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Preface

Slurries are unusual mixtures. They adopt characteristics quite different from the 
bulk of solid particles carried with them or the liquids in which they are suspended or 
partially suspended. They range from mixtures with very fine particles to those with 
coarse particles such as sand and gravel.

This book is an important collection of technical information on slurry technology. 
Chapters cover such topics as high-concentration conveying, vertical transport of 
fine particle slurries, rheology of sludges, pipe wear, and wastewater applications. 
It begins with an introductory chapter by the editor that summarizes important 
advances in slurry technology and ends with a chapter on fluidisation. 

Slurries are fascinating mixtures that have at least two major manifestations: settling 
and non-settling. Both types suffer from holdup, a measure of delayed and retained 
solids in a pipeflow, but the process of modelling it for the two is different. Chapter 2 
by the editor models the phenomenon of holdup of settling media in horizontal ducts. 
It describes the important distinction between in situ concentration and delivered or 
efflux concentration and its implications. In situ concentration is always greater than 
efflux concentration because of settling, so there must be a gradation in axial velocity 
to satisfy the demands of the continuity equation. The two-layer model by Professor 
K.C. Wilson, invented more than 50 years ago at the time of this writing, simplifies 
this gradation into two layers: a suspension layer supported by hydrodynamic forces 
only, and a settling layer gaining additional support from pipe walls and hindered 
settling.

Vertical ducting is at least as important as horizontal ducting. In Chapter 3, Professor 
Bartosik presents a study of solid–liquid turbulent pipeflow in a vertical conduit and 
the mathematical model that it supports. The model centres around an empirical 
equation for the standard turbulence damping function, which is a factor in the 
computation of the turbulent viscosity. In its original form, it is a function of 
turbulent Reynolds number only. The author proposes a modification of the factor to 
account for variations in particle diameter and volumetric concentration, supported 
very clearly by experimental evidence.  The author is at pains to state that the results 
apply to specific particle populations and vertical flow but leaves us in no doubt that 
particle diameter plays an important part in predicting frictional head loss as does 
solid concentration in a secondary role.

In Chapter 4, Dr. Pullum explains that the upper limit of concentrations for slurries is 
conventionally limited to 40% (volume/volume) to minimise risks of pipe blockage 
and restarting difficulties. In pneumatic transport, no such limit applies, and this 
underlies the motive, perhaps the credo, to extend the concentration range for 
slurries. The journey is by no means simple because slurries can be very complex 
mixtures, but the author explains in careful detail how high-concentration hydraulic 
conveying of coarse particles can be achieved. Inevitable increases in operating costs 



and specialised equipment to separate coarse and fine are set against lower pumping 
power requirements and reduced wear. 

There is a resonance between Dr. Pullum’s chapter and that of Dr. Arno Talmon 
and his co-author Ebi Meshtaki in Chapter 5 on wall slip in harbour muds. Dr. 
Talmon covers the very interesting phenomenon of wall slip in rheometry applied 
to slurries and sludges.  Rheometry measures the viscosity of a medium using a 
variety of techniques. If a vane and cup technique is applied, no wall slip occurs. If a 
bob-in-cup method is used, shear stress at the wall is sensibly constant for an initial 
application of shear strain before rising as further strain is applied. The concept has 
wide implications beyond the laboratory and Dr. Talmon presents results applied to 
harbour walls and sea defences. 

Particle size and the grading of particle sizes are important factors in transporting 
slurry media. Broadly graded mixtures reduce energy loss due to friction in both 
horizontal and inclined flows. Ascending and descending flows show predictably 
different results for hydraulic grading (the rate of pressure loss with downstream 
distance). Stratification (the selective classification of particles based on size) is 
an important factor in this difference.  In Chapter 6, Professor Matoušek and his 
co-authors Zdenĕk Chára and Jiři Konfršt present a wealth of data on pipe inclination 
and particle size.

Visualisation of the contents of a slurry duct has informed much of the research into 
flows of varying concentration distribution. At its simplest level, flow can be passed 
through transparent sections of pipe and photographed laterally. Penetration of 
the cross-section can be achieved by a variety of techniques including gamma-ray 
interrogation, particle image velocimetry, laser Doppler anemometry, and electrical 
impedance tomography. For some investigations computed tomography, including 
magnetic resonance tomography, has been borrowed from medical colleagues. A 
particularly useful technique has been electrical resistance tomography (ERT). 
Electrodes are positioned around the duct and the resistance experienced by an 
injected current is used to construct a grid of concentration measurements. ERT can 
be deployed even when the liquid phase is opaque. In Chapter 7, Dr. Lachlan Graham 
presents details of the basic theory of ERT and describes the difficult problem of 
image reconstruction.

Pipe wear is an inevitable consequence of transporting particle-laden liquids. Wear 
presents a huge cost to industries worldwide and has attracted research to measure, 
model, and hopefully reduce it. In Chapter 8, Professor Wood and his co-author 
Alexander Cook explain the research efforts directed at the problem. Computational 
Fluid Dynamics (CFD) is used to model the flow field with a mesh and to solve the 
conservation equations (mass, momentum, and energy) at the nodes and spaces. On 
paper, this technique holds great promise for the future of wear studies, but despite 
improved particle impact modelling, particle tracking, and dynamically deforming 
geometry, erosion predictions have so far been disappointing. The Moving Deforming 
Mesh technique has demonstrated great promise, however. The idea is to update the 
computational mesh at regular intervals based on local erosion rates and the geometry 
of the containing walls. In this way, erosive deformations are integrated into the flow 
field and secondary erosion patterns can be predicted. Pipe layout and internal finish 

IV

have a great influence on the life of vulnerable components. Professor Wood opines 
that minor melioration in this area could be influential in increasing component 
lifetimes.

Sludges and slurries must be dewatered for good practical reasons. In some locations, 
reclamation of the water they contain is very important to a local community. 
Municipal sludge must be reduced in volume before transportation and dewatering 
is a good way to achieve this. The removal of water is also important in improving 
the calorific value if the waste is to be incinerated. The discharges of wet sludges and 
slurries can damage the quality of inland waterways. Dewatering can also prevent the 
release of harmful leachates.

In warm countries, lagoons can be employed to evaporate the water content. If this 
natural advantage is limited or unavailable, large plate presses can be employed 
to reduce the moisture content of sludge to cakes of concentrations of about 20% 
volume/volume. Plate press installations are costly to build and equip, but the 
running costs are relatively low. An alternative to plate presses are belt filter presses, 
which are less expensive to install but with relatively high running costs due to the 
additives that are needed. Professor Fester and her co-author Rössie Werner explain 
the issues in Chapter 9.

Finally, Chapter 10 covers an important application of slurry flow principles. The use 
of slurry-bed reactors can be traced back to the Second World War when they were 
used in the synthesis of oil. Professor Fanhui Meng and his co-author Muhammad 
Asif Nawaz compare three types of reactors: the mechanically stirred slurry reactor, 
the bubble column reactor and, the three-phase fluidised bed reactor. 

Dr. Trevor Frank Jones
TFJ Consulting Ltd.,

Derby, United Kingdom
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Chapter 1

Introductory Chapter: Slurry 
Technology – New Advances
Trevor Frank Jones

1. Introduction

Mixtures of particles and liquids are often considered to be slurries, but this is not 
always an accurate description. A gravel extraction might comprise large pebbles in 
the water, but the solid and liquid components would have distinctly independent 
behavior (Figure 1). A slurry has its own character quite different from carrying 
liquids or entrained bulk solids. The term covers a wide range of mixtures from “non-
settling” slurries, usually of very fine particles, to slurry fluidized beds1.

Before we can study these intriguing mixtures, we must briefly discuss their 
settling propensity. The distinction between settling slurries and others is not precise. 
All particles in a liquid have a gravitational potential however minute that potential 
might be. A settling rate of 0.6 mm/s has been suggested as the upper limit for a “non-
settling slurry”, but this is might be considered a little over-prescriptive. If a fine 
particle slurry can be shown to be effectively a non-settling continuum for a specific 
application, deposition concerns can be largely ignored and many offline and online 
measurements carried out. However, many industrial slurries have a settling compo-
nent, and practitioners are finding new ways to face the challenge of handling them.

When studying the flow of a slurry, frictional headloss and pipe velocity are 
most important not least because they have a direct bearing on the requirements for 
a suitable pump. The orientation of the pipe run (horizontal, vertical, or graded) is 
another major factor. Determination of deposition patterns in horizontal pipelines is 
a non-trivial task while rising mains have axially symmetric velocity distributions but 
increased pressure drops. Lastly, the design concentration of the slurry or sludge has a 
pivotal influence on the choice of pumping system.

1 Slurry fluidized beds are gas–liquid–solid mixtures often given a category of their own. They have 
specialized industrial uses, for example in the synthesis of methane.

Figure 1. 
Solid-liquid mixtures are not always slurries.
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2. Horizontal slurry ducts

Workers in the 1950s, following an influential study by Durand & Condiolis [1], 
identified regimes for the flow of slurries in horizontal ducts. Categories included 
a classification by size, but inter-relationships with pipe velocities, particularly 
those for deposition added a layer of complication in identifying the flow regime. 
Subsequently four regimes were proposed, based on increasing axial pipe velocity 
(other factors having been defined):

1. Flow with a stationary bed ( < ≤0 U 1MU ).

2. Flow with a moving bed ( < ≤U1 2M MU U ).

3. Heterogeneous flow with saltation heaps. As velocity progresses, these saltation 
heaps erode and move downstream with a rolling action. At the higher end of this 
velocity interval, all the solids are in asymmetric suspension ( < ≤U2 3M MU U ).

4. Pseudo-homogeneous mixtures in which all particles are in suspension follow in 
sequence from the heterogeneous pattern ( >U 3MU ). Ultimately all the solids are 
in a symmetric suspension and this can be termed a homogeneous mixture. Note 
that many researchers use the terms “pseudo-homogeneous” and “homoge-
neous” interchangeably.

It is not always straightforward to identify visually the flow regime of a 
particular slurry against the list of velocity categories alone. An interesting, if 
rather controversial, approach to this problem was proposed by Turian and Yuen 
[2] who proposed coefficients based on friction factor, efflux concentration, pipe 
diameter, and relative density of solid particles in addition to pipe velocity. These 
coefficients were to be used to choose the regime (0…3). A critical evaluation of 
the Turian and Yuen method is given by Mediema [3]. The incorporation of slurry 
flow variables, in addition to pipe velocity, underlines the over-simplification 
implied by the list, but the convenient four-fold categorization by velocity 
remains in common use.

Homogeneity in flowing slurries is aided by turbulence. At a small scale, the flow 
might be extremely complex, but particles are spread by strong mixing actions. 
At high velocities, concentration profiles across the duct are sensibly uniform. 
Conversely, non-settling fines in high concentration can be in laminar flow. When the 
mixture is very well mixed prior to transmission, the medium is confined to stream-
lines and very little mixing takes place within the duct.

When a slurry can be treated as a homogeneous or pseudo-homogeneous liquid, 
continuum techniques (including rheological modeling) can be applied to the flow 
as a whole. Strictly, these methods are not really applicable to other regimes, but that 
does not always prevent them from being applied.

In the discussion above, particle concentration has only briefly been mentioned 
as an important factor. The transportation of slurry flows in turbulent flow has 
usually been constrained by a 40% v/v limit. The reasons for this limit are in the 
fear of pipe blockage if greater concentrations are used. Interestingly, much greater 
concentrations are possible at the cost of improved infrastructure as authors will 
explore in later pages.



