
1-C/E < w/U

is not valid here. In fact, the comparison with the experimental

results of the crushed granite indicates that:
1 - C/E =w/U

An explanation of this result may be related to the basic assumption
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Fig. 8.1 Theoretically estimated maximum friction

factors compared with experimentally deter—
mined values for the crushed granite in
water. The two dashed lines show theoreti-
cally estimated values based on weighted
terminal settling velocities of 0.2 m/s
and 0.4 m/s, respectively.

of slip, S = w, where w is the terminal settling velocity in a stagnant

liquid and not in a pipe with turbulent flow.

The experimental result obtained here for the crushed granite thus
indicates that the settling velocity in a turbulent flow is greater than
the corresponding quiescent settling velocity, i.e. the drag coef-

ficient is lower in a turbulent flow.

The effect of a larger weighted settling velocity than the measured
value, W = 0.20 m/s, is illustrated in Fig. (8.1). The configuration
of the curves in Fig. (8.1) indicate that the influence of slip in this
case can be related to the effect of a larger terminal settling velog-

ity in a pipe with turbulent flow.

This effect was recently confirmed experimentally in a vertical solid-
water flow with particles in the transitional region, Howard (1974).

The terminal settling velocity was found to be 50% to 100% greater
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in a turbulent flow than in a still liquid.

The experimentally obtained results for the more concentrated
slurries of iron ores, lead ore, and perlite were analysed in a simi-
lar way to the crushed granite. It was found that the estimated in-

fluence of slip on the irreversible energy was comparatively small

3

Fig. (8.2).
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Fig. 8.2 Theoretically estimated maximum effect of

slip on the friction factor (dashed line).
Comparison with experimentally determined
values for the primary ground iron ore.

The estimated maximum influence of slip for these solids can partly
be related to the lower terminal settling velocities in comparison to
the crushed granite. However, the greatest influence may be related
to the effect of hindered settling, which is developed in highly con-
centrated mixtures. In a stagnant liquid the hindered settling velocity
is decreased exponentially with concentration, the exponential value
is larger than 2. The effect of hindered settling was omitted in the
estimation of slip in Fig. (8.2). However, if this effect is included
then the estimated maximum influence of slip holds for higher con-

centrations also.
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The results obtained in this study for concentrations of industrial
interest (C>20%) and experience by others indicate that B = C, pro-

vided w/U is less than about 0. 1.

The effect of hindered settling illustrates the importance of having
effective control of input quantities of water and solids in a vertical
slurry transportation system. High concentrations dampen the

growth rate of slip-induced instabilities, which for coarse particle

slurries show up as a rapidly growing friction factor.

A correlation of energy losses for the iron ores, lead ore and perlite

The factors affecting the tendency towards an increased friction fac-
tor for decreasing values of Re” cannot be identified separately for
the slurries of the iron ores, lead ore and the perlite. However, in
order to obtain a correlation for all experiments with these solids,
all data for concentrations of up to 35% was transformed,according
to the homogeneous flow pattern discussed earlier in section 3.5.

Thus, the experimentally determined friction factors from Eq. (7.3):

(i, ./s]2¢ D

U

are related to the relative roughness, k/D, and the following

Reynolds number:

where the viscosity, i , is obtained from Eq. (2.4):

bfu, = 1+2.5C+ 10.05C2 + 0.0027 exp (16.6C)

The experimental data for the iron ores, lead ore and perlite, thus

transformed, are graphically represented in Fig. (8. 3).

In spite of the large scatter encountered, the experimental results
shown in Fig. (8.3) approximately confirm the homogeneous ap -

proach given in section 3.5 by Eq. (3.48):

i/s - fU2 metres of mixture
2gD metre of pipe

where
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i = energy loss gradient expressed in metres of

water per metre of pipe
$ = mixture density ratio = p/po

Based on the approximations discussed in section 3. 5, page 56, the

total pressure gradient required in most practical applications can be
related to:

. £
i = s(1+i) [mrﬁteftii o ;’iztjr J(Eq. 3.56)

. _ . metres of slurry -
lTot/s =1+ o { metre of pipe J (Eq. 3.57)

8.3 Laboratory-scale study of horizontal transportation

Experimental results from small pipe systems cannot generally

be used for designing large-sized pipe systems. However, some
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experimental results obtained in this study were compared to
Durand’ s equation and to pilot-plant data published by others. A
comparison has also been made to the computational model developed

by Wasp et al. (1963).

Primary ground iron ore

The experimentally derived deposition velocity for the primary
ground iron ore was found to be about 1.85 m/s, Fig. (7.17). With

a velocity of 2.4 m/s and C = 20.4%, the successive estimates given
earlier in Table (7.1), indicate that the flow can be considered

to be in heterogeneous suspension. Therefore, the experimental
result with U = 2.4 m/s and C = 20. 49, will be compared to Durand’ s

equation, which reads:

L -2 -1/2.3/2
i = 10(1+c5C(FI‘ (ss—l)CD )T (Eq. 4.4)
where
cg 7 constant equal to 81
Fr = #—-HW (Froude number)
(gD)™
S T ps/po
CD = drag coefficient

Compared experimental or caleulated data will be related to the
energy loss gradient expressed in metres of slurry per metre of
pipe, i/s, and to the clear water gradient, io’ by the energy loss

gradient ratio, i/si .

Durand s equation only applies to uniformly sized particles and
doubt arises as to how the drag coefficient, CD’ should be defined

. i . . s
in Durand s equation because CD is a function of d and w:

_ag d(sS - 1)

CD e el R (Bq. 3.22)

W

The experimentally determined energy loss gradient ratio, i/SiO,
was compared to Durand” s equation for the following two approaches

of the CD— coefficient:
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d (s -1)
_4g 50 s
b T p (8.4)
w
and
d_and the measured &_
(_i(s - 1)
= _4dg s
C, - 28 5 (8.5)

The experimental result was also compared to the modified approach
based on Durand’s equation given by Eq. (4.5), in which the energy
losses produced by each size fraction was first calculated and then
added. The individual properties for each sieve size fraction, dj'

were here related to the corresponding WOj

P (sg-1)
p. = 3 —g—— (8.6)
J Wo.

J

Eq. (4.5) reads:

N
i i (1 eg (e 2 (s - 1))%2 ZCD*?/‘* c))
=1

where N is the number- of fractions and Cj is the volume concentra-
tion of fraction pJ.. The measured e’nergy loss gradient ratio, i/s io'
and calculated values from Durand s equation are compared in
Table (8.1), based on the approaches of the drag coefficient given
in Egs. (8.4 - 8.6).

Table 8.1 Comparison of measured energy loss of the primary
ground iron ore and calculated values based on differ-

ent applications of the Durand’s equation.

U i/sio ifsi_ from Eq. (4.4), i/sio from Eq. (4.5),
(m/s) (%) (mea- whePe C_ is calcu- where Cpy. is calcu-
sured) lated basSed on: lated based on d. and
T e the correspondinig w,.
d507W, d-w P &0
CD=4.38 CD=3.22
2.41 207 1.20 0.79 0.84 0.90
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The calculated values in Table (8.1) are lower than the measured
values in the pipe of diameter = 0.027 m. The empirically Durand’ s
equation was originally developed for pipes of diameters larger than
0.05 m. The experimental results presented in Table (8.1) confirm
the general tendency of Durand’ s equation to underestimate the

energy losses in small pipes, see for example Charles et al. (1972).

Beach sand and iron ore concentrate

The energy loss gradient ratio determined from some observed

beach sand data is shown in Table (8.2).

Table 8.2 Energy loss gradient ratios of some of the experi-

mental results with beach sand.

