


Al

Aalto University
School of Chemical
Technology

School of Chemical Technology
Degree Programme of Chemical Technology

Ville Roitto

SLURRY FLOWS IN METALLURGICAL PROCESS ENGINEERING -
DEVELOPMENT OF TOOLS AND GUIDELINES

Master’s thesis for the degree of Master of Science in Technology submitted
for inspection, Espoo, 04.04.2014.

Supervisor Professor Jukka Koskinen

Instructors M.Sc. Merja Hakaste-Hirmi, M.Sc. Hanne-Mari
Ahlfors



Aalto University Aalto University, P.O. BOX 11000,
School of Chemical 00076 AALTO
||

Technology www.aalto.fi

Abstract of master's thesis

Author Ville Roitto

Title of thesis Slurry flows in metallurgical process engineering — Development of tools
and guidelines

Department Biotechnology and Chemical Technology

Professorship Plant design Code of professorship
KE-107

Thesis supervisor Professor Jukka Koskinen

Thesis advisor(s) / Thesis examiner(s) Merja Hakaste-Harma, Hanne-Mari Ahlfors

Date 04.04.2014 Number of pages 82 + 23 Language
English

Abstract

Slurry flows are very important for metallurgical process engineering. They are one of the
principal methods for material transport in minerals processing plants and thus their
accurate engineering is of paramount importance.

This work explains the physical properties of slurries and discusses the differences
between settling and non-settling slurries, with main focus being given to settling slurries.
The work focuses on transportation of slurries in pipes using centrifugal pumps in short to
medium distance that are common inside minerals processing plants. The object is to
discuss the subject from a practical perspective, aiming to help process and design
engineers who are tasked with designing slurry systems.

A spreadsheet calculation tool was developed. The tool can be used for sizing of pipes
and pumps handling settling slurries. The tool calculates critical deposition velocities that
need to be achieved in pipe transport to prevent particle settling and pipe blockages. The
tool also calculates extra pressure losses caused by the solid particles. The results of the
calculation tool are integrated in to a pump data sheet that can be used for the inquiry of
pumps. Additionally, a set of design guidelines was developed based on investigated
material and personnel interviews. These guidelines give the reader an introduction to
slurry transport design and help indentify points that need to be taken into account when
designing slurry systems. Both the calculation tool and design guidelines were then
applied into a practical case example.

It was found that the existing calculation methods for critical deposition velocity and
pressure losses are adequate, but limited in accuracy. Most significant problem with
designing slurry systems is not actually the limitations of the available calculation
methods, but rather the very limited information available of the material that is being
handled. To further improve the accuracy of design, data collection methods from real
cases need to be improved.

Keywords Slurry, settling, non-settling, minerals processing, metallurgical, pump,
excel, spreadsheet, design
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Tiivistelma

Lietevirrat ovat hyvin tirkeitd metallurgisessa prosessisuunnittelussa. Lietevirrat ovat
usein rikastuslaitoksen pédvirtoja, joiden avulla siirretddn suuria massoja ja siten niiden
tarkka suunnittelu on hyvin tarkeés.

Tassd tyOssd esitellddn lietteiden ominaisuuksia ja késitellddn eroja laskeutuvien ja
laskeutumattomien lietteiden valilld. Padhuomio annetaan laskeutuville lietteille. Ty6 on
rajattu lietteiden kuljetukseen rikastuslaitoksille tyypillisissd lyhyehkoissd putkistoissa
kdyttden keskipakopumppuja. Tyon tavoite on Kkésitelld aihetta kdytdnnonldheisestd
ndkokulmasta siten, ettd se helpottaa lietejarjestelmid suunnittelevien insinddrien tyota.

Tyon tuloksena laadittiin taulukkolaskentaohjelmassa toimiva mitoitusohjelma, jota
voidaan kidyttdd lietteitd kasittelevien lietteiden ja pumppujen késittelemiseen. Tyokalu
laskee putkistojen kriittisid virtausnopeuksia, jotka on putkivirtauksessa ylitettdvé, jotta
véltetddn putkistojen tukkeutumiselta laskeutuvien partikkeleiden vuoksi. Tyokalu laskee
lisdksi lietteiden kiintoaineen aiheuttamia ylimdardisid dynaamisia painehdvidita.
Laskennan tulokset esitetddn automaattisesti pumpun tietolehdelld, jota voidaan kayttda
pumppujen hankinnassa. Lisdksi laadittiin kokoelma suunnitteluohjeita, jotka pohjautuvat
henkildstohaastatteluihin ja tutkittuun kirjallisuusmateriaaliin. Suunnitteluohjeet antavat
lukijalle johdannon lietevirtojen suunnitteluun ja auttavat tunnistamaan asioita, jotka on
erityisesti otettava huomioon suunnittelussa. Tyokalun ja suunnitteluohjeiden toimintaa
esitellddn kiytannonliheiselld esimerkilla.

Tyon tuloksena selvisi, ettd kiytettdvissd olevat menetelmadt kriittisten virtausnopeuksien
ja painehdvididen laskentaan ovat riittdvid, joskin melko epitarkkoja. Suurin ongelma
lietejarjestelmien  suunnittelussa ei  ole  niinkddn  kdytettdvissd  olevien
laskentamenetelmien epitarkkuus, vaan kiytettdvissi olevan tiedon midird pumpattavasta
materiaalista. Jotta suunnittelun tarkkuutta voidaan edelleen kehittdd, on
tiedonkerdysmenetelmié todellisista projekteista parannettava.

Avainsanat Liete, laskeutuva, laskeutumaton, mineraalien jalostus, metallurginen,
pumppu, excel, laskentaohjema, suunnittelu
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ABBREVIATIONS

A = Area (m?)

Cp = Particle drag coefficient (-)

C, = Specific heat (J/K)

Cy = Concentration by weight in percent (%)

Cy = Concentration by weight in percent (%)

dso/ dgs= Particle size at which 50 / 85 % of the solids are finer (um)
D; = Inner diameter of the pipe (m)

Dy = Pump impeller diameter (mm)

Er = Efficiency reduction ratio for centrifugal pumps (-)

f= Fanning friction factor (-)

fi, fr, frr = Fanning friction factors in laminar, turbulent and transitional flow (-)
F = Force (N)

FrL = Durand factor (-)

F’L = Modified Durand factor for Wasp’s method (-)

g = Gravitational acceleration (m/s?)