5

Introductory Chapter: Slurry Technology – New Advances
DOI: http://dx.doi.org/10.5772/intechopen.109473

3. Vertical slurry ducts

The flow of slurry in a rising main brings a number of specific challenges. As 
already mentioned, the most obvious is the increased pressure that the pump must 
provide in addition to the frictional losses from the pipe wall. The weight in a 
rising main comes from the density of the slurry being pumped and this changes 
with elevation. The first task is therefore to establish the density of the slurry in 
the duct.

The in situ concentration, the concentration across a section of duct, yields the 
density of the slurry at that section. The in situ concentration ( rC ) should not be 
confused with the concentration supplied to, or delivered from, the duct ( )vC . 
Holdup, the ratio of the relative velocity of the solids to the pipe velocity governs the 
in situ concentration, and this determines the mean density. Holdup is defined here as

 −
= = −1s v

r

U U C
U C

  (1)

where sU  is the velocity of the solids component, and U is the pipe velocity.
Engineers usually have knowledge of the efflux or delivered concentration 

required ( )vC  for an application, but holdup and in situ concentrations ( rC ) are not 
generally known at the outset. An Artificial Neural Network (ANN) developed by 
Lahiri and Ghanta [4] is claimed to predict holdup with an absolute average accuracy 
of 2.5%. The value can be used to determine the mean in situ concentration and the 
appropriate density. Their definition of holdup ( r

v

C
C

) is algebraically linked to the 

definition given above, but can exaggerate the accuracy obtained, particularly for 
high values of holdup.

Vertical rising mains are found in many situations. They assume great importance 
in the mining industry both historically and in present day operations. Interesting, 
examples of interest to researchers in coarse particle slurry technology are deep-ocean 
mining and the extraction of coal-water mixtures from depth.

4. Low pipe velocities and non-homogeneous mixtures

At the low to medium pipe velocities found in industrial processes and pipelines, 
particle concentrations usually vary across a section. We recall the reluctance to 
pump a slurry of greater efflux concentration than 40% v/v for fear of blockages. 
For horizontal pipe runs, dense regions accumulate at the lower pipe wall as we have 
already discussed. Despite these difficulties, it is an economic proposition to reduce 
pipe velocity for at least two reasons:

1. Pumping power is approximately proportional to the cube of pipe velocity. If one 
can halve pipe velocity, energy consumed in pumping the slurry will be reduced 
by 87.5% in theory.

2. Pipe wear (per tonne) is approximately proportional to velocity to the power of 
2.5. This implies a reduction in wear of approximately 82% for a halving of pipe 
velocity.
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These factors have encouraged the development of swirl-inducing ducts (Figure 2). 
If sediment from a low to medium-concentration slurry can be swept into suspension 
at a low velocity, there will be savings in power consumption and pipe wear, not to 
mention the prevention of pipe blockages. The interested reader is encouraged to visit 
various contributions to the subject (e.g., Jones [5]).

High-concentration conveying offers an alternative way to exploit the benefits of 
low pipe velocity as explained in later pages of this volume. An example can be found 
in the pumping of liquid concrete. This material is a mixture of several particulate 
elements of widely differing sizes. Utilizing specialized pumping equipment, liquid 
concrete can be pumped at high concentrations and low velocity. Coarse particles can-
not pack at the pipe wall, so a particle-depleted layer exists there. This is sometimes 
given the rather misleading term: the “lubricating layer” [6].

Broad size distribution in the material to be pumped is an important pre-requisite 
for pumping at high concentrations in a Newtonian fluid, such as water. There is a 
very inventive way around this stipulation. Some of the particulate materials can be 
ground to make a non-settling visco-plastic carrier, and the rest of the material can be 
carried within it. Essentially, at low velocity, the carrier is in laminar flow. Machines 
to create this carrier and to separate coarse particles add to plant costs. Dense-phase 
horizontal coarse particle transportation for coal slurries became available when a 
Rotary Ram Slurry Pump (RRSP) was invented [7]. To the incredulity of plant engi-
neers, high-concentration slurries were not required to exceed a minimum velocity 
and could be stopped and restarted at will.

There are empirical methods to determine headloss in non-homogeneous slurries, 
but an alternative is a two-layer model invented by Wilson [8, 9]. Shook and Roco [10] 
presented the model “… in a form which should be easier to follow or modify.” Over the 
years, modifications were needed to improve stability and usability of the model, and a 
completely new interpretation (2LM) is now available. The essence of the model is the 
simplification of the non-homogeneous flow of slurry into two layers. The upper layer 
represents a component completely supported by hydrodynamic forces, and the lower 
layer is a component gaining support from pipe walls and hindered settling. This is a severe 
oversimplification in some eyes, but very good estimates can be obtained.

Designers rely on an estimate of the critical deposit velocity, which is the velocity at 
which a single particle, or perhaps a raft of several particles, will rest immobile at the 
base of a horizontal pipe. The roughness of the particle surface is greater than that of 
the pipe alone and this encourages greater accumulations of particles. These particles 
accumulate into dune-like saltation heaps. The curvature of streamlines around the tops 
of the heaps has an erosive action on the upper particles, which causes a downstream 
rolling action. This low-velocity downstream motion of dunes characterizes heteroge-
neous flow, but it can be overwhelmed, ultimately causing a pipe blockage. Hence, a 

Figure 2. 
Swirl-inducing duct. Two-lobe, a low-loss design (illustrated). Four–lobe, for a greater swirl intensity.
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fundamental design requirement is to apply a pipe velocity greater than the deposition 
velocity. The 2LM model estimates the pipe velocity for a stationary bed. This velocity 
is not identical to the critical deposit velocity because the stationary bed is not necessar-
ily a single layer of particles but the differences in estimates are relatively unimportant.

5. Instrumentation and measurement of slurry flows

Slurries are fundamental mixtures, and this lies at the heart of problems in mak-
ing useful measurements. Designers have little choice but to use historical empirical 
evidence often based on examples of differing flow regimes and differing circum-
stances. It is encouraging to note how successful these designs have been in the hands 
of experienced practitioners.

Size distributions of industrial slurries can often be broad, non-symmetrical, 
or perhaps multimodal. Similarly, distracting is the spread of property values in a 
particle population. This is particularly true of coal slurries in which constituents can 
have hydrophilic (easily wetted) or hydrophobic (resisting wetting) tendencies and a 
broad spread of density. The particles themselves can differ markedly in solid geom-
etry from spherical models from which many theoretical predictions have been built.

Setting aside difficulties in accurate prediction, the situation is not entirely bleak. 
Great progress has been made in online measurements of slurry flows. Radiometric 
methods have been used to measure the physical properties of a slurry flow. The 
same methods, at a higher energy level, can indicate the concentration of a flow by 
interrogating the transmission of the radiometric beam across it. Most interesting 
of all is visualization technologies which can give us concentration and distribution 
mapping. These include Particle Image Velocimetry (PIV), Laser Doppler Anemometry 
(LDA), and Tomographic techniques [11]. Electrical Resistance Tomography stems 
from early work in the 1930s and 1940s [12], before computational methods opened 
it up to widespread use. Electrical Capacitance Tomography used to form computed 
images of pipe contents was investigated from the 1980s [13]. The techniques involve 
the measurement of electrical properties of the slurry from the pipe periphery. The 
difficult job has been to reconstruct the interior structure from the measurements 
obtained—“The Reconstruction Problem.”

6. Pipe wear

An unavoidable consequence of flows containing particles is wear. Enormous costs 
to industry are attributable to wear, but costs can be reduced by careful design. Since 
2017, many advances have been made in the study of erosion-corrosion in experi-
mental and in-situ monitoring of wear, condition monitoring, the monitoring of wall 
erosion and computational modeling to name but three.

Designers of slurry systems will often reach for answers from Computational 
Fluid Dynamics (CFD). There is certainly a promising future for CFD erosion model-
ing, but that advance is not yet with us. Despite improved particle impact modeling, 
dynamically deforming geometry and improved particle tracking, the accuracy of 
erosion predictions is poor. There is hope of improvement from two comparatively 
new approaches explored by authors in this volume. The Discrete Phase Model 
(DPM) plots the path of a group of dynamically similar particles through a continu-
ous liquid, while the Discrete Element Model (DEM) tracks individual particles and 
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solves the equations of motion as they interact with each other. In theory, the accuracy 
of the DPM approach can therefore be improved by a coupling with DEM. A CFD-
DPM-DEM combination has been used to model air-particle flows, but no attempt at 
extending the technique to solid-liquid flows has been reported to date. There is great 
potential for this combination but a disincentive to its development is the very large 
computational cost that would be incurred. One of the most significant improve-
ments in the application of CFD is the Moving-Deforming-Mesh (MDM) approach. 
The computational mesh is updated at regular intervals based on local erosion rate 
and the geometry of the wall. In this way erosive deformations are integrated into the 
flow field and secondary erosion patterns can be predicted.

Very little research has been carried out on the influence of pipe layout. on the 
life of vulnerable components. Pipe geometry upstream of a vulnerable pipe section 
can have a significant effect on erosion rates. For example, the swirl pipe design 
described above can show significant wear reductions in adjacent downstream pipe 
components. Unsurprisingly internal surface finish (particularly in pipe elbows) has 
a disproportionate effect on the erosion pattern suffered in service. Comparatively 
minor melioration in this area could be influential in increasing component lifetimes.

7. Sludges, Slurries and Wastewater

The problem of movement, transportation, and handleability of slurries and slud-
ges is a major preoccupation for many industries. Their causes are many and various. 
The character of the particulates, particularly clays, and their size distribution have 
an important influence. Moisture has a complex relationship with handleability: too 
much and a slurry must be contained, too little and a sludge can be sticky and difficult 
to move. The study of flow problems from hoppers has a long history [14] and since 
the 1950s it has gathered pace as a subject of interest to industry and academia. The 
Jenike Cell [15–17] was devised to measure the shear forces in particulate materials.

Industrial slurries are generally thickened to a sludge of water content of about 
25% v/v. The applied stress at which a sludge distorts or moves is termed the yield 
stress. A shear vane tester (Figure 3) is a widely-used and readily-available device for 
measurements of shear stress in cohesive sludges [18]. The vanes are distributed in 
a cruciform shape around a spindle which can be rotated. Immersed in a sludge the 

Figure 3. 
Vane Tester.
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spindle is rotated at between 5 and 12 degrees per minute until the sludge fails and the 
vane rotates in equilibrium with the RSS or “Residual Shear Stress” [19]. The insertion 
of the vanes, and the rotation of them, has been suspected of changing the structure 
of a sludge and causing inaccuracies in measurement [20–22]. The controversy stems 
from the observation of viscous deformation before the yield point [23, 24]. This “wall 
slip” phenomenon is fairly important in geo-structures (harbor walls for example) and 
is not shown by vane tests. Wall slip is explored in later pages of this volume.

Despite controversies over certain critical measurements, the vane tester continues 
to be the measurement of choice for the shear strength and handleability of sludges.

Dewatering in municipal wastewater treatment is an important field of study. 
Some reasons for sludge dewatering are as follows.

1. Reclamation of water.

2. The reduction of volume of municipal sludge. The cost of transportation is a 
large recurring cost for municipal budgets.

3. Reduction of harmful leachate emissions.

4. Creation of a friable product which can be used in agriculture.

5. Production of a calorific product for energy production. Moisture lowers the calorif-
ic value of a fuel by virtue of the energy required to evaporate the liquid component.