U (m/s) C% i/si
1.77 23.8 1.107
2.03 23.5 1,004
2.27 23.4 0.938

Following the estimates given in Table (7.1), the experimental re-
sults shown in Table (8.2) mainly correspond to a pseudohomogeneous
flow pattern, i.e. the solids are nearly uniformly distributed. The
experimentally determined deposition velocity was approximately
equal to 1.1 m/s, Fig. (7. 15). The particle size distribution of the
sand used in this study, Fig. (8.4), was very similar to that usedin
the pilot-scale test by Haas et al. (1973 a), discussed earlier in sec-
tion 2. 4.

The experimental results shown in Table (8.2) were compared to
the reproduced pilot-plant data shown in Table (2.2), see page 28.
For example, the deposition velocity for the beach sand used in this
study was estimated to be about 2.2 m/s in a pipe of diameter 0.11
m, based on Eq. (4. 5):

UD

(2gD(s,- 1))

7w - L

In a pipe of diameter = 0.11 m, Haas et al. observed a deposition
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Fig. 8.4 Comparison of the particle size distribution
of the beach sand used in this study and
the sand used in the pilot-plant study by
Haas et al. (1973a).

velocity of about 1.95 m/s, which was related to a velocity just above
that which has been observed for moving dunes on the bottom of the
pipe, see Table (2.2). However, the pipe roughness in the two in-
vestigations was not equal, a factor which may influence the deposi-
tion conditions. The overall behaviour in larger pipes of the beach
sand used in this study is expected to follow the converging tendencies
shown in Table (2. 2).

The computational model developed by Wasp et al. (1963) described

in section 4.3, was compared to some experimental data of the iron
ore concentrate and the beach sand. The properties: density, particle
size distribution of the solids tested, and the experimentally obtained
operational data: solid concentration, velocity, pipe diameter, pipe
roughness, and temperature, were given as input to the computer
calculation programme of the energy losses. The iteration procedures
were described and exemplified in Chapter 4. The experimentally
determined and the calculated energy loss gradient ratios were com-
pared in Table (8. 3).

The compared experimental data in Table (8. 3) corresponds to opera-
tional conditions without any tendency of solid deposition on the bottom
of the pipe, except for the iron ore concentrate with velocity 1. 09

m/s. This velocity corresponds to deposition conditions in the pipe
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Table 8.3 Comparison of measured energy losses with calculated

values based on the Wasp et al. computational model.

Solids U C i/sio i/sio
(m/s) (%) (measured) (calculated)
Iron ore
concentrate
1.95 21.3 0.978 0.967
1.62 21.9 1.039 0.977
1.09 25.6 1,296 1.115
Beach sand
2,27 23.4 0.939 0.992
2.03 23.5 1.005 0.990
1,77 23.8 1.111 0.993

of diameter 0.027 m, Fig. (7.16).

The heterogeneous influence on the flow for the rest of the data in
Table (8.3) was small, because both the measured and calculated
values indicate that the energy loss expressed in metres of slurry
is approximately equal to energy loss of water flowing at an equival-

ent velocity, i.e.
ifsij = 1
or

ifs = i

The agreement between measured and calculated values in Table
(8.3) is attributed to the dominant influence of Darcy-Weissbach
equation in the computational model by Wasp et al., when applied

to pseudohomogeneous flows.
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8.4 Pump performance study

Reduction in efficiency

It was found that the general tendencies expressed by the reduction
curves in Fig. (7.22), Eqgs. (5.5), and (5. 86) hold approximately for
the investigated slurries of iron ores, perlite, and lead ore, pro-
vided the concentration was less than about 20%. Eq. (5.5) reads:

P =sP
(8]

where

i

P power input to pump when pumping slurry
Po = power input to pump when pumping water

s = slurry density ratio = p/pO

Eq. (5.6) is given by the expression:

where
H = pump head developed in slurry service,
metres of slurry

HO= pump head developed in water service,
metres of water

1 = pump efficiency in slurry service

Mo= pump efficiency in water service

However, the experimental results in this study demonstrate that
Egs. (5.5) or (5.6) cannot be taken as an universal statement when
pumping industrial slurries. For the pump used in this study, it
was thus found that the reduction in efficiency exceeds the reduction
in head if the concentration exceeds 20%-25% for the primary
ground iron ore, the perlite, and the lead ore, i.e.

nfng < H/H  (Eq. 7.4)

or P> sP_ (Eq. 17.5)

Increased power consumption due to high solid content here expressed

by Eq. (7.4), or (7.5) has generally been related to increased disc
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friction loss. However, the complex mechanism of the flow inside
a centrifugal pump is not completely understood, not even with

clear water flow.

As the amount of solid increases it is believed that the obstruction
to the flow also will be associated with rapidly increasing additional
hydraulic losses. The drop in efficiency for concentrations above
20% - 25%, for the solids shown in Figs. (7.25 - 7.27), may be re-
1ated to breakaway of boundary layers in the flow in the impeller.

A characteristic Reynolds number of the flow within the pump, ReN,
can be based on the rotary speed, N, and the diameter of the im-
peller, D, i.e.

Rey = #(_1\115_)_‘13_9__ (8.7)
where ND is the periphery speed. If the water viscosity, T is
used to represent the viscous influence in Eq. (8.7), then the drop
in efficiency can be considered to be independent of Reynolds num-
ber, because the drop was nearly independent of the rotary speed,
Figs. (7.25 - 7.27). Detailed inspection of basic experimental data
also indicates that the efficiency ratio, Q/n-o’ was almost indepen-
dent of the velocity in the discharge end of the pump. Therefore,
circulatory effects and breakaway of boundary layers may not be
completely responsible for the accelerated drop in efficiency, ob-

served for concentrations over 20% - 25%.

The drop in efficiency was not so pronounced for higher concentra-
tions of the coarse iron ore, Fig. (7.28). This behaviour may be
related to that a slurry composed of solids with a wide particle
gize distribution influence the internal flow characteristic to a

lesser degree than a slurry of uniformly distributed solids.

The experimental results of the complex ore and the crushed gran-
ite, in Figs. (7.29) and (7.30), demonstrate the complex influence
of not only the size, shape, and distribution of the solids but also
specific mineral properties related to the basic mineral structure
and the chemical composition. The influence of the different factors
behind the results in Figs. (7. 29) and (7.30) cannot be identified
separately but the composition of the complex ore is believed to

play a dominant role.



The complex ore contained a large amount of tale mineral, Fig.
(7.4). Talc is a friable waxy mineral, which, when mixed with water,
has a pronounced lubricating effect. The almost negligible reduction
in efficiency, Fig. (7.23), may therefore be explained by a decrease
of the disc friction within the rubber-lined pump, which nearly com-

pensated the extra hydraulic loss due to solids.

It is convenient to express the influence of solids on the clear water
pump performance in the form of a reduction factor. The reduction

factor of the drop in efficiency is defined here by:
Rp = 1- /g (8.8)

The reduction of the clear water efficiency for the complex ore and
the crushed granite was in the range of 0% - 10% and 60% - 75%,
respectively, Figs. (7.29 - 7.30). Inspection of the experimental
results of the other minerals and ores, in Figs, (7.25 - 7.28),
showed that the reduction in efficiency, RQ, mainly can be estimated
by:

I - H/H < Ry< C_ (8.9)

where H/Ho is the head ratio and CW is the concentration by weight.
The right term in Eq. (8.9) refers to Eq. (7.6):

n/ny, = 1-C_

The expression to the left in Eq. (8. 9) can be related to a reduction

factor for head, R defined by:

H?

Ry = 1 - H/H (8.10)

Thus, Eq. (8.9) can be expressed in the following form:
R, Rqé C (8.11)

The experimental data showed that the influence of different para-
meters in Eq. {5.16) on the reduction in efficiency are interrelated
in a very complex way. Eq. (5.16) reads:

_ ) - d
I}_/I‘[O - ¢(Rew: A;“p; SS’ _ﬁl C\’V)
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where

wd Po
Re = ——2 {Particle Reynolds number)
W i o
Z = particle distribution factor
V} = sghape factor
s, = solid density ratio = ps/po
d = characteristic particle size
D = impeller diameter

w concentration by weight

Therefore, no further attempts were made to correlate individual

experimentally determined efficiencies, except Eq. (8. 11).