He = Hedstréom number (-)

h¢= Head loss of the pipe due to friction (m)

Hm = Mixture (slurry) head (m)

Hg = Head ratio (-)

Hw = Water head (m)

I = Hydraulic gradient (head m water / m pipe)

Is= Hydraulic gradient for carrier fluid (head m water / m pipe)

I;n = Hydraulic gradient for mixture, or slurry (head m water / m pipe)
I, = Hydraulic gradient for water (head m water / m pipe)

K =Power law consistency factor (-)

k = Thermal conductivity (W m™ K™)

Ky = Head reduction factor. Ky = 1- Hg (-)

L = Pipe length. (m)
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M = Exponent in stratification-ratio equation (-)

n = Power law behaviour index (-)

n, = Power index in hindered settling velocity calculation (-)

Py = Start-up pressure resulting from the yield stress. (Pa)

Rep = Bingham plastic Reynolds number (-)

Remod = Modified Reynolds number for power law slurries. (-)

Reémod,c = Critical modified Reynolds number for power law slurries (-)
particte — Particle Reynolds number (-)

S¢= Specific gravity of the carrier fluid (-)

S = Specific gravity of the mixture (-)

Ss = Specific gravity of solid particles (-)

Sw = Specific gravity of water (-)

t = Time (s)

V = Velocity (m/s)

Vs, Vi, Ve, Vp = Flow velocity at the limit of solids deposition (m/s)

V5o = Flow speed in which 50% of solids are suspended by fluid (m/s)

n = Coefficient of rigidity, or non-Newtonian viscosity, or plastic viscosity (Pa-s)

p1 = Density of the carrier liquid (kg/m®)

p1 = Density of water (kg/m’)

pm = Density of the mixture, or slurry (kg/m’)

ps = Density of the solid particles (kg/m’)

T = Shear stress (Pa)

T, = Shear stress at the wall of a measurement (Pa)

19 = The yield stress of a Bingham plastic. (Pa)

Vina. = Required additional flow velocity in inclined flow (m/s)

vr = Terminal particle settling velocity (m/s)

vy = Hindered settling velocity (m/s)

or = Ratio of the actual viscosity of the carrier liquid to that of water at 20 °C

u = Viscosity (Pa-s)

¢; = Parameter in particle drag coefficient calculation (-)

Ap = Inclination parameter for inclined slurry pipes (-)



1. INTRODUCTION

For ages past, ever since the time of the ancient Romans and Egyptians, slurries
have been a part of human life. The river Nile is practically a massive slurry flow
that once a year deposits life-giving silt on the riverbanks, creating a narrow strip
of rich farmland in the middle of an arid desert. The Romans used slurry flows to
their advantage in mining operations in a process known as hushing, where
torrential waters are used to move massive amounts of soil to revel mineral veins.
In fact, for mineral processing plants, especially ones employing
hydrometallurgical processes, the most significant fluid flow mechanic present is
the transportation of slurries. After the steps of crushing and comminution, slurry
transport becomes the principal method of transferring material from one process
step to the next. Combined with the rule of thumb that pumping uses up to 10 %
of all the energy in the world and 25 % in a plant (Hurme, 2008), it becomes
evident that proper design of slurry systems is vital for not only the proper

functionality but also the financial viability of minerals processing plants.

As fate would dictate, slurry systems engineering is far from easy and
straightforward. The varying nature of slurries and their significantly different
characteristics make it very difficult to create simple and generalized design
guidelines and tools for them. It is often the case that the most detailed and well
developed methods are not always the best from a practical point of view. It must
be kept in mind that much of the actual engineering work that goes into building a
minerals processing plant is done with very limited information. Design of
minerals processing plants is done based on results obtained from a limited
amount of test drills and hence, incomprehensive information. Quality of the ore
being excavated varies with time. This is why there is a need for development of
guidelines and best practises that can be followed in the absence of better and
more detailed information. The shortfall of what could be called very “’scientific”

methods is that while they can and do provide more exact and precise results, that



precision does not always produce additional value to a process engineer. In
addition, often due to lack of time and resources, all the necessary information is
not always available to apply them. While slurry systems have been studied quite
extensively since the 1950's, they continue to impose challenges from an
engineering point of view. This work attempts to alleviate some of those problems
by providing both theoretical and practical insight into the world of slurry systems

engineering.

1.1. Description of the target company

Outotec Oyj is a Finnish company headquartered in Espoo, which provides
technologies and services for the metal and mineral processing industries. The
company also provides solutions for industrial water treatment, the utilization of
alternative energy sources and the chemical industry. Outotec has a broad
selection of technologies, covering the entire process chain from minerals to
metals. Outotec aims to develop technologies which utilize natural resources and
raw materials efficiently, reduce energy and water consumption, produce less
waste and emissions as well as minimize the plant’s lifetime operating costs.
Several of Outotec’s technologies are rated as Best Available Techniques (BAT)
by EU thanks to their energy-efficiency and low emissions. An overview of

Outotec’s technologies can be seen in figure 1.
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maintenance, spare parts solutions, shutdown services

Energy

Figure 1. Overview of Outotec's technologies

Outotec was previously a technology division of a Finnish stainless steel producer,
Outokumpu, but was sectioned off as a separate company in June 2006 and listed
on the Helsinki Stock Exchange shortly afterwards. In February 2007 Outotec was
promoted to the benchmark OMX Helsinki 25 index.

As a global company, Outotec operates in six continents and 27 countries.
Outotec’s operations are clustered into three main regions: the Americas, EMEA
(Europe, the Middle East and Africa), and APAC (Asia Pacific). Outotec’s
business is divided into two business areas, Minerals Processing and Metals,

Energy & Water. Outotec’s business model is illustrated in figure 2.
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Figure 2. Outotec's business model

This thesis is done for the department of Plant engineering in Outotec’s Minerals
Processing business line (see figure 2). The department of Plant engineering in
Outotec (Finland) Oy (affiliated company of Outotec Oyj) takes care of general
process engineering, layout, piping and civil engineering in solution delivery
projects. The main task for general process engineering is to be responsible for the
“non-metallurgical” part of the process engineering which is needed for each
project. Typically this includes, for example, the design of P&I-diagrams, sizing

pipelines and calculation of pumps (Hakaste-Hérma, 2013).