6. Limiting of damage to the natural environment, including the control of dis-
charges into inland waterways.

Dewatering can be carried out in many ways, for example, in warm countries 
lagoons can allow the sun to evaporate the water content. Periodically, industrial 
machines can then be employed to carry off the dried sediment. Large plate presses 
can be employed to reduce the moisture content of sludge to cakes of concentrations 
of about 20% v/v. Plate press installations are costly to build and equip, but the run-
ning costs are relatively low. An alternative to plate presses are belt filter presses which 
are less expensive to install, but with relatively high running costs due to the additives 
which are needed [25].

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Solid-Liquid Pipeflows – Holdup
and the Two-Layer Model
Trevor Frank Jones

Abstract

The relative delay of the flow of solids in a pipe, holdup, is shown to be an
important factor in the evaluation of the flow of settling particle-bearing liquids.
Holdup can be determined using a new, modified interpretation of the two-layer
model, originally published in the 1970s. In the original model, particles in the upper
layer of the flow are supported by hydrodynamic forces only, while those in the lower
layer are also supported by hindered settling and wall reactions. This concept has been
retained in the new model. An initial approximated value of holdup can be refined to
allow an increasingly accurate value to be calculated. Innovative coding of the new
model overcomes instability and interface positioning problems. Applications for
determinations of holdup and the model are examined. Pressure loss, flow rate and the
prediction of the pipe velocity to avoid a stationary bed are established. The model
allows a locus of stationary bed conditions to be plotted for a family of holdup values.
A method to obtain the centre of concentration in the cross section is demonstrated. The
locus of centre of concentration (LCC) gives an indication of the position and size of the
particle burden as conditions change.

Keywords: solid-liquid pipe flow, two-layer model, holdup, stationary bed locus,
center of concentration

1. Introduction

R.A. Bagnold [1] identified two distinct mechanisms of particle support: fluid
suspension and intergranular contact, in his studies of desert sand in Egypt. It was
Professor K.C. Wilson [2, 3] who proposed the application to particle-bearing liquids
in pipes, i.e., an upper fluid suspension and a lower layer taking support from hin-
dered settling and the pipe walls: the Two-Layer Model. This is a gross simplification in
some eyes, but a great help in identifying the velocity and magnitude of the stratified
burden. Figure 1 shows a typical concentration map for a liquid with settling particles
obtained by electrical resistance tomography (ERT) for low-velocity pipe flow (0.75 m/s).
Interestingly, the supernatant phase (in pale blue) has not stacked itself in height
order but has spread around the boundaries of the other pipe contents—actually
emphasising the interface between two layers. The two-layer model was later modified
for computer modelling by Professor C.A. Shook [4]. Shook proposed a contact load
within an all-pervading suspension fraction.
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2. Computer models of slurry pipe flow

The model of two parts, settling and suspended, is not the only classification,
which has been applied to component parts of a settling slurry flow. Shook and Roco
[4] postulated a notional third layer without lift forces underneath the settling layer,
and a three-layer model was proposed by Doron and Barnea [5] to overcome per-
ceived “limitations” of the two-layer representation. The new model provides a way to
identify the relative delay of the solids fraction in a duct or holdup, which none of
the other classifications achieve, at least not in a direct way. A more recent four
component model pioneered by Wilson and Sellgren [6] and revised by Visintainer
et al. [7] produces useful pump derating calculations but is based on uniform particle
distribution.

Since its invention by K.C. Wilson [2, 3, 8, 9], there have been several references
to the two-layer model. At the time of writing a new reference volume, Visintainer
et al. [10] contain detailed discussion of it. The author’s current version (2LM)
described in the following pages has completely new coding to overcome instability
and interface positioning difficulties of the original in obtaining estimates of the
downstream velocity of the settling layer and holdup.

The limit of stationary deposition velocity over ranges of particle size, pipe
diameters and relative density of grains was published byWilson [3] in the form of an
elegant nomogram constructed using techniques originated by Wood [11] (see
Annexe C). The original nomogram did not account for volumetric concentrations,
but in later work, Wilson et al. [8] modified the nomogram for a range of
concentrations. The results are comparable with those obtained later in this chapter
(Figure 2).

Figure 1.
Concentration map (�5.5% v/v) for 2 mm beads (relative density 1.4) in water, obtained by ERT. High
concentration red and low concentration blue.
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Among other advantages, the simple geometry of the model provides an accessible
alternative to an experimental image of a particle distribution, initially at least. For
example, the first moment yields the centre of concentration of the particle burden
about the centre of the duct. This is an indicator of its position and possibly its wear
propensity. The second moment can indicate the energy required to achieve optimal
particle suspension by swirling action. If available, experimental images of particle
distribution can be obtained using, for example, electrical resistance tomography (ERT)
or particle image velocimetry (PIV).

Figure 2.
Stationary bed loci for horizontal flow of sand in water. The concentration is 0.2 v/v, particle size is 2 mm, pipe
diameter is 250 mm. U is the axial pipe velocity, Us is the velocity of the solids and dP/dz is the downstream
pressure gradient. Note the classification of each locus by the relative velocity of solids, n.b HSBL ¼ 1� Us

U :
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3. Inputs and outputs

Inevitably, one must gather the parameters of the slurry flow problem ahead of
any model calculation. For example, the pipe bore, the particle diameter, the v/v
concentration, etc. are all highly influential in the results obtained. Table 1 gives a list
of the initial requirements for the model and suggestions for starting values if they are
not known.

4. Flags

The solution can hit obstacles, but these are almost always the result of
unachievable entry data (Table 1). Convergence of the model is assessed by the
convergence of actual efflux concentration with that desired. If this cannot be
achieved a flag is raised. The axial pipe velocity for a stationary bed is the solution of a
quadratic equation (see Eqs. (37)–(40)). If an imaginary solution is obtained, a dis-
criminant flag is set. The SB flag is not really an obstacle, but an indication that the

Parameter Symbol Unit Typical
Value

Pipe Bore D m

Particle diameter d m

Mean pipe velocity U m/s

Concentration of solids by
volume [0,1]

CV The required or delivered concentration of
particles (v/v)

Internal roughness height ε m Commercial steel pipe [12]
Cast iron [12]
Concrete, upper value [12]
Concrete, lower value [12]
Drawn Tubing [12]

4:5� 10�5

2:6� 10�4

3:0� 10�3

3:0� 10�4

1:5� 10�6

Coefficient of friction η — For the friction of settled particles with the
duct walls. Starting estimate

0.6

Viscosity of liquid vehicle μ Pas At 293°K
Water [13]
Glycerol [13]
Olive oil [13]
Paraffin oil [13]

0.001
0.0015
0.08
�1.0

Density of solid particles ρS kg/m3

Density of Liquid vehicle ρL kg/m3

Limiting concentration of
lower layer

CLIM — Loosely-packed concentration of particles v/v.
Starting estimate
NB dense particle packing will require a higher
value.

0.6

Angle of inclination θ °

Table 1.
Preparatory data gathering.
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value obtained for the velocity of the lower layer (U2) is zero or less than zero. If U2 is
calculated to a value less than zero, this does not generally indicate a reverse flow
direction, but an established stationary bed. The model sets it to zero, and the SB flag
is raised.

The outputs from the model are shown in Table 2.

5. Solution of the equations: iteration and approximation strategy

A guiding principle in the development of this version of the model has been to
keep trial-correction iterations to a minimum. However, a small number of trial-
correction cycles are needed for the solution because many of the variables are only
known in an experimental or empirical sense. The first phase, usually six iterations, is
concerned with estimating the concentrations in the cross section. These values are
established using the best estimate of the vital holdup ratio, the relative delay to the
solids fraction. The holdup ratio can be estimated using an empirical correlation and is
generally within �3% of its experimentally determined value. The second, and last,
phase of the solution (usually a further six iterations) is concerned with refining the
holdup ratio, the velocity in the lower layer, the pressure gradient, the velocity for a
stationary bed and, importantly, the convergence of the solids concentration to the
specified value.

H Holdup ratio: the relative delay to the solids fraction

HSBL Holdup if pipe velocity, U, were to be reduced to form a stationary bed

Cr In-situ concentration v/v

β Subtending angle for the interface chord

U1 Pipe velocity, upper layer

U2 Pipe velocity, lower layer

USBL Pipe velocity for stationary bed locus

dP=dz or i Pressure gradient

ρ1 Density, upper layer

ρ2 Density, lower layer

ρM Density, mixture

y Distance of the notional interface chord from the centre line

y Centre of Concentration, vertical distance from centre line

y
¼ Radius of gyration of the cross section including the settling bed

Cv Efflux concentration v/v

Cv convergence flag YES if Cv has converged satisfactorily to the value specified (Table 1)

Discriminant flag YES if discriminant is positive

SB flag YES for stationary bed.
NB if U2 ≤USBL U2 is always set to zero and the flag is raised

Table 2.
2LM outputs.
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2LM requires a representative particle diameter, so care should be taken when
there is a broad distribution of particle sizes. Wilson [2] suggests that distributions be
partitioned into a small series of percentiles, for example, d02, d25, d50 d75, and d98, so
that the model can be run with the fines fraction, the coarse fraction and prominent
intermediate size ranges. Individual researchers will approach the results in different
ways, perhaps simply taking a weighted mean of a key outcome and applying a
tolerance band. Inevitably, such a procedure ignores the packing propensity of small
particles to occupy voids between larger particles and the segregation of larger parti-
cles when pipe velocities are low. In Table 1, a value of limiting concentration, CLIM of
0.6, is advised as a starting estimate. Published datasets [14] give values between 0.58
and 0.78, depending on the packing propensity of slurries with broad-size
distributions.

A flowchart summarising the stages in the calculation is presented in Annexe A.

6. Concentrations

Figure 3 shows the basis of the idealised concentration distribution. The barchart
illustrates the principle used by Shook and Roco [4] to express the concentration of
the settling layer, C2, as an addition to a pervading medium composed of the
suspended fraction (a “carrier” medium [6, 7]). This is particularly relevant when the
suspended fraction is composed of finely divided solids or particles of a completely
different character to the settling medium. When referred to the whole cross section,
C2 is termed the Contact Load (Cc), i.e.

Cc ¼ C2 � A2

A
(1)

In this form, it can be added to the concentration in layer 1 to form the in situ
concentration.

Cr ¼ C1 þ Cc (2)

The in situ, concentration takes no account of the differing rates of flow of the
upper and lower layers. The efflux or delivered concentration (Cv) will be lower than
the in situ value (Cr) because of the delay or holdup of the lower layer. It can be
obtained by expressing the total flow rate as the combination of the two constituent

Figure 3.
The two-layer model. After shook [4].
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flows, remembering that C2 represents only the concentration in the lower part of the
section.

CvAU ¼ C1AU þ C2A2U2 (3)

substituting from Eqs. (1) and (2)

Cc ¼ C2A2

A
¼ U Cv � C1ð Þ

U2
(4)

Holdup (H) is the key variable in this version of the model. It is quite difficult to
determine with accuracy from experiments, and one must expect some scatter in
experimental results. It can be defined in one of two possible ways. Some authors
define it as the ratio of the in situ concentration to the delivered concentration (Cr

Cv
). A

better definition is given by the ratio of the velocity reduction of the solids to the free
stream velocity, and this is the form used here.

H ¼ U � Us

U
(5)

where Us is the axial velocity of the solids at any section. Fortunately, the two
definitions of holdup are algebraically linked as shown below.