Reduction in head

It can be seen in Figs. (7.25 - T. 30) that the head ratios are more
uniquely related to CW than the efficiency ratios. Besides, the drop
in head is not influenced so much by individual mineral properties
as the efficiency. In fact, all investigational data indicates that the

head ratio may be represented by Eq. (5.15):

. d
H/H, = $(Rey, Z, ¥, s C)

where the parameters were defined in Eq. (5.16) above.
The head ratio of a particular slurry pump is given by:

H/Ho =¢(Rew, 7z, b, 8 CW) (8.12)

where the influence of the parameters Rew, 7, and Y can be related
to a representative drag coefficient CD’ i.e. Eq. (8.10) can be ex-
pressedinthe following way:

H/HO = ¢ (CD, S Cy) (8.13)
To obtain an expression applicable to the experimental data in this

study the influence of particle shape and particle distribution is

simply related to the weighted particle size, El, and to the weighted
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settling velocity, W, i.e. the characteristic drag coefficient in Eq.

(3.22) is related to C"iD, Eq. (8.5),
& . g d(sS - 1)
D 3 =2

Finally, with éD from Eq. (8.5) in Eq. (8.13) and expressing this
equation by the reduction factor given by Eq. (8.10), it follows that:

RH = ¢(CD, S Cw) (8.14)
Eq. (8.14) was related quantitatively to all experimental data for
the minerals used in this study. A preliminary comparison of the
plotted experimental results of the iron ores, lead ore, and the
perlite in Figs. (7.25 - 7.28) indicate that the functional relation-
ship in Eq. (8.14) can be expressed in the following form:
R, = cgCP (s -1Y¥ED (8.15)

H 6 “w '7s D ‘
where Cgs B , and ¥ are constants = 0 and 6 is a constant < 0.
For given solid properties defined by the solid density ratio S and
the drag coefficient éD’ RH appears to be approximately propor-
tional to C%v with the exponent B = 0.7. The value of the coefficients
¢g , y¥,and § were estimated as 0.32, 0.7 and -0.25 respectively.
Thus,

(8.16)

The validity of Eq. (8.15) in the form of Eq. (8.16) is shown in Fig.
(8.5), where calculated values of RH are graphically represented
against observed values of (1 - H/HO). Error bands of T 15% have

been drawn for comparison.

The empirical expression in Eq. (8.16) overestimates the reduc-
tion in head for the complex ore and underestimate the reduction
for the crushed granite, by about 30% in each case, for the experi-
mental results with these solids in this study. It is believed that
the scatter can be related to the basic structure and the chemical
composition of the mineral, as discussed in connection with the

reduction in efficiency. However, the influence of these individual
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Measured value

Ry=1-H/H,

0.3 |- S He s
7/

B
02 |- /An f/

0.1 27

0.7 07 -
0320w 155~ G *%°

0 i i 1 |
0 0.1 0.2 0.‘3 0.4

Calculated value

Legend
@ Primary ground iron ore

g l.ead ore
4 Perlite mineral

¥ Coarse iron ore

Fig. 8.5 Observed reduction factors in head versus
caleulated values with Egq. (8.16). The
dashed lines indicate ervor of +15%.

mineral properties on the reduction in head is more moderate than

for the efficiency.

Eq. (8.15), in the form of Eq. (8.16) was also compared to experi-
mental results given by Burgess et al. (1971), for the minerals and

ores shown in Table (8.4).

The diameter of the impeller used in their study was of the same

order as the impeller used in this study. However, the impeller
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Table 8.4 Properties of the minerals used in the experimental

study by Burgess (1971).

Beach River

Mineral: Ore Ilmenite
sand sand

Solid density, L«:g/‘m3 2670 2670 4350 4630

Particle size,d50 0.30 1.29 0.29 0.17

mm

Pump data Warman 0.11 m pump

Hard cast iron

4-vane impeller

with diameter =

= 0.37 m,

rotary speed = 13.3 - 21.7 rps

design was different. The pump used here has a rubber-lined
3-vane impeller of 0.43 m in diameter. In addition, the mineral
used in the Burgess et al. study, Fig. (8.6), had a more uniform

particle size distribution thanthe solids used in this study.
Tyler mesh size
200 100 48 28 i4 8 4
| !

100 | 1 1 i 1
o
(=
@ 80
=5 limenite / /
& 60
o
4 l { /&5‘: ch sand /
0 40
g / ii }River
3 sand
g 20 ’ ’
S|
LAY gi
0.07 0.2 0.4 06 1 2 4 6
Particle size (mm}
Pig. 8.6 Particle size distribution of the solid

materials used in the pump performance

study by Burgess et al. (1971).
The weighted particle size, c-l, was determined from the particle
size distributions in Fig. (8.6), but no information about terminal
settling velocities was available. Therefore the drag coefficient

was related to W for the corresponding d, i.e.
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_4g s~ 77
Cp~3

The reduction factor was then calculated with Eq. (8.16) and compared

with some measured values of the reduction in head in Burgess et al.
study, Fig. (8.7).

Ry=1-H/H,

04 | /g /

0.2 / v

Measured value

01 | 7

03200 s~ 1?7 € 0%
0 1 1 1 |
0 0.1 0.2 03 0.4
Calculated value
Legend :
Solids Concentration by weight
o Beach sand 40%, 50%, and 60%
A River sand A
v Ilmenite e
o Ore =
Fig. 8.7 Observed reduction factors in head according

to Burgess et al. (1971), compared with
caleulated values with Eq. (8.16). The
dashed lines indicate errvor of +15%.
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In spite of the fact that the pump used in Burgess et al. study was of
different design than the pump used in this work and that the drag
coefficients could not be identically defined, the scatter is not too

large in comparison to Eq. (8.16) as shown in Fig. (8.7).

A correlation in the simple form of Eq. (8.15) may be a promising
approach for determining the reduction in head for a large variety

of industrial slurries and centrifugal slurry pumps.

The experimental results for the iron ores, lead ore, and perlite
mineral used in this study show that the expression in Eq. (8.16)
can be used in industrial applications for determining the reduction
in head within an error of about ¥ 15%. The comparison with some
other test data shows that Eq. (8.16) may also be valid for pumps of

other design than the rubber-lined pump used in this study.
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9. DESIGN PROPOSALS - EXAMPLES

A centrifugal slurry pump generally operates inside the best effi~
ciency point developed for clear water. The choice of pump speed is
an important aspect to consider in the design of a slurry system,
because the wear increases exponentially with velocity, and the
exponent value may be between 2 and 3. The most affected parts are

usually made of special metals or lined with wear-resistant rubbers.

The influence of solids on the performance of the centrifugal pump

used in this study was related to reduction factors for head and effi-

ciency, RH and Ry , respectively.

n

Ry = 1- H/H,  (Eq. 8.10)

Ry 1 - n,/rLO (Eq. 8.8)

where
H = pump head developed in slurry service,
metres of slurry
HO = pump head developed in water service,
metres of slurry
n = pump efficiency in slurry service
n, ~ pump efficiency in water service

With the exception of the complex ore and the crushed granite, the
reduction factor, RH’ for the solids tested can approximately be

expressed by Eq. (8. 16):

_ 0.7
Ry~ 0.32 C ' (s - 17 Cp

where Sg is the density ratio = ps/po and Cw is the concentration

by weight, Eq. (7.6). The value of éD is obtained from Eq. (8.3):

_  4g d(sS~1)

D 3 -2
w

where g is the acceleration of gravity, d and w are the weighted

particle size and terminal settling velocity, respectively, see page 126.

The reduction factors for the tested complex ore and the crushed

granite may be obtained directly from Figs. (7.29) and (7. 30), re-
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spectively.