1.2. Scope and aims of the work

This thesis will focus on the transportation of solids in a flowing liquid medium
within a minerals processing plant. The framework of this thesis is very firmly in
the world of process design and piping engineering. Equipments such as grinding
mills, thickeners, flotation cells and filters will not be looked into. Reference to
them will be made where necessary, but each of them could warrant a work of
their own. Centrifugal pumps and pipelines encountered within minerals

processing plants are the main focus of this thesis and main attention is given to



the practical applications related to the topic. Aim is to give an explanation of the
basic principles that affect the design of slurry systems. In the practical part, a
calculation tool is developed for the sizing of slurry pipelines and pumps for
settling slurries. In addition, a selection of guidelines and best practises are
presented concerning topics that are found significant for the design of slurry
transportation systems in the target company. Finally, a water treatment unit is

developed as an example case of practical application of the topics of the thesis.

Experienced engineers gather vast amounts of engineering know-how during their
careers, large amounts of which are not documented anywhere. In most cases this
knowledge is transferred to new generations of engineers slowly and orally, or not
at all. Documentation of this information in the form of guidelines helps
newcomers to adopt the special features of this specific field. In addition,
documented guidelines make the use of subcontractors easier; making sure that
design is done according to company preferences. Interviews of experienced
design engineers are conducted within the target company to identify subjects of

interest.



2. PHYSICAL PROPERTIES OF SLURRIES

2.1. Introduction

Slurry is a mixture of solid particles in a carrier liquid. While the solid particles
and the carrier liquid can be anything, in practice and in particular in this thesis,
the carrier liquid is water unless otherwise stated. When slurries are used to
transport material suspended in water, a slurry flow can also be called hydraulic

transport, or conveying.

The most important characteristics of slurries are defined by their rheology.
Rheology explains the flow of matter, in particular the flow of liquids. It also
applies to substances with complex microstructures such as mud, sludge and
suspensions, and hence slurries. Understanding the rheology of slurries is essential
for proper design and engineering of slurry systems. Slurry rheology is a dynamic
property of the microstructure of the slurry and is affected by various attributes
such as the shape, size, density and mass fraction of the suspended solid particles

and the density and viscosity of the carrier liquid.

This chapter gives an introduction to the characteristics of slurry flows and
explains the major physical properties of slurries, as these are important to the

efficient design and engineering of slurry systems.

2.2. Viscosity in Newtonian fluids

One of the most important rheological attributes of a liquid is its viscosity.
Simplified, viscosity is the quantity that describes a fluid’s resistance to flow, as
friction forces between particles of the fluid try to prevent particles from moving
past each other. Viscosity is defined with an idealized situation known as a

Couette flow where a fluid is trapped between a horizontal stationary plate and a



horizontal plate moving across the surface of the liquid at a constant speed V.
The top layer of the liquid will move parallel to the moving plate at the same
speed as the moving plate (V = V). Each differential layer of the liquid will move
slower than the layer above it due to frictional forces resisting their relative
motion. The fluid will exert a force on the moving top plate opposite to the
direction of its motion and therefore an external force is required to keep the top

plate moving. (Munson et al., 2002) The Couette flow is illustrated in figure 3.

Moving plate

Fixed wall

Figure 3. Couette flow for defining viscosity (Anon, 2010).

The external frictional force F is found to be proportional to the speed V,, and the
area A of the plates, and inversely proportional to their separationy. This is shown

in equation (1).

F =uA @ )
Where:
p = Dynamic viscosity of the fluid
F = External force
A = Area
Vo = Speed of the plate

y = Separation of the plates on the y-axis.



A fluid where the viscosity is independent of stress is called a Newtonian fluid
after Isaac Newton who expressed the viscous forces by the following differential

equation (2).

av
T=po @)

Where:

7 = Ratio between the force and the ratio, the shear stress.

z—z = Local shear velocity or rate gradient.

The SI unit for viscosity is Pa-s but viscosity is often expressed in centipoises, cP
(1 cP =0,001 Pa-s). For Newtonian fluids the shear stress is directly proportionate
to the velocity gradient, or the shearing rate. Additionally, shear stress is zero if

the velocity gradient is zero.



2.3. Viscosity in non-Newtonian fluids

For non-Newtonian fluids viscosity is not independent of the shear rate. Viscosity
can also be dependent of time. The most common types of non-Newtonian fluids
are pseudoplastic (shear thinning), dilatant (shear thickening) and Bingham plastic
fluids. For some fluids viscosity is time-dependent. Thixotropic fluids get thinner
when agitated or otherwise stressed over time. In contrast, rheopectic fluids get
more viscous with time. Time-dependent fluids are, however, less common in
slurries but some pastes show thixotropic behaviour. The different viscosity

regimes (excluding time-dependent) are presented in figure 4.

Shear Stress 7

Rate of shear (y = du/dy)

Figure 4. Viscosity regimes (Abulnaga, 2002)



2.3.1. Bingham plastics

Bingham plastics are essentially Newtonian fluids with a yield stress 7, (Pa) that
needs to be overcome to initiate motion. After the yield stress is overcome, they
behave as Newtonian fluids in that their viscosity is constant. However, in the
case of non-Newtonian fluids, viscosity is referred to as n (cP) and is called the
coefficient of rigidity, or non-Newtonian viscosity, or plastic viscosity. The

viscosity curve for Bingham plastics can be characterised with equation (3).