The delivery flow rate of solids (Qs) can be calculated using the mean mixture
velocity in the duct or the in situ velocity of the solids (Us) at the delivery section.
These two expressions must be equal, i.e.

Qs ¼ Cv U
πD2

4

� �
¼ Us Cr

πD2

4

� �

From which

Cv ¼ Us

U
Cr (6)

Using Eq. (6), we obtain the influential relationship, which relates holdup (H) to
in situ concentration (Cr).

H ¼ 1� Cv

Cr
(7)

In Eq. (4)

Cc ¼ UCv

U �U2ð Þ
H

1�Hð Þ (8)

Eq. (8) yields the contact load Cc after the results of the first pass of the calculation
have provided U2 and H. But one-off estimates of Cc and H are needed at the start of
the calculation to make a first estimate of U2. They are strongly related for a given
slurry, but no direct analytical relationship solely between the two is available. A trial-
correction strategy for two variables simultaneously is fraught with difficulties, so a
good solution procedure is to fix one of them as accurately as possible in the initial
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stages. Unsurprisingly, the holdup ratio is highly influential in the two-layer model
(Jones [14, 15]), so this would be a good choice for a variable to be determined as
accurately as possible at outset. Later, the value of the holdup ratio can be refined by a
second set of iterations. So, the first task was to search for a strong correlation for
holdup in terms of the input variables.

Lahiri and Ghanta [16] have a neural network design, which they claim predicts
holdup ratio with an absolute average accuracy of 2.5%. Seshadri et al. [17] demon-
strate a strong relationship between holdup and hindered settling velocity using
equations from Richardson and Zaki [18]. They suggest a relationship with a dimen-
sionless parameterW/U*, whereW is the hindered settling velocity and U* is the shear
velocity. This cannot be used directly because the shear velocity U* is not available at
this stage of the calculation. However, a simpler direct correlation with holdup
emerges when the hindered settling velocity is expressed as a non-dimensional ratio
with pipe velocity (W/U). Figure 4 shows a good general relationship when applied to
data collected by Lahiri and Ghanta [16] (predominantly from publications by Hsu
[19]), but scatter and uncertainty, particularly at low values of holdup ratio, must be
considered. A second set of iterations to refine the estimate of holdup is a necessary
precaution with this important variable.

Hence, an initial estimate of the holdup ratio can be obtained from

H 0ð Þ � 3:1179
W
U

� �
(9)

Richardson and Zaki [8] provide

W ¼ v0 1� Cvð ÞZ (10)

in which v0 is the unhindered settling velocity. The defining equations are

v0 ¼ g
18μ

� �
ρs � ρLð Þd2 Re < 1 Stokes Lawð Þ (11)

Figure 4.
Holdup vs. W/U ratio from data collected by Lahiri and Ghanta [16]. Linear regression gives H ¼ 3:1179� W

U

� �
with r2 = 0.89.
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v0 ¼
0:2d1:18 ρs�ρL

ρL

� �0:72

μ=ρLð Þ0:45 1< Re < 800 Allen0s Lawð Þ (12)

v0 ¼ 1:74

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gd

ρs � ρL
ρL

� �s
Re > 1000 Newton0s Lawð Þ (13)

Z ¼ 4:65þ 1:95
d
D

� �
0:002< Re ≤0:2 (14)

Z ¼ 4:35þ 17:5
d
D

� �� �
Re �0:03 0:2< Re ≤ 1:0 (15)

Z ¼ 4:45þ 18
d
D

� �� �
Re �0:1 1< Re (16)

where Re = Reynolds number.
A later correlation for the exponent Z for power-law liquids is given by Coulson

and Richardson [20].
Shook and Roco [4] suggest two empirical correlations for Cc, the first of which is

C 0ð Þ
c � C 0ð Þ

r exp �0:124� Ar�0:061 U2

gd

� �0:028 d
D

� ��0:431

Ss � 1ð Þ�0:272

" #
(17)

where Ar = Archimedes Number defined 4gd3 Ss�1ð Þρ2L
3μ2L

Ss = Relative density of solids
and, from Eq. (7) the in situ concentration C 0ð Þ

r ¼ Cv

1�H 0ð Þ

Note that Eq. (17) is simply a starting estimate from which a short- trial correction
sequence can be initiated. Initial estimates of concentrations in hand, the solution of
the pressure balance equations can proceed.

7. Pressure balance

In a steady-state situation, the pressure per unit length in the upper and lower
component must be equal, i.e.,

�dP
dz

����
Layer 2

¼ �dP
dz

����
Layer 1

(18)

i:e:;
τ1S1 þ τ12S12

A1
þ ρ1gsinθ ¼ τ2S2 � τ12S12

A2
þ ρ2gsinθ (19)

where τ12 and S12 are shear stress and surface area at the interface between layers.
The essential strategy now is to populate each of the terms in Eq. (19) as a means to
provide a solution.

In most cases, the interfacial shear stress is an artefact of the model since there
is generally no sharp discontinuity here unless U2 approaches zero. Shook and
Roco [4] put

23

Solid-Liquid Pipeflows – Holdup and the Two-Layer Model
DOI: http://dx.doi.org/10.5772/intechopen.112023



τ12 ¼ 1
2
f 12 U1 �U2ð Þ2ρ1 (20)

where f12 is the friction factor at the notional interface. Nikuradse’s sand-
roughened pipe tests [21] can be characterised as follows:

1ffiffiffi
f

p ¼ 1:14� 0:86 ln
ε

D

� �
(21)

Putting roughness height, ε, to half the screen size of the sediment and changing
the base of the logarithm yields.

f 12 ¼
1

1:736� 1:98 log 10
d
D

� �� �2 (22)

Colebrook [22] used Nikuradse’s results to develop an empirical transition function
for the region between laminar flow and fully developed turbulence, which was the
basis of the well known Moody diagram [12, 23].

Eq. (21) can be used again to determine pipe friction factor (f), but it has been
claimed that a later correlation from a short paper by Churchill [24] delivers better
accuracy over a wide range of fluid regimes.

f ¼ 2
8
Re

� �12

þ 1

Aþ Bð Þ1:5
" # 1

12

(23)

in which:

A ¼ �2:457 ln
7
Re

� �0:9

þ 0:27ε
D

" #( )16

(24)

B ¼ 37430
Re

� �16

(25)

There is a trap for the unwary here. Churchill’s correlation is for the Fanning
friction factor, one quarter of the value usually found on Moody charts. Churchill’s
formula for f is implied in subsequent calculations.

In the upper layer,

τ1 ¼ 1
2
fU2

1ρ1 (26)

In the lower layer, we must take account of the Coulombic friction of the particle
burden and the effect of pipe inclination, i.e.,

τ2S2 ¼ τ2mS2 þ τ2sS2cosθ (27)

The first part of the Eq. (27) uses the density and friction factor of the invested
medium.

τ2m ¼ 1
2
fU2

2ρ1 (28)

24

Advances in Slurry Technology



The second part of the Eq. (27) requires analysis of the weight of the particle
burden on the wall of the duct and the application of the coefficient of friction [15].

τ2sS2 ¼ ηsC2
D2

2
1� CLIMð Þ
1� C2ð Þ ρs � ρLð Þg sinβ � βcosβð Þ (29)

Surface peripheral areas S1, S2 and S12 (per downstream length) are functions of
the subtending angle β (Figure 3) and will be derived below.

8. Subtending angle 2β

The area of the segment at the base of the circular cross section can be expressed as
a non-dimensional function of the subtending angle β (Figure 3 shows this angle).

F βð Þ ¼ 4A2

D2 ¼ β � 1
2
sin 2β (30)

The inverse function β(F) is difficult to obtain analytically, especially for small
values (F(β) has an infinite gradient as β ! 0). However, the sine expansion for the
second part of the Eq. (30) gives

sin 2β ¼ 2β � 2βð Þ3
3!

þ O β5
� �

(31)

In Eq. (30), when β is small, F βð Þ≈ 2β3

3
i.e., for small values of segmental area A2

β Fð Þ≈
ffiffiffiffiffiffi
3F
2

3

r
(32)

For F βð Þ≤0:00032 (approximately β≤ 4:5°) Eq. (32) applies. Above that, given a
value of F(β), the Taylor series gives us a simple interpolation.

βiþ1 Fð Þ ¼ βi þ β0i � Fiþ1 � Fið Þ þ β}i � Fiþ1 � Fið Þ2
2!

þ … (33)

A look-up table for F(β) and the first three derivatives of β is given at Annexe B.
The first lookup and interpolation should be enough for most purposes, but an itera-
tive procedure can be applied by substituting βiþ1 Fð Þ into Eq. (30) until F βið Þ ! 4A2

D2 to
any prescribed accuracy.

9. Contact lengths

With a value of the subtending angle β, we are now in a position to define accurate
lengths of contact between layers and the pipe wall. Referring to Figure 3, the length
of the arc of contact with layer 2 is given by
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S2 ¼ R� 2β (34)

The length of the arc of contact with layer 1 is given by

S1 ¼ 2πR� S2 (35)

The length of the interface between the two layers is given by

S12 ¼ 2Rsinβ (36)

10. Gathering terms

Eq. (19) can now be populated with finished values from the foregoing analyses.
By good fortune, it resolves into a quadratic equation in U2.

aU2
2 þ bU2 þ c ¼ 0 (37)

where

a ¼ 0:5A2S1fρ1
A2

A1

� �2

þ 0:5AS12f 12ρ1
A
A1

� �2

� 0:5A1S2fρ1 (38)

b ¼ �A2S1fρ1
AA2

A2
1

 !
� AS12f 12ρ1

A
A1

� �2

U (39)

c ¼ 0:5A2S1fρ1
AU
A1

� �2

� A1τ2sS2cosθ þ 0:5AS12f 12ρ1
AU
A1

� �2

þ A1A2 ρ1 � ρ2ð Þgsinθ

(40)

From the final value of the bed velocity U2, the velocity of the upper layer can be
obtained from the principle of conservation of volume.

A2U2 þ A1U1 ¼ AU (41)

11. The stationary bed

Conditions for a stationary bed can be obtained from Eq. (37), i.e.
if U2 ! 0 then c ! 0
i.e.

USBLθ ¼ A� A2

A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� A2ð Þτ2sS2cosθ þ A� A2ð ÞA2 ρ1 � ρ2ð Þgsinθ

0:5ρ1 A2S1f þ AS12f 12
� �

s
(42)

For a horizontal duct, this is mercifully simplified

USBL ¼ A� A2

A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� A2ð Þτ2sS2

0:5ρ1 A2S1f þ AS12f 12
� �

s
(43)

26

Advances in Slurry Technology



Note that the velocity for a stationary bed,USBLθ orUSBL, is not exactly equivalent to
the critical deposition velocity to indicate the lowest velocity at which a slurry might be
pumped to avoid settling. There is a slight difference between the definition of these two
velocities. The critical deposition velocity can be defined as the velocity at which the first
stationary particle layer will form at the bottom of a duct. Clearly, the stationary bed is
not usually a single layer of particles, but in many ways, the velocity for a stationary bed
is as useful a concept as the critical deposition velocity, if not more useful for the designer.

12. The stationary bed locus

Practitioners often make use of a plot of the pressure gradient (-dP/dz or i) against
pipe velocity (the “i-v diagram”). On this useful plot, the stationary bed envelope can
be plotted to indicate safety from a settling bed and potential blockage. Pump charac-
teristics can also be superimposed. The locus of points with U2 = 0 is called the
Stationary Bed Locus or SBL. Delineation between the two layers is most obvious when
the bed is stationary. Hence, 2LM is particularly adept at plotting this locus and
identifying a predicted operating envelope to be avoided.