The reduction factor of efficiency, Rq , was found to be almost
equal to RH for concentrations of less than about 20% by volume of
the iron ores, perlite, and lead ore, i.e. the power needed, P, in

slurry service was proportional to the density ratio, i.e.,

P = sP (Eq. 5.5)

o
where
s = slurry density ratio = p//oO
p = slurry density

= water density

Po
Po: power input to pump when pumping water

However, with higher concentrations of the above mentioned solids,

the situation was less clear, but it was found that:
P>s PO (Bq. 7.5)
A rough estimate may be obtained from Eq. (8.11):

RH\<- thsC

w
In general, when the solids and water component move with different
velocity, the total pressure drop cannot be determined without knowl-
edge of the mixture density and the flow behaviour inside the pipe.
In-plant experiences have shown that pumping systems available at
present should operate under conditions where the relative velocity
(slip) between the components is negligible, i.e. with an operational
velocity which clearly exceeds the largest terminal settling velocity
of the solid particles. The results from slurries composed of coarse
particles in this study and the experiences of many others show that
the operational velocity should exceed 4-6 times the terminal sett-
ling velocity of the largest particles, in order to maintain steady-
state delivery of solids. These velocities generally correspond to
negligible slip in industrial applications. With highly concentrated
slurries, composed of fine-grained solids, the operational velocity
must be checked against the transition from turbulent to laminar

flow. The rheological properties must first be identified for such
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0.06

0.03

0.02

0.015

0.01

mixtures.

T'rom the experimental results of the iron ores, lead ore, and perlite
used in this study, it is concluded that the total pressure gradient re-
quired can be determined with a homogeneous approach, i.e. with the
mixture considered as a true Newtonian fluid. However, the energy
loss term in vertical transportation is usually small compared with
the total pressure gradient. Therefore, in practical applications, the
total pressure gradient, iTot’ can be approximately determined by the

following relationships:

i - s(1+i) metres of water
Tot ) o} metre of pipe
or

. _ : metres of slurry

1To‘c/s =1+, metre of pipe
where

: u?
. . O metres of slurry
o 2gD metre of pipe

is the ordinary Darcy-Weissbach equation with,

t, = $(k/D, Rey)

obtained from a Moody-diagram, Fig. (9.1).

0.056
0.04

0.03

- 0.02
< 0.015

: 0.01
N 0.008

0.004

s N 0.002

\ AN : 0.001
N - 0.0006
) = 0.0004

RELATIVE ROUGHNESS

1]
FRICTION FACTOR (f)

TRANSITION REGION 0.0002

~———— 0.0001
= NN B 0.00005

. . i 0.00001
2 34568 2 34568 2 34568 2 34568 0ol 6 5
7 O0; 005

4
10 10 10° 10 10 10°
Reynolds number

Fig. 9.1 Pipe friction factors for turbulent flow
(Moody-diagram). A dapted from Wasp et al L.
(1977). 183




The Darcy-Weissbach equation is used in this study but, in designing,
the Hazen-William formula is widely used, due to its convenience.
For the flow situations studied here, the energy loss gradient, io’
can be calculated by the Hazen-Williams formula provided that

equivalent friction factors and roughness coefficients are used,

The pressure required per metre, p, to transport a solid-water

mixture in a vertical pipe is:
p = pg [ig,/d (9.1)

where p is expressed in Pa/m and p is the density of the slurry

in kg/mg. The power needed is:

P =pQ (9.2)

where P is expressed in W/m and where Q is the volume flow rate
of mixture. The corresponding energy requirement per unit mass of
solid, E, is:

P
B = QT (9.3)

where E is expressed in J/kg - m and C is the concentration by
volume. With E expressed in kWh/tonne -m, then it follows from Egs.
(9.1), (9.2) and (9. 3) that:

pgli s
m = 0,23.10"‘3,__&[}1&/]
CpS

kWh /tonne: m (9.4)
The pressure and energy required, as expressed by Eq.(9.1) and (9. 4),
respectively, are graphically represented per 100 m of pipe versus the
operational velocity in Fig. (9.2), based on the experimental results
in this study for the primary ground iron ore, perlite, lead ore and
coarse iron ore. The diagrams in Fig. (9.2) are related to a con-

stant concentration of 25%.

The diagrams in Fig. (9.2) can be used for arbitrary concentrations
in the following way. For a solid of given density and operation at
given velocity, p is proportional to p, and E is proportional to

p Cﬂl. The interrelation between p, C, and CW for a given Py is

expressed by Eqs. (3.8) and (7.1):
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4 p (MPa/100m)

Coarse iron ore , Primary ground

2.20 b~ iron ore

2.00 +

Lead ore
1.80 -
B Perlite mineral

1.60 |~

1.4

o, —
?{l_ " | 5 i 1 I 1 i q i uU(m/s)
1 6

AE (kWh/ tonne - 100m) . .
0.80 Perlite mineral
- Lead ore
0.70
i Primary ground iron ore
0.60 ‘ Coarse iron ore
0.50 -
45\} 8 | i | g | j | 1 s> yim/s)
1 2 3 4 5 6
Fig. 9.2 Pressure and energy requirvements Versus

operational velocity of vertical transpor-
tation based on experimental results in a
pipe of a diameter of 0.094 m. Pipe
roughness, k = 3.0 - 107° m and temperature
= 150C. The graphs are related to a constant

concentration by volume, C = 25%. 185



These relations are graphically represented in Fig. (9.3) for the
solids shown in Fig. (9.2).

5o L Lead ore g |- Perlite mineral
ps= 2672 kg/m3 /1800 ps=2341 kg/m3 41600
"] 40 _,,
<1600
. 30 1400
-11400 -
_ 20
-11200
1 i 1 1 L 1 I 1 i i
20 30 40 50 60 70 20 30 40 S0 60 70
Cw!%) Cwl%)
5o L Primary ground iron ore | 50 - Coarse iron ore -12600
pg=46003kg/m3 /42400 pg= 4150 kg/m?3 ] 2400
40 = 72200 42200
_ E 12000 ’
30 L5 S ] 1800
35 = 41800 - 1600
Q. -
20 -1600 ~ 1400
41400 41200
10 y 1
1 i L | ] i i ] i i
30 40 50 60 70. 80 36 40 50 60 70 80
Cwl%) Cyul %)
Fig. 9.3 Graphical representation of o, ¢, and C.
for cach solid material shown in Pig. ¥

186

(9.2).



Example 8.1

Transportation of primary ground iron ore in a
vertical pipe of diameter of 0.094 m and of length
500 m. Operational velocity = 2.6 m/s and C= 25%.

Temperature = 15°C and pipe roughness, k = 3« 10" %m.

From readings in Fig. (9.2) it follows that:

p = 1.83 200 = 9.15 MPa
E - 0.51 290 - 2.55 kWh/tonne

Example 9.2

Similar assumptions as in Example 9.1 but with a

vertical pipe length of 100 m and a concentration of

20%.

With C = 20% in Fig. (9.3) then p = 1600 kg/m® and
C,, = 50%. With C = 25% then p = 1750 kg /m®.

The readings in Fig. (9.2) are corrected with respect

to a concentration of 20%.

b = 1.83-%-,%8—: 1.67 M Pa

T o= 0.51 » smen « 22 = 0,58 kWh/tonne

A centrifugal pump similar to that used in this study will

be influenced by the iron ore in the following way:

The properties of the ore are obtained from Fig. (7.1):

d = 0.34 mm
% = 0.063m/s
p, = 4003 kg /m®

With these values in Eq. (8. 3),
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G . 4g s
D 3 \TVZ
. - . . =-0,25 )
it follows that CD = 3.36. With CD = 0.74 in Eq.
(8.16):
o ag 0.7 0.7 =-0.25

Ry = 0.32C " (s -1) ¢5
then for CW = 50% it follows that:

R~ 0.32(0.5)7(4.0-1)%7.0.74 - 0.32

H

Inspection of Fig. (7.25), page 151 shows that Rq can
be used as equal to RH'

Thus, further hydraulic design must be based on a re-
duction of about 32% of the clear water pump head and

efficiency.