7, — 7o = ndy/dt (3)

Where:
T = Shear stress at the wall of a measurement device (Pa)

dy/dt = Shear rate characteristic to the measurement device (-)

The yield stress can vary from as low as 0.01 Pa for sewage sludge to as high as
1000 MPa for asphalts and bitumen. The coefficient of rigidity, or plastic
viscosity, can also be vary drastically, from the viscosity of water to 100 Pa-s of
some paints and much higher for asphalts and bitumen. Examples of Bingham

plastic slurries are given in table 1 (Abulnaga, 2002).
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Table 1. Examples of Bingham plastic slurries (Abulnaga, 2002)

. . Density Yield C0§fﬁ9ient
Slurry Particle size, dso [um] ke/m3] stress | of rigidity, 1
[Pa] [mPa-s]
Fine coal 49% Cw 50% under 40pm 1 5
Coal tails 31% C,, 50% under 70pum 2 60
Copper concentrate 48 % C,, 50% under 35um 19 18
21.4 % Bauxite <200pm 1163 8.5 4.1
Gold tails 31 % C,, 50% under 50um 5 78
18 % Iron oxide <50pm 1170 0.78 4.5
7.5 % Kaolin clay Colloidal 1103 7.5 5
Kaolin 32 % C,, 50% under 0.8um 20 5
58 % Limestone <160pm 1530 2.5 15
Phosphate tails 37 % C,, 85% under 10pum 28.5 14
14 % Sewage sludge 1060 3.1 24.5
Red mud 39 % C,, 5% under 150um 23 30
Zinc concentrate 75 % C,, 50% under 20pum 12 31
Uranium tails 58 % C,, 50% under 38um 4 15
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2.3.2. Pseudoplastics

In shear thinning, or pseudoplastic, liquids viscosity is lowered as shear rate
increases. They also have an infinitesimal shear stress which is sufficient to
initiate motion. Pseudoplastic flow is encountered in slurries where fine particles
form loose aggregates. Behaviour of pseudoplastics is difficult to predict
accurately, but various empirical equations have been developed. The equations
involve at least two empirical factors, one of which is an exponent. Thus,
pseudoplastic slurries are often called power-law slurries. The shear stress in
pseudoplastic slurries is a function of shear rate according to the following

equation (4) (Abulnaga, 2002).

Tw = K[(dy/dt)"] )

Where
K = Power law consistency factor (Pa‘s")
n = Power law behaviour index (-)

dy/dt = Shear rate characteristic to the measurement device (-)

nis < 1 for pseudoplastic slurries. The empirical factors can be determined in
laboratory testing using a rheogram. For Bingham plastics the coefficient of
rigidity is a linear function of the shear rate above the yield stress but in the case
of pseudoplastics it is expressed by the following exponential equation (5).
(Abulnaga, 2002)

n = K(dy/d)"! (5)

Examples of pseudoplastic slurries and their coefficients are shown in table 2.
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Table 2. Examples of pseudoplastic power-law slurries (Heywood, 1996).

Particle . Raqge of Power law
Slurry size, d Range of weight consistency behaviour index
[ ;n]so conc. [%] coefficient K N ’
K [Ns"/m’]
Cellulose acetate 1.5-74 1.4-34.0 0.38-0.43
Drilling mud, barite 14.7 1.0 - 40.0 0.8-1.3 0.43-0.62

1.0 - 15% sand
Sand in drilling mud 180.0 using drilling mud, | 0.72-1.21 0.48 - 0.57
with 18% barite

Graphite 16.1 0.5-5.0 Unknown Probably 1
32.2 (4.1 graphite

r?l?gr;hel;?uiliydroxide >0 i?:gijsium 322 0.16
hydroxide)

Flocculated kaolin 0.75 8.9-36.3 0.3-39.0 0.117 - 0.285

Deflocculated kaolin 0.75 31.3-63.7 0.011-0.6 0.82-1.56

Magnesium hydroxide | 5.0 8.4-453 0.5-68.0 0.12-0.16

Pulverized fuel ash 38.0 63-71.8 33-93 0.44 -0.46

Pulverized fuel ash 20.0 70.0 - 74.4 2.12-0.57 0.48 - 0.57

There is also another class of pseudoplastic slurries, known as yield pseudoplastic
slurries. They are effectively very similar to pseudoplastics, except that a yield
stress must be overcome at zero shear rate for motion to occur. Thus, they are a
combination of Bingham plastics and pseudoplastics. Their shear stress can be
determined with a slightly modified pseudoplastic equation that takes in account
the yield stress. Yield pseudoplastic behaviour can be seen in some organic

sewage sludges and kaolin slurries. (Abulnaga, 2002)

An important characteristic related to yield stress of flocculated slurries is their
thinning behaviour under shear. A distinction has to be made between true
pseudoplastic fluids, commonly known as shear-thinning, and fluids that are
thinned under shear stress but do not recover to higher viscosity after the shear is
removed. This is common in, for example, gravity thickeners, where a chemical
flocculant is added to promote settling of solid particles by the formation of larger
flocs. The formation of flocs also increases the yield stress of the settled fluid,
often so much that pumping is no longer possible. Pumping with centrifugal

pumps is regarded as very difficult above yield stresses over 150 Pa. (Myllymaéki,
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2013) As a result, thickeners are often equipped with shear thinning pumps that
circulate the flocculated slurry to break down the flocs and lower the yield stress

to levels that are acceptable for pumping with centrifugal pumps.

2.3.3. Dilatancy

Dilatant slurries are the opposites of pseudoplastic slurries. In dilatant slurries an
increasing shear rate causes the rate of increase of shear stress to rise. That is,
dilatants slurries get ‘thicker’ as shear rates increase. Dilatancy is also referred to
as shear thickening. Same equations can be used to describe both dilatants and
pseudoplastic slurries, with the exception that the power law behaviour index n is >
1 for dilatants slurries. Dilatant slurries are much rarer than pseudoplastic slurries.

(Abulnaga, 2002)

2.4. Density

Density of a slurry is affected by the density of the carrier liquid, density of the
solid particles and the concentration of the solid particles. The concentration of
the solid particles is often given in percent by weight, as it is more convenient
when calculating pipeline throughput tonnages. However, slurry properties in
pipeline flow are more related to the volume of solids. Density of slurry using

solid percent by weight is defined by the following equation (6) (Wasp, 1977).

~ 100
Pm =Gy 100~ Cy (©6)
Ps 2

where

Cyw = concentration by weight in percent

pm = density of the mixture, or slurry (kg/m’)
p1 = density of the carrier liquid (kg/m’)

p, = density of the solid particles. (kg/m’)
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The concentration of solids by volume, Cy, is expressed in percents by the

following equation (7) (Wasp, 1977).

C
100 =&
¢, = Cwpm _ Ps )
ps  Cw 100-C,
Ps P

The concentration of solids by weight, Cw, in percent is conversely expressed by

the following equation (8) (Wasp, 1977).