The pressure gradient can be computed from the final values of density, layer
velocities, bed friction and surface areas. In Eq. (18), the pressure gradients in both
layers must be equal so the layer 1 computation can be used.

i ¼ �dP
dz

����
Layer 1

¼
1
2 f 1U

2
1ρ1S1 þ 1

2 f 12 U1 �U2ð Þ2ρ1S12
A1

þ ρ1gsinθ

For a stationary bed in horizontal flow, U2 ! 0, U1 ! USBL � A
A1

and θ ! 0 so the
loci of pressure gradient with the velocity for a stationary bed are described by Eq. (44).

iSBL ¼ ρ1
2A1

USBL
A
A1

� �2

f 1S1 þ f 12S12
� �

(44)

Figure 2 shows stationary bed loci of pressure gradient with pipe velocity, U. The
advantage of this graph is that pump characteristics can be overlaid to investigate the
possibility of a stationary bed. If a stationary bed is implicated, a specific holdup ratio
(HSBL) can be obtained. This value ofHSBL only applies when there is a stationary bed
and should not be confused with the value obtained when both beds are flowing freely.

To interpret Figure 2, one must refer to the fundamental definition of holdup
given by Eq. (5): H ¼ U�Us

U . When HSBL ¼ 1:0, Us
U ¼ 0
� �

, the solid particles have zero
velocity, and a high pipe velocity is needed to prevent a stationary bed. For
HSBL ¼ 0:1, Us

U ¼ 0:9
� �

solid particles are relatively mobile, and only a low pipe veloc-
ity is required to keep the settling layer in suspension. Note the shallow slope of the
loci at low pressures—a very small change in pressure gradient yields a large change in
velocity requirement. The safest policy is, of course, to maintain a pipe velocity
entirely to the right of the SBL envelope, 2.84 m/s in this case This is the “maximum
velocity at the limit of stationary deposition” in Annexe C. The value from Wilson’s
original nomogram [8, 11] (Annexe C) is approximately 2.70 m/s. The slightly
reduced value (approximately �5%) is attributed to the lack of compensation for
volumetric concentration. A later version of the nomogram, including allowance for a
range of concentrations is available [9].
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13. Validating the 2LM model

2LMworks on a significant simplification of particle concentrations in a duct. Shou
[25] suggests a three-layer model for large pipes with a low-concentration supernatant
layer at the top of the section. There have been other criticisms, and it is important to
contrast predictions with experimental data. For example, the model proposes a
sharply defined discontinuity or interface between upper and lower layers not strictly
observed in practice. It is closest to reality when the lower layer is stationary. Even
then, local effects have been observed at the interface such as bouncing, gusting
(where groups of particles leave the interface altogether), surface rippling and cycles
of deposition and re-entrainment. Lahiri and Ghanta [16] provide a dataset of 43
slurries with values of holdup for each one. These data can be compared with pre-
dictions from 2LM. Pressure differences can be accurately measured in experiments
and Figure 5b shows this. Note the greater scatter at higher pressures. Figure 5a
shows a significant agreement between experiment and model determinations of
holdup but considerably more scatter than those for pressure gradient data. At high
values of holdup, the local effects of bouncing, gusting, etc. can be expected to have a
strong influence on the experimental accuracy of holdup measurements.

In testing the model, it was important to explore as wide a selection of examples as
possible. The work by Shook and Roco [4] was the motivation for this development,
and their example was the first example to be tested [15]. Application and modifica-
tion over several years have resulted in a utility with wide applicability and stability.
The model has been tested over many examples of slurry flow, two of which will be
shown in the next section.

14. Example calculations from the dataset

Results are presented in two parts. The first part displays iteration progress for a
specific example from the dataset. This has a fixed velocity. The second set shows the
depth of the settling layer as the velocity is varied.

The corrections shown in Figure 6 (fine particles in moderately viscous medium)
are relatively minor. The algorithm strives to match the given volume concentration,
Cv, and achieves this task after the second set of corrections arriving at a value within

Figure 5.
2LM model validation against experimental results from Lahiri and Ghanta [16].
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approximately 3% on the original estimate. Only 12 corrections are applied in two
batches of 6. The depth of the settling layer reduces systematically as the mean pipe
velocity is increased.

Corrections required for the second example (very coarse particles in water
Figure 9) are clearly much greater, but this is to be expected in view of the large
particles specified in the case. The second case is the most interesting challenge of the
two. Large variations in pressure gradient and volume concentration are becalmed by
the second set of iterations. The depth of the settling bed starts from a low value
before reducing systematically as in the first example.

15. Centre of concentration

The centre of concentration (G(r,θ) or G(x,y)) of particle suspensions can be as
important as the centre of mass in the mechanics of solids. Uniform suspension is

Figure 6.
2LM example — Fine particles in a viscous medium.
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Figure 7.
Locus of Centre of concentration (LCC) from ERT measurements. (2 mm beads of RD 1.4 and concentrations
7.31%, 5.48%, 3.66% and 1.79% v/v in water).

Figure 8.
Centre of concentration calculations using the two-layer model as an approximation to the actual concentration
distribution in the cross section.
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indicated if G is near the geometrical centre of the duct. If it is near the periphery of
the duct, sluggish or static settlement can be inferred.

Figure 7 shows the locus of centre of concentration (LCC) for a series of concentra-
tions The origin (0,0) is the centre of the pipe. The position of G for a given pipe
velocity changes as concentration increases. This downward trend is a locus of centre of
concentration (LCC), which can be used to study the state of suspension of the
medium.

The current version of the 2LMmodel computes the first moment of the two layers
and combines these results to obtain the centre of concentration of the whole. All
three results are useful in different ways. The position of the centre of concentration
for the upper layer for example may be important when a stationary bed is indicated.
The estimates are surprisingly close to those obtained from tomography measure-
ments (see Figure 8). The 2LM estimates are above the parity line because the actual
interface between layers is a diffuse boundary rather than a precise chord.

Figure 9.
2LM example — Coarse particles in water.
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16. Conclusions

In my conclusions for this chapter, I must first pay tribute to the pioneers of the
Two-Layer Model: Professors K.C. Wilson and C.A. Shook. They motivated the lengthy
process of precise definition of the interface layer, calculation of holdup ratio, accu-
rate estimation of the contact load, estimation of the velocity for a stationary bed, the
locus of points for a stationary bed and the calculation of the centre of concentration.
The algorithm has a long and useful history, which has been punctuated by a series of
incremental modifications. A guiding principle in this model has been to keep trial-
correction iterations to a minimum and the two-stage iteration process works
extremely well in this endeavour. The first stage — six calculations using an empirical
value for the holdup — invites the second stage in which all the variables (including
the holdup and contact load) are refined. Figures 6 and 9 show the progress of the
calculations for two widely different examples. They also show how the bed depth
reduces as pipe velocity is increased.

Much of the original terminology (from reference (4)) has endured, and the author
has been careful to keep to the original symbols where possible. This said much of the
2LMmodel described in the foregoing pages is truly new. From a rather unstable
computation, a robust and widely applicable system has emerged. In its present form, it
has already been used by the author in many calculations for particle-bearing liquids.
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Annexe A: flowchart for 2LM Iterations
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Annexe B: look-up Table for β

β β F(β)= dβ/dF d2β/dF2 d3β/dF3

degrees radians 4*area/D2

0 0 0 1 0

4 0.06981317 0.00022662 102.7545277 �2938.916414 8053120.117

8 0.13962634 0.001807662 25.81424314 �367.3557681 497829.108

12 0.20943951 0.006071189 11.56677223 �108.8347698 96554.43462

16 0.27925268 0.014293048 6.581029752 �45.90155642 29777.73395

20 0.34906585 0.027672046 4.274316085 �23.48717386 11801.60686

24 0.41887902 0.047306608 3.022340595 �13.57657624 5466.671326

28 0.488692191 0.074173404 2.268566019 �8.5331043 2813.653051

32 0.558505361 0.109108337 1.780535302 �5.698904249 1561.315876

36 0.628318531 0.152790273 1.447213595 �3.983837256 916.1578674

40 0.698131701 0.205727824 1.210138313 �2.884373363 561.0662394

44 0.767944871 0.268249457 1.036161515 �2.145953318 355.3309265

48 0.837758041 0.340497093 0.905363721 �1.630386313 231.1981656

52 0.907571211 0.422423348 0.805203615 �1.258188022 153.8334161

56 0.977384381 0.513792454 0.72748087 �0.981384085 104.3400823

60 1.047197551 0.614184849 0.666666667 �0.769800359 72

64 1.117010721 0.723005344 0.618941539 �0.603755918 50.50151797

68 1.186823891 0.839494706 0.581618596 �0.469978332 36.00772855

72 1.256637061 0.962744435 0.552786405 �0.359222381 26.12198067

76 1.326450232 1.09171445 0.531082227 �0.264827342 19.31211832

80 1.396263402 1.22525333 0.515545602 �0.181809199 14.57906665

84 1.466076572 1.362120726 0.50552345 �0.106265311 11.26033979

88 1.535889742 1.501011505 0.50060973 �0.034963354 8.91045152

92 1.605702912 1.640581149 0.50060973 0.034963354 7.226413536

96 1.675516082 1.779471927 0.50552345 0.106265311 6.00034357

100 1.745329252 1.916339324 0.515545602 0.181809199 5.088747506

104 1.815142422 2.049878203 0.531082227 0.264827342 4.392268907

108 1.884955592 2.178848218 0.552786405 0.359222381 3.84213259

112 1.954768762 2.302097947 0.581618596 0.469978332 3.39094193

116 2.024581932 2.418587309 0.618941539 0.603755918 3.006351647

120 2.094395102 2.527407804 0.666666667 0.769800359 2.666666667

124 2.164208272 2.6278002 0.72748087 0.981384085 2.35774786

128 2.234021443 2.719169306 0.805203615 1.258188022 2.070815141

132 2.303834613 2.80109556 0.905363721 1.630386313 1.800873504

136 2.373647783 2.873343196 1.036161515 2.145953318 1.545575938
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β β F(β)= dβ/dF d2β/dF2 d3β/dF3

140 2.443460953 2.935864829 1.210138313 2.884373363 1.304395663

144 2.513274123 2.988802381 1.447213595 3.983837256 1.078019326

148 2.583087293 3.032484316 1.780535302 5.698904249 0.867899432

152 2.652900463 3.067419249 2.268566019 8.5331043 0.675922485

156 2.722713633 3.094286046 3.022340595 13.57657624 0.504161945

160 2.792526803 3.113920608 4.274316085 23.48717386 0.354693941

164 2.862339973 3.127299605 6.581029752 45.90155642 0.229459909

168 2.932153143 3.135521465 11.56677223 108.8347698 0.130164791

172 3.001966313 3.139784991 25.81424314 367.3557681 0.058202636

176 3.071779484 3.141366034 102.7545277 2938.916414 0.014603838

Annexe C: nomographic chart for maximum velocity at the limit of
stationary deposition

From Wilson [3], with permission

1.Select the pipe diameter/m on the left hand axis

2.Place a straight edge to cut the particle diameter/mm curve to the middle axis
(stationary deposit velocity/ms�1 for grains with RD = 2.65)

3.Place the straight edge from the value on the middle axis to cut the right-hand
function at the correct relative density.
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Chapter 3

Numerical Modelling of Medium
Slurry Flow in a Vertical Pipeline
Artur S. Bartosik

Abstract

The study deals with the modelling and experiments of vertical solid-liquid turbu-
lent flow with narrowly sized solid particles of average diameters equal to 0.125 mm,
0.240 mm and 0.470 mm, and solid concentrations by volume from 10% to 40%,
called medium slurry. The physical model assumes that the slurry with solid particles
surrounded by water is flowing upward through a vertical pipeline with solid concen-
trations from 10–40% by volume. Experiments with such slurries clearly indicated
enhanced damping of the turbulence, which depends on the diameter of the solid
particles. The mathematical model constitutes conservative equations based on time
averages for mass and momentum. The closure problem was solved by taking into
account the Boussinesque hypothesis and a two-equation turbulence model together
with an especially designed wall damping function. The wall damping function
depends on the average diameter of the solid particles and the bulk concentration. The
predictions’ results were successfully compared with the measurements. The study
demonstrates the importance of solid particle diameter and showed that using a
standard wall damping function gives higher friction compared to measurements. The
main objective of this study is to present a mathematical model for medium slurry
flow in a vertical pipeline, including a specially designed wall damping function, and
to demonstrate the influence of solid particle size on frictional head loss. The effect of
mean particle diameter and solid concentration on frictional head loss has been
discussed and conclusions were formulated.