Example 9.3
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Transportation of lead ore 100 m vertically in a rubber
lined plastic pipe of diameter of 0.16 m with absolute
roughness, k = 10'8 m. Operational velocity = 2.9 m/s
and concentration, C = 24%. Slurry temperature = 15°C.
The ore was taken from the rod mill processing step
with particle size distribution similar to that shown in
Fig. (7.2), page 128.

The friction loss, io, in the relationship:

. _ . metres of slurry
1Tot/s = 1+ o [ metre of pipe J

is obtained from the Darcy-Weissbach equation and the
Moody-diagram with Re_ = 4.03 - 10° and k/D =

=6.25.1079,
ent is then determined, and it follows that:

P - metres of slurry
lTot/S = 1.041 [ metre of pipe J

see page 183. The total pressure gradi-




With the density of solids, p _= 2672 kg/ms, and
the mixture density, p=1400 kg/m3 from Fig. (9.3),
then it follows from Eqgs. (9.1) and (9. 4) that:

p=pg [iTot/s] = 1400g1.041 = 0.014 MPa/m =

0.014 - 100 = 1.4 MPa/100 m

i

5 0,014 - 10°

-3 _ 9, =
E - 0.28-107° - CI; =0.28- 10" 7573872
S

i

i

0.0061 kWh/tonne- m = 0,.0061-100 =

0.61 kWh/tonne - 100 m

The operational premises in this example correspond
to those for which the energy consumption could be
halved in horizontal transportation, by the use of heli-
cally ribbed pipes. This will be discussed in Chapter
10.
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10. FEASIBILITY OF HYDRAULIC TRANSPORTATION
FROM UNDERGROUND

Long-distance slurry transportation in pipelines

International experience has shown excellent benefits of slurry pipe-
line transportation, in situations where large stable volumes of fine-
grained mineral are to be delivered over fixed routes. Labour sup-
plies and pumping power to operate a pipeline represent only a
small portion of the total cost, and therefore pipeline transporta-
tion is much less vulnerable to inflation than alternative modes of

transportation.

Table 10.1 Average energy consumption (kWh/tonne- km) for

different modes of long-distance transportation of

iron ore,
Pipeline Railroad Truck
(electric power) (diesel fuel)
0.05 0.10 0.20

Long-distance pipeline transportation also offers many safety and
environmental benefits. Transportation of 2.5 - 106 tonnes of iron
ore per year over 100 km can be carried out in a buried pipeline of
a diameter of about 0.25 m. The transportation takes place without

any visual or audible effects or exposure to potential traffic hazards.

10.1 Hydraulic hoisting

High pressure water jets can be used to cut the mineral in mining
and tunneling operations. Small flexible monitors operate with press-
ures up to 3.5 MPa. For example, hydraulic mining is used in open
_pit mining of kaolin. (China clay, Great Britain), The hydraulically
won material is pumped up from the bottom of the pit, and kaolin is

then separated at the mine and pumped on for further processing.

Recent experience from some German underground coal mines has
shown that direct hydraulic transport from the mine face to the prep-
aration plant is favourable. Hydraulically won coal in steeply in-
clined workings is gravitated to a sump and then pumped directly to

the preparation plant.
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Most existing applications of hydraulic hoisting appear to be accomp-
panied by major mine dewatering or hydraulic mining activities. Hy-
draulic hoisting of mineral ores has been used in mines where the
ore is wet in situ, which presents difficult control problems in ore
passes and feeder chutes and on belt conveyors. Principal data from

some representative applications is listed in Table (10.2).

Table 10.2 Some representative applications of hydraulic hoisting.

Country: South Africa Tederal Republic of Germany
Mines Val Reef Lengede Carl Funke Hansa
Mineral: Gold ore Iron ore Coal Coal
Densitgr 2100 up to 3700 1400 1400
{kg/m?) :
Capacity 35 300 60 190
(tonnes/h):
Max particle 2 30 3 100
size (mm):
Vertical 2200 130 760 840
length (m):
Horizontal - -
length (m): 5500 600

1) on 2) - : . 3)
Pump Mars pumps Modified Positive Pipefeeding
facilities: dredge displacement system

pump pump

1) The mars pump is a reciprocating pump where the slurry is iso-

lated from the pistons by an oil filled reservoir,

2) Extensive development work and series of full scale tests resulted
in & constructional modification of a dredge pump (Habermann
250/1V). In this installation the pump works with a 0.57 m impel-
ler ata rotary speed of 20.8 rps. Two- staged units deliver 0.08
mS/s with a total efficiency of about 45%.

3) Feeding systems have been developed and designed for high trans-
portation of coarse granular solids. Mostly these systems pass
solids into an isolation chamber of relatively low pressure. The
chamber is then sealed and pressurized and opened to a high-
pressure water system. Most applications of pipe-feeding system
have been reported from Japanese mines but the installations in

German coal mines are based on a system developed in Hungary.
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About ten hydraulic hoisting applications are at present in operation
in China, Poland, and USSR. In the United States the first plant for
commercial operation is under construction, Shook ( 1976 ). Con-
tinuous miners will be served by an underground haulage face system
having a pipe length of about 300 m in which the coal slurry is then
pumped about 300 m vertically and then 4 km overland to a prepara-

tion plant.

The demand for higher productivity as well as health and safety con-
siderations are the main reason behind the development of hydraulic
transportation from underground coal mines in the U.S.A. Under-
ground mining is one of the most hazardous industrial occupations

in both the U.S.A. and Sweden.

In the metal mining industry, conversion into a slurry of fine par-
ticles is often a part of the normal processing of the ore. In Swedish
mines there is generally a considerable inflow of groundwater which

has to be pumped out.

Ore transportation facilities in conventional underground mining of
a steeply inclined ore body are schematically shown in Fig. (10.1).

@ Preparation

= plant
_Ground level | I

Blasting @

| e:;?d Jf:i:::j @ Ssublevel haulage system
oading
@ Ore pass
@ @ Main haulage system
@ Primary crushing and storage
[ 1 @ Filling station
@ Mechanical hoist installation
m @ Storage
® Conveying to preparation plant
L
Fig. 10.1 Schematic diagram - Ore transportation

facilities in underground mining.
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Loose ore from the mining levels is transported to a chute leading to
the main haulage level below. Front-end loaders are usually used in
the loading and hauling of the boulders from the working area. On the
main haulage level the ore is transported to the primary crushers
where it is comminuted to a rock size of about 0.1-0.2 m. The con-
veying is usually trackbound with automatically controlled loading
and unloading. Sometimes haulers are used as a competitive alter-

native.

From the storage bins the ore is transferred into skips for hoisting
to the surface. The hoists are located in headframes directly above
the hoisting shaft. Modern mine hoists operate at high efficiency,
and automatic controls have become normal practice. Ore from the
hoisting system is dumped by the .skips into hoppers located in the
headframe and then conveyed by belt, etc. to the preparation plant.
In the preparation plant the ore ig first sorted and crushed. Parts
of the ore is then concentrated by various dressing methods depend-
ing on the type of mineral. The concentration process is mostly
carried out by wet milling methods, where the ore lumps are grated

into fine particle sizes, usually less than 0.2 mm.

@

Ground level —= —3
vz 1223 7 ”Z 7
LEGEND
Crushing and ™
) grinding %)é ; fee
Mixing tank 9.1

© Pump installation
Pipeline system

b

Fig. 10.2 Schematic comparison of a hydraulic
hoisting system and a shaft ‘hoisting
system.
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A hydraulic hoisting system is schematically compared with a shaft
hoisting system in Fig. (10, 2). In the case of an emergency shutdown
it is recommended that a sump should be provided at the bottom of
the shaft so that the hoisting leg can be drained to prevent plugging
at the bottom of the pipe by the settled solids,

Additional underground grinding and handling of the ore is necessary
if the ore is to be hoisted hydraulically. Grinding and pumping facil-
ities need extra room, which can be problematical in deep mines,
Moving and installation of heavy, large surface-suited equipment can
cause considerable problems. It is believed that operation in under-
ground areas will be associated with some extra costs. Pumping with
centrifugal or positive displacement pumps limits the maximum par-

ticle size of the mineral to about 10 and 1 mm, respectively.