Cops _ Co/ps
Pm Cyps + (100 - Cv)

Cw = (®)

Slurry density can be measured directly in either laboratory testing or using online
measurements. However, when measuring settling slurries, care must be taken to
ensure that larger particles do not settle out of the sample prior to measurement. In
the case of online measuring, flow rates need to be sufficiently high to ensure
proper suspension of particles. It is sometimes perhaps better to measure the
particle and fluid densities to define the density of the slurry of a given
concentration. Conversely, slurry density can be used as a measure of

concentration. (Abulnaga, 2002)
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2.5. Specific heat

Thomas (1960) developed the following equation (9) to determine slurry heat
capacities from the specific heats of the pure solid and liquid components

according to concentration by weight.

_ Cps CWS + Cpl CW[
a 100

CPm ©)

Where:
C, = Specific heat (J/K)
Cy = Concentration by weight in percent

m, 1, s = Subscripts for mixture (slurry), liquid and solids, respectively.

2.6. Thermal conductivity

Similarly as with density measurements, settling inflicts problems to
measurements of thermal conductivity. Orr and Dalla Valle (1954) added small
quantities of agar to suspensions to solve this issue and derived the following
equation (10) to calculate thermal conductivities based on the thermal
conductivities of the carrier liquid and solid particles and the volumetric

concentration of the solids.

. 2k; + kg — 2C,(k; — k)
m = 2k 4+ kg + C, (k) — k)

(10)

Where:
k = Thermal conductivity (W m™ K™)
Cy = Concentration by volume in percent

m, 1, s = Subscripts for mixture (slurry), liquid and solids, respectively.

Despite being derived from slurries stabilized with agar, the equation also applies

well to non-gelified slurries in practice. However, heat transfer issues are not very
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prominent in mineral processing industries and are mostly confined to the nuclear
industries, processing of tar sands, feeding slurry to autoclaves and certain

emulsion based slurries. (Abulnaga, 2002)

2.7. Flow regimes

When designing slurry systems perhaps the most important attribute that needs to
be determined is the settling behaviour of the slurry. Slurries are, in practice,
divided into two types based on how the particles settle in the carrier liquid under
flowing conditions. All solid particles will settle in any carrier liquid given
enough time. All gravity separation methods are based on this fact. In practical
applications, however, it is paramount to known how the solid particles behave
when the objective is to transport the solid particles using hydraulic conveying, i.e.
slurry pumping. Residence times have to also be kept in mind. For example, the
residence time of a slurry flowing at 1 m/s in a 100 km pipeline is about 30 hours.
This is enough time for particles with a settling velocity of 0.001 mm/s to double
in concentration in the lower half of a 200 mm pipe, even though such slurry

would be classified as non-settling. (Brown & Heywood, 1991).

In heterogeneous or settling slurries the particles are not properly suspended in the
carrier liquid and instead are merely transported along with the liquid. However,
at high velocities they may become suspended by turbulence. With heterogeneous
slurries care must be taken to ensure that the velocities in pipelines are above the
critical settling velocity of the particles to prevent plugging of pipelines.
Heterogeneous slurries are typically water based with a large percentage of solids
being greater than 100 pm in size. Low content of fines (solids smaller than 40
pm) means that the carrier fluid (water and the fine particles) is essentially similar
to water. Homogeneous or non-settling slurries are slurries where the solid
particles are suspended in the carrier liquid and they form one continuous phase.
Homogeneous slurries form attributes that may differ significantly from those of
water or other simple Newtonian liquids. The fine particles increase the viscosity

of the fluid (Abulnaga, 2002).
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Whether a slurry is settling or non-settling is determined by the particle size and
specific gravity of the solid particles. A crude determination between settling and
non-settling behaviour can be made using a chart presented in Figure 5 (Bootle,
2002). This is a very rough method and should be treated as such. It only takes
into account the average particle size and the specific gravity of the solid particles,
while slurry concentration has also an effect on the settling behaviour of solids.
For example, high concentrations of fine particles increase the viscosity of the
fluid. Higher viscosities help the suspension of larger particles and while figure 5
might quantify a certain slurry or particle as settling, it could very well in practise
behave as a non-settling slurry. Vice versa, slurry with a low dso can contain a
significant portion of larger particles that could cause problems during low
velocity pipe transport. The aim of figure 5 is, thus, merely to serve as a reminder
of the domain in which a process engineer should take into account the possibility
of solids settling in the slurry. The two different flow regimes and settling in

pipelines will be discussed in more detail in the next two chapters.
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Figure 5. Determining if slurry is settling or non-settling (Bootle, 2002)
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2.8. Laboratory testing methods for slurries

Laboratory measurements are commonly used in slurry system engineering to
predict pipeline friction losses and yield stresses. However, the amount of
measurements that can be made in small scale in a laboratory is usually limited to
the specific gravity of the slurry, particle size distribution, viscosity and yield
stress. Viscosity and yield stress can only be measured for slurries which are
clearly non-settling. Measurement of viscosity for a settling slurry is very difficult,
as the solids settle out of the liquid, making accurate measurements practically
impossible. Additionally, settling particles do not contribute to the viscosity of the
carrier fluid. If the particle size distribution is very wide and the slurry contains
significant amount of fines along with coarse particles, viscosity of the carrier
liquid and the slowly setting fines (i.e. the supernatant fluid after larger particles
have settled out of it) can be measured to provide some indication of the
behaviour of the settling slurry. However, for accurate empirical testing of
pipeline head losses and pumpability data to be achieved for settling slurries,

larger scale pilot-plant flow loop studies have to be employed.

For non-settling slurries, measurement of viscosity and yield stress is common
and required. Practically no pipeline design can be made without knowing the
viscosity and yield stress of the slurry. Heywood (1991a) points out that despite
much work that has been devoted to understanding why slurries have certain
rheological properties, it is impossible to predict, with any reasonable degree of
accuracy, the rheological properties of a given slurry no matter how well the

slurry’s physical and chemical properties may have been specified.

Yield stress can be measured using standard viscometers. Pumping with
centrifugal pumps becomes difficult above yield stress of 150 Pa (Myllymaiki,
2013). The pumpability with centrifugal pumps can also be estimated using a so-
called Warman slump ring test. The slump ring test is essentially a metal plate
with a set of concentric rings inscribed on the surface. The central ring is 50 mm
in diameter and the other rings increase in diameter by 20 mm each. A thin pipe

with a 50 mm internal diameter and 50 mm height is placed on the central circle
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and filled with the slurry. The pipe is then gently lifted off and the slurry is
allowed to spread (or slump) onto the metal plate. If the slurry does not spread out
to at least the third ring, the slurry is deemed too thick and a centrifugal pump will
normally not be able to pump it. (Anon, 2002). The Warman slump ring test is
presented in figure 6.