Keywords: medium slurry flow, experiments on slurry flow, modelling of vertical
slurry flow, modelling of slurry turbulence, numerical modelling

1. Introduction

Solid-liquid turbulent flow is an interdisciplinary research area of great technolog-
ical and commercial importance. It is widely used in mechanical and chemical engi-
neering, power plants, food and mining industries, and in medicine. Solid-liquid flow
appears mainly in pump transport in various pipeline systems [1–3]. Such transporta-
tion faces problems such as abrasion of the pump’s elements, especially between the
rotating impeller and the stationary throat bush, the rotating shaft sleeve, and the
stationary packing inlet and outlet ducts. Due to the abrasive characteristics of the
solid particles, the pumps and pipelines suffer during the work under these
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conditions. Power, capacity, wear and breakdown resistance, and robustness are the
essential keys for efficient pump dredging. The characteristics of dredging pumps and
pipelines require a long working life in abrasive conditions, a limited influence of wear
on pump performance and a low net positive suction head requirement. Abrasion in a
pump or pipeline can be defined by the loss of weight per unit area or the loss of
thickness under the dynamic action of solid particles that act on the solid wall [4–6].
In this process, the ‘particle-wall’ interaction, especially at the high particle size and
density, high flow rate, and high solid concentration, plays a crucial role, and research
on the determination of the ‘particle wall’ stress is much desired [7, 8]. Another
particular application of solid-liquid flow is related to the drug delivery system in
which magnetic targeting offers the ability to target a specific site, such as a tumour
[9]. Solid-liquid flow can also exist with extremely high velocity to cut concrete, rock,
glass, steel, ceramics, composites and plastics. The finished edge obtained by such a
process often eliminates the need for post-machining to improve surface finish [10].

Solid-liquid flow could be classified as stationary bed, moving bed, heterogeneous
and pseudo-homogeneous, or as settling or non-settling types [11]. Settling slurry is
formed mainly by coarse particles. When predicting frictional head loss in slurry flow
with coarse or medium particles, it is reasonable to assume the Newtonian model, as
now one can measure the rheology of such slurries [5]. In coarse dispersive slurry
flow, one should mention the basic research of Bagnold [7] and mathematical
models, such as, for instance, [12, 13], which include solid-liquid and/or solid-solid
interactions.

Non-settling slurries usually contain fine particles with an average diameter below
0.040 mm and can form a stable homogeneous mixture exhibiting an increased
apparent viscosity. Such slurries usually exhibit yield stress and require a proper
rheological model incorporated into the momentum equation. Fine particles demon-
strate an increased viscous sublayer, which means that the damping of the turbulence
appears in the near-wall region [14]. In this case, the mathematical model includes an
apparent viscosity concept, a suitable rheological model [15] and a properly defined
wall damping function [16].

Slurries with medium solid particles of average diameter between 0.10 mm and
0.50 mm are usually assumed to be a Newtonian solid-liquid mixture or as a mixture
of two separated phases. If the bulk velocity of the slurry is sufficiently high, such
slurry can exhibit a non-settling type. If the slurry flow occurs in a vertical pipeline,
this flow can be treated as axially symmetric. It is important to emphasise that slurries
with medium solid particles exhibit enhanced damping of turbulence because
frictional head loss is relatively low compared with carrier liquid flow [17].

Mathematical modelling of solid-liquid flow usually requires reliable experimental
data to validate the model. The most desirable measurements are those close to the
wall of the pipe. Measurements at high concentrations of the dispersed phase are very
difficult. As a result of these difficulties, most measurements regard gas-solid or gas-
liquid flow. Mathematical modelling of solid-liquid flow is far away from the knowl-
edge gathered for Newtonian flows, and turbulent flow is still the main challenge of
CFD. Analysing the predictions of turbulent solid-liquid flow, the mixture theory
models are the most general and are based on rigorous fluid mechanics frameworks
[18]. Researchers around the world have been working to develop accurate models
for frictional head loss and velocity distribution in slurry flows. Frictional head loss is
one of the most important technical parameters to be evaluated by the designers for
designing a pipeline slurry transportation system, and the parameter that dictates the
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selection of pump capacity. Determining the most efficient and economical way to
pump any solids into a carrier liquid requires careful consideration and analysis of
numerous factors, some of which can have a significant impact on performance and
cost. Among them, there are an averaged solid particle diameter, solid concentration,
particle density, deposition velocity, carrier liquid properties and properly matched
characteristics of a pipeline with the characteristics of a pump.

The main objective of this study is to present a mathematical model for medium
slurry flow in a vertical pipeline, including a specially designed wall damping func-
tion, and to demonstrate the influence of solid particle size on frictional head loss.

2. Literature review

Analysing measurements with respect to the behaviour of particles suspended in a
surrounding fluid, we recognise several techniques. For example, Roberts and
Kennedy [19] used pulsed injections of salt water and tagged radioactive particles.
Kowalewski [20] used the ultrasound technique, while Altobelli et al. [21] used
nuclear magnetic resonance (NMR). Yianneskis and Whitelaw [22], Nouri et al. [23],
Nouri and Whitelaw [24], Wildmanet et al. [25] and Chen and Kadambi [26, 27] used
Laser-Doppler anemometer (LDA). The necessary condition for the measurement of
LDA is that the dispersed phase consists of transparent solid particles, whose refrac-
tive index is close to the carrier phase [22–27]. In addition to the above techniques, it is
worth mentioning the technique applied by Shook’s research team. The authors used
the original method to measure the lateral variation of solids concentration in vertical
pipelines [28–30].

Yianneskis and Whitelaw [22] measured the local solid and liquid phase velocities
in a fully developed pipe flow using the LDA technique. The dispersed phase in the
carrier liquid consisted of transparent solid particles with a diameter of 0.270 mm.
The most important conclusion from their research was the fact that the slip velocity
between the solid and liquid phases clearly decreases with increasing concentration of
the solid phase. Sumner et al. [17, 31] and Nasr-El-Din et al. [32] measured the solid
concentration distribution in slurry with medium and coarse particles. They con-
cluded that the averaged particle diameter has a crucial influence on friction losses
and the profile of solid concentration across a pipe. If the solid particles are coarser,
the solid concentration distribution decreases within the near wall region.

The turbulence of the solid particles in the region near a pipe wall was examined by
several researchers, such as Nouri and Whitelaw [24], Chen and Kadambi [27], Kuboi
et al. [33], Schreck and Kleis [34], and Gai et al. [35]. Researchers observed that the
ejection-sweep cycle is affected strongly by particles. They concluded that the slip
velocity decreases as the solid concentration increases. The authors emphasised
that the presence of solid particles can induce attenuation or amplification of the
turbulence. Modification of turbulence depends on the physical properties of the
solid and liquid phase. Modulation of turbulence by a dispersed solid particle was
also emphasised by Gore and Crowe [36], Sundaresan et al. [37], Jianren et al. [38],
Eaton et al. [39], Fessler, J.R.; Eaton [40], and Li et al. [41].

Sundaresan et al. [37] outlined a number of scientific challenges that represent
building blocks for a comprehensive understanding of disperse flows encountered in a
variety of technologies and in nature. Researchers concluded that new experiments
and/or analyses are needed to cast light on the important phenomena that cause
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turbulence damping or generation. The authors suggested that the experiments should
be conducted in simple turbulent flows, such as grid turbulence, fully developed pipe
or channel flow, or simple axisymmetric flows. Regardless of geometry, experiments
must include a wide range of particle parameters in a single fixed facility. Their
conclusions are still outstanding in the mathematical modelling of slurry flow and
especially for medium and coarse particles.

In conclusion, one can say that experiments on the influence of solid particles on
turbulence are extremely difficult. Measurements at high solid concentrations of the
dispersed phase are avoided because of the risk of damage or contamination of intru-
sive hot film or hot wire probes. With optical methods, the beam is attenuated by
particles. As a result of these difficulties, most of the measurements in the literature
refer to gas-liquid or gas-solid flows. Other methods of measurement, such as NMR,
face problems with resolution, which is fundamental if velocity fluctuations are
needed, especially at the pipe wall.

On the basis of the gathered knowledge, we can say that the averaged solid
particle diameter has a significant influence on the frictional losses. We know that
the difference between the solid and liquid phases is important; however, its
importance decreases as the solid concentration increases. Small and medium solid
particles can suppress, while large particles can enhance frictional losses. Of
course, the phenomenon is more complex as the properties of the solid and liquid
phase, and flow conditions, such as the velocity and geometry effect on the level of
turbulence.

3. Physical and mathematical model

The physical model assumes that the slurry comprises glass spheres with the cane
shape, called Canasphere medium solid particles with average diameters equal to
dp = (0.125 and 0.240) mm, and sand particles equal to dp = 0.471 mm, and water as
carrier liquid.

All solid particles used in the experiments are rounded and narrowly sized. The
solid particle density is 2440 kg/m3 for Canasphere and 2650 kg/m3 for Sand. Volume
solid concentrations are equal to CV = (10%, 30%, 40%).