The chief advantages of hydraulic hoisting are:

] The hoisting capacity can be increased without

the necessity of sinking new shafts.

To increase the capacity by conventional means requires a large
capital investment and takes a long time to achieve. Work on deeper
and deeper levels requires the hoisting shafts to be sunk deeper,
Depending on construction method, rock strength, etc, a level is
eventually reached from which the same rate of production cannot
be maintained. At that point other technical solutions have to be

applied.

e The small pipe shaft required can be sunk near the ore-
bearing area and thus a more rational utilization of
the existing underground horizontal haulage system is
achieved.

The hoisting shafts are not always located close to the current ex-
ploitation of the ore body. A hydraulic hoisting system can replace
or partly replace the shaft hoisting system and thus influence the

load carrying capacity of the main haulage system.

Some factors which operate against the use of hydraulic hoisting are:

® Conventional skip hoisting must in many cases be
provided for the transport of men and equipment.

Shafts are always necessary for ventilation and safety.
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® The overall efficiency in hydraulic transportation of
coarse heavy ores will be rather low with the technology

that is available today.

10.2 Economics

The energy requirements of hydraulic hoisting will be compared with
two alternative modes of transportation. The hydraulic design data
is mainly based on the experimental results in this study. It is
pressumed that the hydraulic system relies on presently available

grinding equipment and pump facilities.

In the outlined examples it is assumed that water from the inflow of
groundwater is used in the hydraulic hoisting system and that the
power needed to pump out this water is excluded in a comparison

with the other modes of transportation.

Example 1, Hydraulic hoisting of 140 tonnes/h of coarse iron
ore by centrifugal pumps from a depth of 200 m,

compared with truck transportation in inclined drifts.

Example 2. Hydraulic hoisting of 140 tonnes/h of primary ground
iron ore,pumped by a positive displacement pump

from a depth of 800 m,is compared with shaft hoisting

T -

=i Als
\ L)

from the same depth.

XK X K K R KL A A
Example 1. Example 2.
Fig. 10.3 Ewamples, for comparison of the energy

requirements of hydraulic hoisting with
truck transportation and shaft hot sting.

The capacities in tonnes per hour and the pipe diameters are the

the same in the two examples.
Example 1.

Concentration: In application, C=20% is believed to be a suitable

average value during the time of operation.
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Operational velocity: To maintain steady-state operation without

plugging the pump in the test loop, the velocity had to exceed 3.3

m/s with C=20%.

value, i.e. 3.6 m/s,

The design velocity is taken 0.3 m/s above this

Efficiency: The pilot-plant test with the centrifugal slurry pump

showed a reduction in head and efficiency of about 30%-40%, as com-

pared with clear water values. In application, it is believed that the

pump selected will have a clear water efficiency of 65%-70%.

Example 2

In order to get comparable capacity and pipe diameter with example 1,

an operational velocity and concentration of 2.7 m/s and of 27%, re-

spectively, can be considered to be suitable design values. The mech-

anical efficiency of a positive displacement pump in slurry service
is 85%-90%, Thompson et al. (1972).

Energy consumption

Vertical length (m)
Pump equipment

Mineral

Maximum grain size
Density (kg/m?3)

Capacity (tonnes/h)
Concentration by volume (%)
Concentration by weight (%)
Operation velocity (m/s)
Inner diameter of pipe (%1)
Throughput of slurry (m°/s)
Throughput of water (m3/s)
Total efficiency (%)
Installed power (kW)

Power to raise the water (kW)
Net power consumption (kW)
Energy (kWh/tonne of ore)

Compared alternative of
transportation

Vertical length (m)
Energy (kWh/tonne of ore)

Example 1

200
Staged centri-
fugal pumps

Coarse iron ore

8 mm
4150
140
20
51
3.6
0.13
0. 047
0.038
40 1)
402
122 2)
280
2.0

Trucks in in-
clined drifts

200
1.7 3)

Example 2

800
Positive dis-
placement pump

Primary ground
iron ore
1 mmm
4000
140
27
60
2.7
0.13
0.036
0.026
80
677
340 2)
337
2.4

Mechanical skip
hoist in a verti-
cal shaft
800
2.4 4)

> 0O DD
NN R
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friction loss neglected and total pump efficiency = 60%

based on four 16-tonne trucks in a drift with the inclination 1:10
based on total efficiency = 90%



It was found that the power needed to pump coarse iron ore in centri-
fugal pumps was slightly higher than that of truck transportation in
inclined drifts. In the outlined example 2 it was shown that hydraulic
hoisting of particles up to 1 mm consumes about the same amount as

conventional shaft hoisting.

For particle sizes up to about 1 mm there are applications in which
centrifugal pumps or positive displacement pumps both are techni-
cally feasible. The fact that positive displacement pumps have 15%-
-40% higher efficiency should be weighted against the higher initial

cost.

Maintenance
Centrifugal pumps

Pumping of heavy coarse minerals has a substantial reductional
effect on the performance curves of conventional centrifugal slurry
pumps. The life-time of impellers and casings would be limited to
about 1000-2000 hours in abrasive slurry handling.In the hydraulic
hoisting installation at Lengede (see Table(10.2)page 191) the pump

maintenance cost in 1975 was about Sw. Crowns 0. 20 /tonne.

Positive displacement pumps

As a rule it is advisable not to pump particles greater than 2 mm in
a positive displacement pump, Taddick (1976). The price of pumping
coarse solids is accelerated wear. In the outlined example 2 it was
assumed that ore particles up to 1 mm would be pumped. At present
the cost of maintenance and supply in such application is relatively
unknown. The life-time of valve parts in abrasive long-distance iron
ore service (dmax about 0.1 mm) will be about 500 hours according
to Thompson et _eg.(1972).The same authors statedthattypicalranges
of the cost of expendable parts were Sw. Crowns 0.15-0,30/tonne
and pump station. The maintenance cost in a mechanical skip hoist
system can in general be estimated to be about Sw. Crowns 0.1 0ftonne,
Bergdahl (1975).
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Investment

Hydraulic system: Pumps“ and pipes (100% stand-by)
feeders and screens, mixing tank,
emergency sump, instrumentation,
and controls,

Shaft hoisting system: Driving and furnishing of production
shaft. Hoist support facilities: Concrete
head frames with hoist room and skip
pockets, feeders, ropes, measuring
pocket, instrumentation, and controls.

The investment cost of a conventional shaft hoisting system for
140 tonnes of iron ore per hour from a depth of 800 m is about
20 - 108 Sw. Crowns.

10.3 Future applications

Mining and tunneling on land

The trend in mining is toward giant open pit mines because of their
suitability for mechanization and highly productive mining. To com-
pete with ore from such mines, one has to find new ways of working

and transportating ore from underground mines,

When hydraulic hoisting becomes a familiar and proven technique,
then it will be natural to couple this concept with underground and
surface hydraulic horizontal transportation systems, Fig. (10.4).
This would be a natural integration of the overall mining system from

an economic and process standpoint.

Pre - preparation Dm_;zm_._,)
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Prepara—l . ro
Ground level (,,..:2_ tion Proc{essmg
7, 7 2224 7
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Pipeline
transportation

Fig. 10.4 Integration of horizontal pipeline parts
in a hydraulic hoisting system.

1) The total investment cost of the positive displacement pumps in
example 2 is believed to be about Sw. Crowns 4. 100 (Aldrich,

Ingersoll-Rand).