Figure 6. Warman slump ring test

Another similar test is the ASTM C143 Standard Test Method for Slump of
Hydraulic-Cement Concrete, which can also be applied to test behaviour and yield
stress of non-settling slurries and pastes. The ASTM slump test procedure is

presented in figure 7.
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Figure 7. ASTM C143 Standard slump test method
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3. FLOW OF SETTLING SLURRIES

For heterogeneous slurries where the solid particles are not properly suspended in
the carrying liquid, accurate determination of the settling velocity is perhaps the
first and most important step in designing a pipeline, as the settling velocity

dictates the diameter of the pipe for a given required flow.

Heterogeneous flows usually consist of fairly large particles transported via a
water flow which leads to high friction losses and abrasion. It would, then, seem
logical to use large diameter pipes to minimize the friction and allow for lower
pump speed, head output and lower wear and horsepower draw. However, due to
the settling nature of heterogeneous flows, too low flow speeds will lead to

sedimentation of the solid particles. (Abulnaga, 2002)

3.1. Flow regimes for heterogeneous slurry flows

The regimes of flow for Newtonian, heterogeneous settling slurry flows are
generally divided in to four flow regimes. The nomenclature for the regimes
changes from author to author, but in this chapter, nomenclature used by

Abulnaga (2002) will be followed. The four regimes are:

e Flow with stationary bed.

¢ Flow with a moving bed and saltation (with or without suspension).

e Heterogeneous mixture with all solids in suspension.

e Pseudo-homogeneous or homogeneous mixtures with all solids in

suspension
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The four different flow regimes are illustrated in figure 8 and figure 9. In figure 8
the regimes are shown with particle size vs. mean flow velocity. In figure 9 the

regimes are shown in terms of flow velocity vs. volumetric concentration.
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Figure 8. Flow regimes for heterogeneous flow with particle size vs. flow velocity
(Abulnaga, 2002)

Figure 8 shows that with increasing mean flow velocity, the flow regime changes
from a completely stationary bed to a moving bed. With further increasing flow
speeds, the particles become suspended in the carrier liquid. Also, the particle size
of the solid particles has an effect on the flow regimes. Larger particles require
higher flow speeds to achieve suspension or moving bed. For smaller particle
sizes and high mean flow velocities, it is possible to achieve flow that has pseudo-

homogeneous or even homogeneous suspension behaviour.

Figure 9 shows the same situation in the terms of velocity vs. volumetric
concentration with more accurate flow regimes for low flow speeds. Higher
volumetric concentrations at low flow speeds will lead to deposits and even
blocking of the pipe. In practice, partial blockage of the pipe will lead to increased
flow speeds through the reduced diameter.
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concentration. (Abulnaga, 2002)

An illustrative sketch of the way particle concentrations vary on the y-axis of a

horizontal pipe depending on the volumetric concentration and flow velocity is

presented in figure 10.
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Figure 10. Simplified sketch of particle distribution as a function of volumetric
concentration and flow velocity (Abulnaga, 2002).
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Selection of an appropriate flow speed is an optimization issue. Higher flow speed
prevents settling and sedimentation of solid particles but also increases pumping
costs and leads to higher wear in both the pipeline and pump. Higher flow speed
also requires faster impeller speeds, which can be very detrimental to pump
service life. Larger pipes allow lower pipeline friction losses and wear, but lead to
flow speeds that are insufficient to achieve acceptable moving speeds for the solid

particles.

3.1.1. Flow with a stationary bed

When the flow speed is low, a bed forms at the bottom of the pipe. Larger
particles settle at the bottom with finer particles layering on top of them. The
smallest of particles may continue to move, suspended by the flow. If the flow

speed is sufficiently low, the pipe will eventually be blocked.

Some flow with saltation and asymmetric suspension does occur above the speed
of blockage, as particles are entrained by the flow. Largest particles may creep,
roll or tumble on the bottom but in practise the bed in mostly stationary. The
larger particles are only moved by inter-granular-contact. In some special cases it
might even be beneficial to allow a bed to form on the bottom of the pipe as it
reduced the effective cross-sectional area of the pipe. In most engineering
specifications, however, it is essential to make sure that flow speeds in slurry
pipelines are high enough to prevent stationary beds from forming. (Abulnaga,

2002)

3.1.2. Flow with a moving bed

A moving bed is similar to a stationary bed in that the larger particles settle on the
bottom of the pipe. However, with a moving bed the flow speeds are high enough
to ensure that the material keeps moving in the pipe. Particles move in the pipe
much like sand dunes move in deserts. If the particle size distribution is large,
vertical layers of different particle sizes form in a horizontal pipe, with larger

particles (or in general particles with faster settling speeds) moving along the
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bottom of the pipe. Additionally, particles on the upper layers move faster than
particles on the lower layers. Particles sliding along the bottom of the pipe cause

additional pressure losses and wear on the pipe. (Abulnaga, 2002)

3.1.3. Heterogeneous flows with turbulence suspension

As the flow speeds increase further, turbulence becomes sufficient to move even
the largest particles without forming a bed. Particles are being moved by both
inter-granular contact and fluid support mechanisms. The flow is still asymmetric,
meaning that on average a vertical particle size gradient is present in the pipe.
Additionally, particles may and do strike the bottom of the pipe, bouncing back.
This leads to increased wear on the bottom of the pipe compared to other parts of
the pipe. Pipes need to be designed with this in mind. A practical solution is to
rotate the pipes during maintenance to ensure even wear on the pipe. Furthermore,
flow speeds in the pipe remain heterogeneous in that finer particles travel

somewhat faster. (Abulnaga, 2002)

3.1.4. Suspended homogeneous or pseudo-homogeneous flow

At high velocities, practically all solids may move in a symmetric flow pattern
and slurries behave as homogeneous or pseudo-homogeneous flows. In this type
of flow, particles are carried by the fluid rather than inter-granular contacts.
(Wilson et al. 2006) In pseudo-homogeneous flows some degree of particle size
segregation is permitted, but otherwise the flow is very close to properly
suspended homogeneous flow. Power consumption is linearly proportionate to the
static head multiplied by the velocity, but is proportional to the cube of velocity
needed to overcome friction losses. Thus, power consumption in pseudo-
homogeneous flows speeds for mixtures of coarse and fine particles may be

excessive for long pipelines. (Abulnaga, 2002)
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3.2. Transitional velocities