The slurry flow occurs in a vertical pipe with sufficiently high bulk velocity, so the
flow can be treated as non-settling and homogeneous. The slurry flow is stationary,
turbulent and fully developed. As the vertical flow is considered, it is assumed that the
flow is axially symmetric, which means that the velocity components V and W are
equal to zero. It is assumed that the viscosity of the slurry is equal to the viscosity of
the carrier liquid, while the density of the slurry depends on the solid concentration
and is calculated as follows:

ρm ¼ ρL 1� CVð Þ þ ρPCV (1)

The starting point for building the mathematical model is the continuity and the
Navier-Stokes equations. Taking into account the physical model, the time-averaged
form of the continuity and the Navier-Stokes equations, written in cylindrical coordi-
nates (x, r, φ), can be described as follows:

�ρm
∂�U
∂x

¼ 0 (2)
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r

∂

∂r
r μ

∂�U
∂r

� �ρm �u0v0
� �� �

¼ ∂�p
∂x

þ �ρmg (3)

Eq. (2) indicates that the flow is fully developed. This means that the velocity
profile U is unchanged in the flow direction ‘0x’. The component of the turbulent
stress tensor in Eq. (3) is designated by the Boussinesque hypothesis as follows:

��ρm �u0v0 ¼ μt
∂�U
∂r

(4)

The turbulent viscosity (μt), stated in Eq. (4), is designated with the support of
dimensionless analysis, as follows [42]:

μt ¼ f μ
�ρmk

2

ε
(5)

The kinetic energy of turbulence (k) and its dissipation rate (ε), which appear in
Eq. (5), are obtained from the Navier-Stokes equation. For the aforementioned
assumptions, the final form of k and ε the equations developed by the Launder and
Sharma turbulence model [42] are the following:

• equation for the kinetic energy of turbulence:

1
r

∂

∂r
r μþ μt

σk

� �
∂k
∂r

� �
þ μt

∂�U
∂r

� �2

¼ �ρmεþ 2μ
∂k1=2

∂r

 !2

(6)

• equation for the dissipation rate of the kinetic energy of turbulence:

1
r

∂

∂r
r μþ μt

σε

� �
∂ε

∂r

� �
þ C1

ε

k
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∂�U
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� �2

¼ C2 1� 0:3 exp �Re 2t
� �� � �ρmε2

k
� 2

μ
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∂
2 �U
∂r2

� �2

(7)

The turbulent Reynolds number in Eq. (7) is defined using dimensionless analysis,
as follows [42]:

Re t ¼ �ρmk
2

με
(8)

The crucial point in the turbulence model is the proper determination of the
turbulence damping function (fμ) in the Eq. (5). This function is also known as the
wall damping function. This function is an empirical function and takes low values at
a pipe wall. Lower values at the pipe wall cause a decrease in turbulent viscosity and,
consequently a decrease in the turbulent stress tensor component, described by
Eq. (4). As a function described by Eq. (4) is an empirical function, it is possible to
adapt the function (fμ) for certain applications. For example, Ruffin and Lee [43, 44]
successfully used the standard k-εmodel of Launder and Spalding [45] and a new wall
damping function for the unstructured Cartesian grid solver.

Launder and Sharma [42] proposed the following empirical function for a
Newtonian flow, called the standard turbulence damping function:
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f μ ¼ 0:09 exp
�3:4

1þ Re t
50

� �2
" #

(9)

For medium slurry flow, Bartosik [46] proposed a new turbulence damping
function. This turbulence damping function includes the average particle diameter
(dp) and the volume solid concentration (CV). The proposed turbulence damping
function developed for medium slurry flow is the following:

f μ ¼ 0:09
�3:4 1þ A3

Pd
2
P 8� 88APdPð ÞC0:5

V

� �

1þ Re t
50

� �2
( )

(10)

where AP is an empirical constant (AP = 100).
Eq. (10), which describes the turbulence damping function dedicated for medium

slurry, demonstrates that the average diameter of the solid particles plays a primary role,
while the solid concentration plays a secondary role. The turbulence damping function
(10) was developed based on the comparison between numerical predictions and global
measured parameters, such as dp/dx = f(Ub) and velocity profiles for slurry flow in a
horizontal pipe in the comprehensive range of mean diameters of solid particle diameters
dp = (0.125; 0.240, 0.470) mm and for solid concentrations CV = (10–40)%. The empir-
ical function (10) approaches the standard turbulence damping function, described in
(9), if the solid concentration or the average diameter of the particles is zero.

Figure 1 presents the influence of the average diameter of the solid particles (d)
and the turbulent Reynolds number (Ret) on the turbulence damping function,
described by Eq. (10). If ‘y’ goes to zero, the turbulent Reynolds number also goes to
zero, as ‘k’ is approaching zero on the pipe wall. When the averaged solid particle
diameter decreases, the turbulence damping function tends to the standard damping
function described by Eq. (9) (Figure 1). If the diameter of the solid particle increases
from dp = 0.125 mm to 0.47 mm, then the turbulence damping function decreases,
which is seen in Figure 1 for Reynolds numbers up to 100. For a turbulent Reynolds

Figure 1.
Dependence of the average diameter of the solid particles and the turbulent Reynolds number on the turbulence
damping function at constant solid concentration CV = 40%.
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number greater than 100, the turbulence damping function (10) gives results similar
to the function defined by Eq. (9). In Figure 1 it is seen that the turbulence damping
function (10) reaches the minimum value if the average diameter of the solid particles
is equal to 0.47 mm. This is in agreement with the Sumner measurements [17].

The turbulence damping function (10), compared to the standard function (9),
demonstrates an increase in turbulence damping. It should be emphasised that the
lack of measurement of slurry velocity fluctuation components near a solid wall is a
limiting factor in the development of new turbulence models suitable for predicting
turbulent slurry flow. However, it is possible to suggest a modification of standard
turbulence models on the basis of a comparison between predictions and measure-
ments of global parameters, which is demonstrated in this study. The mathematical
model of the flow with medium solid particles, which includes the turbulence
damping function (10), was developed on the basis of the comparison between pre-
diction and measurements of global parameters. It must be noted, however, that the
weakest point of the new turbulence damping function is its dimension.

Finally, the mathematical model of slurry flow with medium solid particles of an
average particle diameter between 0.1 mm and 0.5 mm comprises three partial differ-
ential equations, namely, (3), (6) and (7), together with the complementary Eqs. (1),
(4), (5), (8), and (10). The constants in the turbulence model are the same as those in
the Launder and Sharma turbulence model for Newtonian flow [42]: C1 = 1.44;
C2 = 1.92; σk = 1.0; σε = 1.3. The coefficient Ap in the turbulence damping function was
found to be AP = 100. The mathematical model assumes a nonslip velocity at the pipe
wall, that is U = 0, and k = 0, and ε = 0. Axially symmetrical conditions were applied at
the pipe centre, therefore dU/dr = 0, dk/dr = 0, and dε/dr = 0.

The set of partial differential equations, named (3), (6), and (7), were solved by
the TDMA method with an iteration procedure using the control volume method [47]
and the author’s own computer code.

The criterion of convergence is described as follows:

X
j

ϕn
j � ϕn�1

j

ϕn
j

�����

�����≤ 510�4 (11)

where ∅n
j is a general dependent variable ∅= U, T, k, ε; the jth is the nodal point

after the nth iteration cycle and the ∅n�1
j is the (n � 1) iteration cycle.

Numerical calculations were performed for known dp/dx and were performed for
80 nodal points of the differential grid. Nodal points are non-uniformly distributed in
the radius of the pipe. Most of the nodal points are located in the vicinity of the pipe
wall according to the expansion coefficient. The number of grid points was set exper-
imentally to provide nodally independent computations.

The mathematical model is able to predict the frictional head loss and velocity distri-
bution in a fully developed axially symmetrical pipe flow of medium slurry in a compre-
hensive range of solid concentrations, that is up to 40% by volume. It is possible to extend
the model to the non-isothermal flow if a proper energy equation will be used.

4. Numerical predictions and measurements

To predict the frictional head loss for medium slurry in a turbulent flow, the
mathematical model, which includes the new turbulence damping function, is
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described by Eq. (10), is used. Predictions were made for upward vertical slurry flow
containing Canasphere and Sand solid particles in the smooth pipe with an inner
diameter equal to D = 0.026 m and for solid concentrations equal CV = 10%, 30% and
40%. The results of the predictions are compared with the measurements of Shook
and Bartosik [8] for the Canasphere particles (t = 27°C) and Sumner [17] for the Sand
particles (t = 20°C). Both experiments were performed in a closed vertical loop for
fully developed medium slurry flow. The physical properties of the solid particles and
slurry, and the carrier liquid, which have been used in experiments and predictions,
are collected in Table 1.

To demonstrate the importance of the turbulence damping function used in the
prediction of frictional head loss, numerical computations were also performed for
CV = 40% using the standard damping function, described by Eq. (9). Such predic-
tions are named ‘no damping’.

Figure 2a–c demonstrate a comparison of predictions with measurements [8] of
friction head loss in upward vertical slurry flow with average diameter of solid parti-
cles dp = 0.125 mm and for solid concentrations CV = 10%, 30%, and 40%.

Analysing Figure 2a–c, it is seen that an increase in solid concentration results in
an increase in frictional head loss (dp/dx). Predictions are well-matched measure-
ments for all applied solid concentrations. Figure 2c shows that there is no significant
difference between the results of the predictions using different wall damping func-
tions. Figure 2a–c shows that the frictional head loss of the slurry differs significantly
compared to the flow of the water. It looks like it is the effect of different densities
between the slurry and water. For example, considering the data presented in
Figure 2c and choosing a bulk velocity equal to Ub = 5 m/s, we can estimate that the
measured dp/dx is equal to ab. 26,500 Pa/m, while for water flow it is 17,500 Pa/m. It
means that dp/dx for slurry flow is ab. 1.51 higher compared to water. However, the
density of the slurry is equal to that of ab. 1574 kg/m3, which means that in accordance
with the Darcy-Weisbach equation, we expect that dp/dx for the slurry flow should be
ab. 1.58 (ρm/ρL = 1.58) is higher compared to water, while it is 1.51. In such a case, we
can say that the results of the predictions are about our expectation, since the differ-
ence is rather small.

If the particle diameter increases from dp = 0.125 mm to dp = 0.240 mm, the
measurements demonstrate a decrease in frictional head loss for the same solid con-
centration, which is seen by comparing the measurements presented in Figure 2a vs.
Figure 3a, Figure 2b vs. Figure 3b and Figure 2c vs. Figure 3c. On the basis of this, it
can be expected that the damping process of turbulence is higher for the slurry with

Solid particles dP (mm) ρP, (kg/m3) CV (%) ρm (kg/m3)

Canasphere 0.125 2440 10 1140.57

20 1429.330.240

30 1573.71

Sand 0.470 2650 10 1163.38

30 1493.74

40 1658.92

Table 1.
Properties of solid particles, slurry and carrier liquid.
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(a)

(b)

(c)

Figure 2.
Predictions and measurements of frictional head loss in upward vertical flow of Canasphere slurry and water in
pipe D = 0.026 m: (a) dp = 0.125 mm, CV = 10%; (b) dp = 0.125 mm, 11CV = 30%; and (c) dp = 0.125 mm,
CV = 40%.
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dp = 0.240 mm than for the slurry with dp = 0.125 mm. To better illustrate this, let us
consider the measurements presented in Figure 3c for a bulk velocity equal to 5 m/s,
which corresponds to dp/dx = 25,000 Pa/m. For the same bulk velocity, the dp/dx for
water is 17,500 Pa/m. This means that for slurry flow, the frictional head loss is ab.
1.43 higher compared to water. However, the density of the slurry is equal to that of
ab. 1574 kg/m3, so we expect that dp/dx for the slurry flow should be ab. 1.58 higher
compared to water, while it is 1.43. In such a case, we can talk about some damping of
the turbulence.

The results or predictions presented in Figure 3a–c are in good agreement with the
measurements. However, if the standard turbulence damping function is used,
Eq. (9), the discrepancy between the predicted and measured frictional head loss is
evident; see Figure 3c.

If the particle diameter increases from dp = 0.240 mm to dp = 0.470 mm,
the measurements demonstrate that for the same solid concentration, frictional
head loss continues to decrease, which is seen by comparing the measurements
presented in Figure 3a vs. Figure 4a, Figure 3b vs. Figure 4b and Figure 3c vs.
Figure 4c.