Clontinuous excavation of soft minerals by miners or tunneling
machines has improved solutions to the problem of face area hydrau-

lic haulage. The present state-of-the-art in hardrock fullface tech-
niques and continuous mining methods in softer minerals will gain

the utilization of continuous hydraulic transportation from working

face to surface.

There is a general fear of long-term effects on man in the under-
ground working environment. At present there is a growing resis-
tance to diesel power. Recent medical research points toward the
fact that exposure to carcinogenic substance is the primary source
of cancer diseases, Persson (1976). A large portion of such sub-
stances come from diesel exhaust gases, and simultaneous exposure
to airborne dust in an environment without photochemical activity
magnifies the effect; a series of parallel influence must also be con-

sidered, e.g. exposure to radon, nitrogen dioxide, etc.

In the near future major improvements of the underground working

environment have to be made. Underground hydraulic haulage is

one possible solution for improving mine safety and working environ-

ment in underground mines.

Underground location of mineral dressing plants may be necessary
in the future to minimize environmental impact on urban areas or

ecologically sensitive areas, Fig. (10.5).

Mineral concentrate
p—- .
Ground level o Processmgl
TSI 7
Dressing

T Raw mineral

Continous
mining | % o J

Fig. 10.6 Continuons mining and long-distance pipe-
line transportation to processing plant.

Small or low-grade deposits are often not profitable if conventional
mining and {ransportation methods are used. In the development of

small deposits transportable pumping and crushing units (”modules")
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for hydraulic hoisting may be anuseful solution. The dressing of the

ore may take place at the mine in a mobilized plant, Fig. (10.6).

Mobilized dressing plant

IT Pipeline
transportation

- )
A A A KA L K A A A A KA X A X

Pig. 10.6 Hydraulic hoisting of ore in a small mine.

Hydraulic hoisting and overland transportation in pipes is believed
to be a competitive way for rational utilization of a relatively closely
located grouping of mines. With a minimum of surface buildings and
transportation facilities ore will be pumped to a large central dress-
ing plant, which gives considerable economic and environmental

benefits, Fig. (10.7).

Central
O dressing
plant \QO

Fig. 10.7 Hydraulic hoisting and hau lage to a central
dressing plant from a group of underground
mines.

Coarse particles transportation - Some improvements

Transportation of relatively coarse particles has been limited to
short distances because of necessarily high operation velocities re-

sulting in extensive pipe wear and excess energy consumption. Fur-
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ther development of equipment and pumps is required to increase the

economic feasibility of coarse mineral transportation.

The energy consumption can be reduced by creation of secondary

flow by helically ribbed pipes. Hydraulics studies in Canada by

Smith (1976) and Charles (1976) have demonstrated that helically
ribbed pipes may have special advantages in the horizontal transpor-
tation of relatively coarse mineral. Tests conducted by Smith (1976)
show that the consumption of energy could be halved in the transporta-
tion of a sand with d50=0. 5 mm in a ribbed pipe of diameter = 0.16 m.
Wear studies by Smith indicate that the total wear produced per tonne
of solids transported would be lower, mainly because of the lower

possible operation velocity and the higher possible concentration.

It is believed that further development in slurry technology must
include transportation of coarser particles than today. The investi-
gational works citied above represent interesting improvement upon
the feasibility of such systems. Laboratory tests with helically
ribbed pipes and in-plant tests of a new wear-resistent rubber-lined
plastic pipe and a high pressure pump without large external devices
and with a minimum of moving parts is carried out in Sweden in
light of the system-oriented development work mentioned earlier in

the Introduction.

Mining at sea

Marine mining activities can be expected to increase as the shortage
and cost of land-based mineral resources grow. From an economic
point of view it is expected that the exploration of an underwater ore
deposit can be compared to the opening of deep underground land

deposits.

Consolidated deposits occur as hard rock on the continental shelves.
It is anticipated that deposits of hard minerals in the bedrock occur
with the same frequency as they appear under similar conditions on

jand. The Swedish potential of consolidated ore deposits is believed
to be limited to complex sulphide ores in the gulf of Bothnia, where
the depth is mainly between 95 and 100 m. Areas close to the shore
generally have depths of less than 25 m. Prospecting for minerals

in the sea presents complex problems. Before any potential of these
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minerals can be realized, the technological capabilities of locating

and assessing them must be improved.

It is believed that land-developed underground mining methods can

be used, but precautions must be taken with regard to overhead

cover. Cut- and fill mining methods seem to be preferable.

Ore deposits located near land can be exploitated by driving tunnels
from shoreside. To get acceptable economical and technical solutions
for longer distances, artificial islands for ventilation and access
shafts must be provided. Mine development from artificial islands
has also been proposed as an alternative in shallow water. In deeper
water (up to about 100 m) platform rigs and cassion structures may
be used such as the ones developed and utilized in the exploration of

offshore oil and gas resources.

The mined ore can be barged or pumped in pipeline to a shoreside
processing plant. Today the building of undersea pipelines for oil
and gas has been accomplished at depths of up to a hundred meters.
If tailings are to be used for building artificial islands or to be
filled back into the mine, great savings in transportation costs could

be made by pre-preparation of the ore at the offshore mine site.

The methods outlined previously for land-based underground mines
is believed to be applicable to slurry transportation from future
Swedish mining of consolidated undersea ore deposits.

Unconsolidated deposits on the continental shelf may be defined as
seabed deposits of heavy minerals, sand, gravel, etc. These depo-
sits are generally found in water depths of the order of 100 m or less,
Therefore different dredging methods probably could be used for
exploitation of these deposits. In the deep-ocean basins, manganese
nodules contain the deep sea mineral most likely to be exploited in
the future. Considerable commercial activity exists in developing
these resources for their major component ores: nickel, copper,
cobalt, and manganese. Nodules from the Norteast Pacific have
attracted great attention. These modules are generally located in
water depth of 2600 m - 5500 m.

There are basically two types of deep water dredges, mechanical

and hydraulic. The mechanical dredge digs and lifts the mineral in
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a container. The hydraulic dredge lifts the mineral as a slurry in a
contained stream of upward-moving water. Most deep-water dredges
have been designed around hydraulic systems with variations in the
means of introducing solids into the pipe, in the design of the gather-
ing device and in the means of imparting horizontal motion to the

system on the seabed.

Vertical slurry flow may be induced by:

e the injection of air or light weight materials in the pipe
@ feeding and pumping directly from the seabed
® feeding at the seabed and pumping in a loop with the

pump at the surface (dual-pipe system).

The dual-pipe system has also been suggested for hoisting applica~-
tions from underground mines, Fig. (10.8). Land-based commercially
available feeding systems are dealt with briefly in Table (10.2),

page 191. Solids T

rJDewateringQ Pump

| ———

T l Water

U Feeding L‘J

Solids T

Fig. 10.8 Schqnaé:ic representation of a dual-pipe

feeding system.
The water is pumped from the dewatering facility at the top down the
downflow pipe. The pump can work with high efficiency because no
solids pass through it. The difference in density in the up-and-down
flow pipe and the friction losses must be overcome in the balanced

leg system.
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erushed granite.

Relative reduction in head and efficiency
versus concentration by weight for the
primary ground iron ore.

Relative reduction in head and efficiency
versus concentration by weight for the lead
ore.

Relative reduction in head and efficiency
versus concentration by weight for the
perlite mineral.

Relative reduction in head and efficiency
versus concentration by weight for the coarse
iron ore.

Relative reduction in head and efficiency
versus concentration by weight for the
complex ore.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

7.30

10.1

Relative reduction in head and efficiency
versus concentration by weight for the
erushed granite.

Theoretically estimated maximum friction
factors compared with experimentally deter—
mined values for the crushed granite in
water. The two dashed lines show theoreti-
cally estimated values based on weighted
terminal settling velocities of 0.2 m/s

and 0.4 m/s, respectively.

Theoretically estimated maximum effect of
slip on the friction factor (dashed line).
Comparison with experimentally determined
values for the primary ground iron ore.