The four different flow regimes can also be presented as a graph where pressure
drop per meter of pipe is plotted against mean flow velocity. The pressure drop

behaviour of the each flow regime varies significantly. The graph is presented in

figure 11.
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Figure 11. Pressure drop vs. speed of flow for different flow regimes of
heterogeneous settling slurries. (Abulnaga, 2002)

The numbers marked on figure 11 represent transitional velocities, which are flow
velocities in which one flow regime transforms to the next. As the graph clearly
illustrates, lowest pressure drops are achieved at transitional velocity Vs, often
also called the limiting velocity Vi, the critical velocity V¢ or the deposition
velocity Vp. A historical term one may also encounter is the Durand velocity. V3
is the velocity in which flow speeds are sufficiently high to prevent a moving bed

from forming on the bottom of the pipe. At high flow velocities, even settling
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slurries start developing homogeneous characteristics as turbulence suspends
particles. At homogeneous or pseudo-homogeneous flow regimes the pressure
drop gradient is very similar to that of water, albeit naturally higher due to the
increased density and viscosity of the slurry imposed by the suspended solid

particles. (Abulnaga, 2002)

The shape of the curve is very typical for slurries. Below the critical deposition
velocity at point 3, solid particles start to increasingly slide along the bottom of
the pipe as a moving bed forms. This increases the pressure loss, as shown by the
rising curve. As the flow speed drops further, a stationary bed forms and
eventually the pipe becomes blocked, stopping flow. This also explains the
somewhat illogical situation that may be encountered in piping design, where
dynamic pressure losses are actually higher for low flow speeds than higher ones.
This may seem unintuitive to an engineer who is used to dealing with clean liquid

flows.

From an engineering point of view the flow speed region above V3 is a very
attractive as bed forming from settling particles is not an immediate issue and the
pressure drop gradient is at minimum. V3 becomes perhaps the first variable to be

determined when a slurry pipeline is being designed. (Abulnaga, 2002)

Transitional velocities V| and V, have little practical usage in slurry system
engineering and are mostly of interest in lab testing, design of instrumentation and
monitoring of start ups. They should not, however be used as a design guideline

and as such are not presented in more detail here. (Abulnaga, 2002)
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3.2.1. Calculation of critical deposition velocities

The first equation for determining the Vs (or Vp or V() transitional velocity was
proposed by Durand and Condolios (1952), which is presented in the following
equation (11):

Ve = Vs = Fiy/29D:[(ps — p1)/pL] (11)

Where:

FL = Durand factor based on solid particle grain size and volume concentration (-)
D; = Inner diameter of the pipe (m)

g = Gravitational acceleration (m/s?)

ps = Density of the solids (kg/m®)

pL = Density of the carrier liquid (kg/m’)

The Durand factor is presented usually in a graph for single of narrow graded
particles. The original graph, based on the work of Durand (1953), is commonly
considered to be too conservative for most slurries which are mixtures of particles
of different sizes. However, it is still in use and is used by for example Weir, a
pump supplier specializing in slurry pumps (Anon, 2009). The Durand’s limiting
settling velocity parameter diagram for narrow graded particles is presented in
appendix A. Weir regard narrow particle size distribution as one where the ratio of
particles sizes, expressed as testing screen apertures, does not exceed

approximately 2:1 for at least 90 % by weight of the total solids.

As an experimental factor, several other correlations have been proposed, each
attempting to improve on the pioneering work of Durand. Reviews of various
correlations can be found from literature, for example by Carleton and Cheng
(1974) and Turing et al. (1987). A modified Durand’s limiting settling velocity
parameter diagram used by Weir (Anon, 2009) suitable for a more widely graded

particle sizes is presented in Appendix B.
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Schiller and Herbich (1991) proposed the following equation (12) for the

calculation of the Durand factor:

F, = {(1.3-C)***)[1 — exp(—6.9 - dso)]} (12)

Where:
Cy = Concentration by volume in percent

dso = Particle size at which 50 % of the solids are finer (mm).

Wasp and Aude (1970) developed a modified equation, usually known as Wasp’s
equation, based on the equation by Durand and Condolios (equation 11). They
included a ratio between the solid particle diameter and the inner diameter of the
pipe. The equation also includes a modified Durand factor, F;. Wasp’s equation is

presented in equation (13).

1/6
Ve = Vs = F{y2gDil(ps — p)/pu] (2) (13)

Where:
F} = 3.399 ¢y %2156 (14)

The results from Wasp’s equation for critical deposition velocity are generally

lower than those produced by the original Durand formula.

Wilson et al. (2006) use a similar term, the velocity at the limit of stationary
deposition, based on Wilson’s earlier work in the 1970’s. This is a flow speed
below which a stationary bed forms in the pipe. They parallel this with Durand’s
critical deposition velocity. However, this comparison is not entirely accurate. In
Durand’s model the critical deposition velocity represents a flow speed below
which a moving bed forms. As discussed earlier, there is a difference between a

moving bed and a stationary bed.
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Wilson et al. (2006) found that the velocity at the limit of stationary deposition is
concentration dependent, having low values at low concentrations and rising to a
maximum value at some intermediate concentration value and then dropping off
again at higher concentrations. They used force balance analysis to develop a
model for the prediction of the velocities at the limit of stationary deposition, and
especially for the maximum velocity, denoted Vgy. The problem with the model is
that it requires a lot of values that are not available for a process engineer in the
basic engineering phase of a project. In addition it requires a lot values only
published as graphs, making its usage very cumbersome when there is a need to
size possibly hundreds of different pipelines and pumps. The authors also created
a nomographic chart representation of it for simpler use, which sacrifices accuracy.

The nomogram is presented in appendix C.

3.2.2. Comparison of deposition velocity calculations

Results given by Durand’s formula are generally accepted to be very conservative.
Especially with large pipe sizes and high volumetric flows, Durand’s formula
starts suggesting critical deposition velocities that are in practise impossible to
achieve without excessive pressure losses and wear. This is what the Wasp’s
equation tries to adjust with the added ratio. Furthermore, Wilson’s Vgy values are
also always lower than those of Durand’s. However, as Warman International Itd.
(nowadays part of Weir Minerals) point out in their slurry pumping manual (Anon,
2002), it is possible that Wilson and Durand simply used different criteria for their

velocities, making direct comparison difficult.

Durand’s method has been used extensively over the years and it is inherently
safer than Wilson’s method. Obviously the advantage of Wilson’s method, if it is
accurate, is that larger pipes are selected, leading to less pipe wear and lower
dynamic pressure losses. But there simply isn’t as much accumulated user
experience with Wilson’s method. It should be applied with caution until

sufficient confidence is accumulated through practical experience.
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3.3. Frictional head losses for heterogeneous slurries

For slurry consisting of fairly large settling particles, the estimation of friction
losses in pipelines is very difficult. Complex calculation methods for their
estimation do exist and they are well described by authors such as Jacobs (2005).
They are, however, cumbersome and mostly require data and knowledge not
available to a process engineer or a plant designer in the phase of the project
where most piping design is conducted. Ever since slurries have been flowing in
pipes, engineers and scientists have tried to estimate losses due to solid content
with an equal amount of water by correlating various variables such as the
volumetric concentration of solids, drag coefficients, terminal velocities of the

solids and so forth. (Abulnaga, 2002)

Fortunately, pipeline friction head losses are not very significant in short pipelines
usually encountered in minerals processing plants. Estimations of the head losses
can be made that are sufficiently accurate for the application. In most cases,
simply using the slurry specific gravity for the density of the flowing fluid will
provide sufficiently higher friction losses to ensure that the head requirements are

well met.

It would take a very brave and experienced (or inexperienced) engineer and a very
trusting and merciful plant owner to approve building of a large scale extensive
pipeline for slurry transportation based on only calculations made using a model

found in a handbook without verifying them with experimentation (Anon, 2002).
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3.3.1. Simplified approach for estimating solids effect

Wilson et al. (2006) have described a simplified method for estimating the head
loss due to the solids in pipeline transport. The method can be used even with
limited information available and it can be a useful tool for preliminary design of
longer pipelines. A few terms need to be introduced for its usage. The hydraulic
gradient, or head loss, is given as meters head of water per metre of pipe and
denoted as 1, subscript m (im) 1s used to denote the head loss of the mixture (slurry)
and subscript f (if) is used to denote the head loss of an equivalent flow of the
carrier liquid alone. In most cases the carrier liquid is water and ir can be replaced
with iy, for water. The solids effect is presented as (i - i) and it represents the

additional head loss caused by the solids. (i, — 1f) is calculated using equation (15):

-M

=0.22 (%) (15)

(im — if)
(Sm _Sf)

Where:

S = The specific gravity of the mixture

S¢= The specific gravity of the carrier fluid (often 1.00, for water).

V = flow speed (m/s)

V5o = flow speed (m/s) in which 50% of solids are suspended by fluid.

M = A power exponent.
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The power exponent M and the flow velocity in which 50 % of solids are

suspended by fluid (Vs) can be estimated using equations (16) and (17):

Vso = 3.93 d23°[(Ss — 1)/1.65]%4507025 (16)

Where:
dso = Grain size at which 50 % of the solids are finer (mm)
Ss = The specific gravity of the solid particles

or = The ratio of the actual viscosity of the carrier liquid to that of water at 20 °C

M ~ [In(dgs/dso)] " (17)

Where:
Dso = Particle size at which 50 % of the solids are finer (mm)

Dgs = Particle size at which 85 % of the solids are finer (mm)

In practise when estimating slurries, M has lower and upper limits and should not

be allowed to exceed 1.7 or fall below 0.25.

(im-1f) can now be calculated from equation 13. The head losses for equivalent
volume flow of the carrier liquid alone, i, can be calculated using standard
methods for dynamic head losses. It is taken to contain all pipe friction losses as
well as head losses in valves and pipe fittings. When ir is presented as head in
meters of water per meter of pipe, the solids effect (in-1r) can be added to it to
calculate the head losses for the actual slurry flow, iy,. The slurry flow head losses
are also presented as meters of water per meter of pipe and should be converted to
total head loss for the whole pipe, as the value obtained for iy, is averaged for the

whole pipe. If desired, it can also be converted into units of pressure.
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3.4. Effect of solid particles on performance of centrifugal

pumps

Solid particles have an adverse effect on the performance of centrifugal pumps.
Less research has gone into the analysis of the effect of solids on pump
performance than resistance to flow in pipelines, but authors such as Wilson et al.
(2006) expect the underlying reasons to be partly the same. Only the water part of
a slurry generates discharge head in the pump while the solids are not contributing
anything. Therefore, there is always a head loss and extra expenditure of power

when pumping solids in comparison to pumping water alone. (Anon, 2002)

Slurry pumps, like all pumps, are designed and tested using water as a reference
liquid. Pump suppliers produce pump curves for their products that are used in
selection of pumps, but these curves practically always only apply for water. Thus,
if a plant designer determines the operating point for his slurry application and
uses this operating point to select a pump from a water pump curve, the pump will
be insufficient for the application. To prevent this, a coefficient generally known
as a head ratio, Hg, needs to be applied to the calculated slurry head. The head
ratio is always smaller than unity, as a pump is unable to generate equivalent head
for slurry as for clear water. The head ratio is defined by dividing the generated
head when pumping slurry by the generated head when pumping water (Hy/Hw).
In practise it needs to be approximated mathematically and then used to increase
the determined slurry head to a larger water head value that is suitable for pump
selection. The head ratio depends on the concentration, specific gravity and
particle size distribution of the solid particles as well as the pump impeller

diameter. The head ratio is hence an attribute of the specific pump.

Various ways exist for the determination of the head ratio. Engin & Gur (2003)
evaluated existing correlations and developed their own, improved correlation
based on the results. They found the new correlation to provide a closer

approximation with experimental data than all other evaluated correlations.
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Instead of calculating the head ratio directly, they used the term head reduction

factor, Ky, which equals 1-Hg. Their correlation is presented in equation (18).

C :
Ky = 2.705%(55 - 1)0'64(d50/Dpi)0313

(18)
Where:

Cw = Concentration by weight in percent

Ss = Specific gravity of the solid particles

Dso = Particle size at which 50 % of the solids are finer. (mm)

Dy = Pump impeller diameter (mm)

Efficiency of pumps is simil