Representation of all experimental data in
the f-Re parameters, for the Tron ores,
lead ore and perlite.

Comparison of the particle size distribution
of the beach sand used in this study and

the sand used in the pilot-plant study by
Haas et al. (1973a).

Observed reduction factors in head versus
caleulated values with Eq. (8.16). The
dashed lines indicate error of *15%.

Particle size distribution of the solid
materials used in the pump performance
study by Burgess et al. (1971).

Observed reduction factors in head according
to Burgess et al. (1971), compared with
caleulated values with Eq. (8.16). The
dashed lines indicate error of *15%.

Pipe friction factors for turbulent flow
(Moody~diagram). Adapted from Wasp et al.
(1977).

Pressure and energy requirements versus
operational velocity of vertical transpor-
tation based om ewperimental results in a
pipe of a diameter of 0.094 m. Pipe
roughness, k.= 3.0 - 107% m and temperature
= 150¢. The graphs ave related to a constant
concentration by volume, C = 25%.

Graphical representation of p, C, and C,
for each solid material shown in Fig.
(9.2).

Schematic diagram — Ore transportation
facilities in underground mining.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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10.

10.

10.

10.

10.

10.

Schematic comparison of a hydraulic
hotsting system and a shaft hoisting
system.

Ezamples, for comparison of the energy
requirements of hydraulic hoisting with
truck transportation and shaft hoisting.

Integration of horiszontal pipeline parts
in a hydraulic hoisting system.

Continuous mining and long-distance pipe—
line transportation to processing plant.

Hydraulic hoisting of ore in a small mine.
Hydraulie hotsting and haulage to a central
dressing plant from a group of underground

mines.

Schematic representation of a dual-pipe
feeding system.
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LIST OF NOTATIONS

in

out

in

out

cross-sectional area of pipe

cross-sectional area of pipe occupied
by the solids

cross-sectional area of pipe at the
suction side of the pump

cross-sectional area of pipe at the
discharge side of the pump

delivered volumetric concentration
drag coefficient

fractional delivered volumetric
concentration

delivered weight concentration
fractional drag coefficient

maximum delivered volum etric
concentration

delivered volumetric concentration
(heterogeneous part)

delivered volumetric concentration
(homogeneous part)

fractional delivered volumetric
concentration (heterogeneous part)

fractional delivered volumetric
concentration (homogeneous part)

weighted drag coefficient

pipe diameter
impeller diameter

pipe diameter at the suction side of the
pump

pipe diameter at the discharge side
of the pump

diameter of pipe 1

diameter of pipe 2

spatial volumetric conc entration
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energy
force of average pipe wall shear stress
diagram factor

transversal force

weight of mixture in the sampling tank

weight of flask for determination of
sample density

weight of solid sample for determination
of sample density

pump head developed in slurry service,
metres of slurry

pump head developed in water service,
metres of water

power law coefficient

reduction factor

pipe length

delivered mass flow rate of mixture
delivered mass flow rate of water
delivered mass flow rate of solid
number of fractions

pump rotary speed

power

power input to pump when pumping slurry
power input to pump when pumping water
input power to pump motor at run

output pump power at run

volume flow rate of mixture

volume flow rate of water

volume flow rate of solids

reduction factor for pump head
reduction factor for pump efficiency

slip velocity



U
s

Mb
min

U
max

U Ph

temperature

average mixture velocity
deposition velocity

average velocity of water
average velocity of solids

velocity, separating heterogeneous flow
from flow with moving bed

minimum operational velocity in a
vertical pipe

maximum velocity in a circular pipe section

velocity, separating heterogeneous flow
from pseudo-homogeneous flow

velocity in pipe 1
velocity in pipe 2
volume of mixture in the sampling tank

volume of alcohol for determination
of sample density

fractional average terminal settling velocity
exponent

fractional exponent

particle size distribution factor

local concentration of solid particles
at level z

local delivered concentration of solids

at level z=0

local delivered concentration of solids

at level z
o)

constant
constant
constant
constant
constant

constant
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delivered volumetric concentration

c
0.08 D 0.08 D below the top of a pipe
0. 50D delivered volumetric concentration
’ 0.50 D below the top of a pipe
d differential operator
d characteristic particle size
dj fractional particle size
d maximum particle size
max
do diameter of a spherical particle
d50 particle median sieve size
d weighted particle size
e internal energy
f Darcy-Weissbach friction factor for
mixture flow
f Darcy-Weissbach friction factor
© for water flow
fmax estimated maximum Darcy-Weissbach friction
factor for mixture flow
acceleration due to gravity
h water depth
ht column of tetrabromine methanol in
manometer reading
i energy loss gradient of mixture metres of .Water
metre of pipe
iH measured energy loss gradient of mixture, .
horizontal pipe
i, energy loss gradient of water -
iS excess energy loss gradient due to -t
the solids in the mixture
Het . . "
i energy loss gradient of mixture, -
heterogeneous part
jHom energy logs gradient of mixture, ~te
homogeneocus part
ipp irreversible energy gradient of -t
: mixture fransported vertically
. . o A2 AN
ipev reversible energy gradient of

mixture transported vertically



‘ot

Het

.max
i
Irr

total pressure gradient required metres of water
in a pipe of constant diameter metre of pipe

fractional energy loss gradient e
of mixture, heterogeneous part

estimated maximum irreversible 0"
energy gradient of mixture
transported vertically

particle size fraction index

absolute roughness coefficient
power law coefficient

pressure

weight fraction of solid particles
pressure in pipe section 1
pressure in pipe section 2

pressure reading at the suction side
of the pump

pressure reading at the discharge
side of the pump

mixture density ratio i(delivered)
solid density ratio

tetrabromine methanol density ratio
filling time

local average velocity

local instantaneous velocity

local velocity fluctuation

local velocity fluctuation in the y-direction

local velocity fluctuation in the
z-direction

friction velocity

distance from pipe wall
thickness of buffer layer
thickness of viscous sublayer

vertical coordinate
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w

W,
J

w

max

w
(o]

=l

=l

in

out

o < W W

[yl

Mo

n‘Motor
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vertical constant level

characteristic terminal settling velocity
fractional terminal settling velocity
terminal settling velocity of a sphere

maximum terminal settling velocity

fractional terminal settling velocity
of a sphere

hindered terminal settling velocity
weighted terminal settling velocity

weighted terminal settling velocity
of spheres

particle shape factor
indicates, ''function of"
a function

a function

exponent

velocity distribution correction factor
at the suction side of the pump

velocity distribution correction factor
at the discharge side of the pump

diffusion coefficient proportionality factor
exponent

exponent

exponent

coefficient of turbulent diffusion
coefficient of diffusion of solid particles
von Karman constant

pump efficiency in slurry service
coefficient of rigidity

pump efficiency in water service

efficiency of pump motor



efficiency of pump motor transmission

U Transm
Npot total efficiency
) pipe inclination
A turbulent microscale
7] dynamic viscosity of mixture
T dynamic viscosity of water
uHom dynamic viscosity of mixture,
homogeneous part
uHom fractional dynamic viscosity of mixture,
1 homogeneous part
E integration variable
o density of mixture (delivered)
Po density of water
Pe density of solids
pt density of tetrabromine methanol
p Hom density of mixture, homogeneous part
o’ density of mixture (spatial)
T average shear stress
Ty yield shear stress
Ty average wall shear stress of slurry
Ty average wall shear stress of water
o}
Fr Froude number
Re Reynolds number of mixture
Re Bingham Reynolds number
ReN Reynolds number of flow in a centrifugal pump
Re "eritical'Reynolds number of mixture
Reo Reynolds number of water
Rew particle Reynolds number
Re’ modified Reynolds number of mixture
We1 wear rate in pipe 1
We2 wear rate in pipe 2
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WeO. 094 wear rate in a pipe of diameter 0,094 m

WeO 20 wear rate in a pipe of diameter 0.20 m
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