It is interesting to analyse the data presented in Figure 4b, which present frictional
head loss for sand slurry with dp = 0.47 mm and CV = 30%. Bartosik [46, 48]
presented such data after subtracting the gravitational term and demonstrated that
the frictional head loss is close to the water flow, although the solid concentration is
high and equal ρm = 1494 kg/m3.

Trying again to illustrate the damping process of turbulence, let us consider the
measurements presented in Figure 4b for a bulk velocity equal to 5 m/s, which
corresponds to dp/dx = 22,000 Pa/m. For the same bulk velocity of water, dp/
dx = 17,500 Pa/m. This means that in the slurry flow, the frictional head loss is ab. 1.26
higher compared to water. However, we took into account the density of the slurry,
which is ab. 1494 kg/m3, and water density, which is 998.20 kg/m3, we expect dp/dx
for the slurry flow to be ab. 1.50 higher compared to water, while it is 1.26. In such a
case, we can talk about the damping of the turbulence, which is higher for the slurry
with dp = 0.470 mm than for the slurry with dp = 0.240 mm. Experiments presented
in Figure 4a–c clearly indicate that turbulence damping exists.

Figure 4a–c present the predictions of frictional head loss, with the turbulence
damping function depending on particle diameter and solid concentration matching
measurements. However, the prediction of slurry frictional head loss using the stan-
dard turbulence damping function, described in (9), gives high friction compared to
the Sumner measurements [17], which is seen in Figure 4c. In this particular case, the
predicted frictional head loss using the standard turbulence model is about 22% higher
compared to the measurements.

The predictions presented in Figures 2–4 confirm that the mathematical model,
which includes the turbulence damping function depending on (dp) and (CV), is
dedicated to predict the frictional head loss of slurry flow with medium solid particle
diameters in the range from 0.125 mm to 0.470 mm.

Comparison of the slurry velocity profile predictions in the vertical upward
pipeline with Sumner measurements [17] for dp = 0.47 mm and different solid con-
centrations and bulk velocities is presented in Figure 5a and b. Predictions are similar
to the measurements; however, in Figure 5a the measured velocity profile is slightly
steeper compared to the predictions, while in Figure 5b it looks opposite; that
is, the measured velocity profile is flatter in the core region compared to the
prediction.
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(a)

(b)

(c)

Figure 3.
Predictions and measurements of frictional head loss in upward vertical flow of Canasphere slurry and water
in pipe D = 0.026 m: (a) dP = 0.240 mm, CV = 10%; (b) dP = 0.240 mm, CV = 30%; and (c) dP = 0.240 mm,
CV = 40%.
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(a)

(b)

(c)

Figure 4.
Predictions and measurements of frictional head loss in upward vertical flow of sand slurry and water in pipe
D = 0.026 m: (a) dP = 0.470 mm, CV = 10%; (b) dP = 0.470 mm, CV = 30%; and (c) dP = 0.470 mm,
CV = 40%.
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In conclusion, experimental data and predictions of medium slurry flow of average
diameters equal to 0.125 mm, 0.240 mm and 0.470 demonstrate that the frictional
head loss is significantly dependent on particle size and solid concentration. We can
say that if the average diameter of the solid particles increases from dp = 0.125 mm to
0.470 mm, the frictional head loss decreases. Such a phenomenon is well predicted if
the turbulence damping function, described by Eq. (10), is incorporated into the
mathematical model.

(a)

(b)
Figure 5.
Predictions and measurements of the velocity distribution in upward vertical flow of sand slurry in pipe D = 0.026
m: (a) dP = 0.470 mm, CV = 10%, Ub = 2.63 m/s; and (b) dP = 0.470 mm, CV = 40%, Ub = 3.66 m/s.
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5. Discussion and conclusions

If the solid particles are sufficiently fine, the slurry flows usually exhibit non-
Newtonian behaviour. This requires the inclusion of a proper rheological model into
the mathematical model. Fine solid particles can move freely inside the viscous
sublayer, and the friction process proceeds similar to a carrier liquid flow [49]. If the
solid particles are coarse or medium, it is impossible to measure the rheology as the
sedimentation process occurs. In such a case, it is reasonable to assume that the
viscosity is equal to the carrier liquid viscosity and that the density depends on the
solid concentration [50]. If a vertical flow is considered, it is reasonable to assume that
the flow is axially symmetrical. When the solid density is low or the bulk velocity is
sufficiently high, the sedimentation process is limited and, in some cases, we can
assume that the flow is pseudo-homogeneous or homogeneous.

When solid particles are larger than the thickness of the viscous sublayer, such as
medium and coarse particles, their contact with the pipe wall is limited as a result of
the emerging lift forces that push the solid particles away from the wall. Therefore,
assuming that there is limited contact of the solid particles with the pipe wall, it can be
assumed that the wall shear stress would be similar to the flow of the carrier liquid.
Additionally, the presence of solid particles in a carrier liquid can suppress velocity
fluctuations. This process is extremely complex, especially in the buffer layer, and is
still not well understood. We know from several examples in the literature that in
some cases the frictional head loss in turbulent slurry flow in a vertical pipe is similar
to the carrier liquid, as presented in this study. This was observed not only by Sumner
[17] but also by other researchers who conducted experiments on sand-water mix-
tures, such as, Talmon [12] for dp = 0.1 to 2.0 mm, Charles and Charles [51] for
dp = 0.216 mm, Ghosh and Shook [52] for dp = 0.6 mm, Matousek [53] for
dp = 0.37 mm.

This study demonstrates the influence of the average diameter of the solid particles
(dp) on the damping of turbulence in the solid-liquid flow with medium solid parti-
cles (dp = 0.125–0.470 mm). Damping of turbulence caused by the presence of certain
solid particles causes a decrease of the frictional head loss. The other important
parameter that affects frictional head loss is solid concentration (CV).

The study demonstrates that the mathematical model, which uses the standard
turbulence damping function, is not suitable to predict slurry flow with medium solid
particles. However, it was also demonstrated that using the turbulence damping
function in the mathematical model, depending on the averaged solid particle diame-
ter and solid concentration, is the right direction in developing mathematical models
to predict the frictional head loss in medium slurry flow. The mathematical model
with the turbulence damping function described by Eq. (10) allows predicting the
frictional head loss, friction factor and slurry velocity profiles if the slurry flow is fully
developed, the stationary, axially symmetrical and averaged solid particle diameters
are between 0.1 mm and 0.5 mm. The mathematical model does not include phenom-
ena caused by the slip velocity between the liquid and the solid phase, lift forces acting
on solid particles at the pipe wall. However, the model includes the aforementioned
phenomena globally through the wall damping function depending on fμ = f(dp, CV).

Considering the upward vertical slurry flow of medium solid particles with average
diameters from 0.1 mm to 0.5 mm, one can formulate the following conclusions:

1.The diameter of the solid particles plays an important role in predicting the
frictional head loss.
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2.In the range of the average diameters of solid particles from 0.125 mm to
0.47 mm, the lowest frictional head loss was achieved for dp = 0.47 mm and
CV = 30%.

3.Experiments and predictions indicate that the process of damping of turbulence
occurs and depends mainly on the size of the averaged particle diameter,
whereas solid concentration plays a secondary role.

4. It is not recommended to use standard turbulence models for the prediction of
medium slurry flow.

5.The wall damping function described by Eq. (10), which depends on the average
particle diameter and solid concentration, together with the momentum equation
and the Launder and Sharma turbulence model, in which the molecular viscosity
of the carrier liquid and the density of the slurry were used, provides reasonable
predictions of the frictional head loss and velocity profiles.

The mathematical model requires an additional examination of the predicted
velocity profiles, especially in the pipe wall. However, it is difficult to obtain such
measurements. To develop new turbulence models dedicated for slurry flow,
measurements of fluctuating components of the velocity are needed.

Nomenclature

AP constant in the turbulence damping function
Ci constant in Launder and Sharma turbulence model, i = 1, 2
CV solids concentration (volume fraction of solids averaged in cross section), %
dP averaged solid particle diameter, μm
D inner pipe diameter, m
fμ turbulence damping function
j nodal point
k kinetic energy of turbulence, m2/s2

p static pressure, Pa
Re Reynolds number
r cylindrical coordinate, distance from symmetry axis, m
U velocity component in main flow direction ‘0x’, m/s
V velocity component in direction ‘0r’, m/s
W velocity component in direction ‘0φ’, rad/s
u’ fluctuating component of velocity U, m/s
v’ fluctuating component of velocity V, m/s
x cylindrical coordinate, main flow direction, m
y radial distance from a pipe wall, m
¯ time averaged

Greek symbols

Δx pipe unit length
ε rate of dissipation of kinetic energy of turbulence, m2/s3
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φ cylindrical coordinate, angle around pipe symmetry axis, deg.
Φ general dependent variable, Φ = U, k, ε
λ friction factor
μ dynamic viscosity coefficient, Pa�s
ν kinematic viscosity coefficient, m2/s
ρ density, kg/m3

σi diffusion coefficients in k–ε turbulence model, i = k, ε
τ shear stress, Pa

Subscripts

b bulk (cross-sectional averaged value)
i index, i = 1, 2
j number of nodal points
L liquid
m slurry (solid-liquid mixture)
n number of iterations
P solid particle/solid phase
t turbulent
w solid wall
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Chapter 4

High Concentration, Coarse
Particle, Hydraulic Conveying
Lionel Pullum

Abstract

Conventional coarse particle hydraulic conveying is performed under turbulent
flow conditions, usually at concentrations of less than 40% v/v. The last three or four
decades have seen the development of much higher concentration conveying, with the
successful transport of suspensions of 70% v/v or more. These suspensions can be
conveyed at very low velocities and generally exhibit very benign characteristics,
having the capability of being stopped and restarted at will. There are generally two
methods of pumping coarse materials safely at low velocities. The first method, using
a Newtonian such as water, can be applied when the particle size distribution is
sufficiently broad to minimize percolation and the concentration sufficiently high to
prevent particle restructuring during transport. A second method uses a non-
Newtonian, visco-plastic carrier fluid, normally fine particle slurry, to convey the
coarser particles. This second method removes the constraints of the first method,
allowing a greater range of coarse solid distributions and concentrations to be
pumped. In both cases, the conveying characteristics appear similar to laminar flow.
Both methods are described and analyzed in this chapter.

Keywords: hydraulic transport, coarse particle, high concentration, no-Newtonian,
hybrid suspension

1. Introduction

Except for the transport of pastes and non-Newtonian slurries, most hydraulic
transport applications operate under turbulent conditions at low to moderate volu-
metric concentrations. This contrasts with pneumatic transport systems which oper-
ate in both dilute, or lean, phase conveying and dense phase conveying. Dilute phase is
analogous to this form of hydraulic conveying, while dense phase conveys solids at
much higher solids’ concentrations and at lower velocities. Over the last three or four
decades, advances have been made in the development of higher concentration
hydraulic transport systems, which share many characteristics in common with dense
phase pneumatic systems.

Conventional hydraulic transport systems are turbulent, relying on the action of
turbulent eddies to suspend and convey the solids in the pipe. At high velocities, the
solids’ suspension is almost uniform across the pipe, while at lower velocities, a
pronounced concentration profile appears, forming sliding and even stationary beds
of solids on the bottom of the pipe. Such flows are unstable and solids’ transport will
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stop when the mean velocity falls below a minimum conveying velocity, and may
even block the pipe. To minimize this risk of blockage and assist in restarting, a rule of
thumb is used whereby the in-line solids’ concentration, Cvi, is generally limited to
less than 40% v/v. The minimum conveying velocity is a function of the solids’
concentration, size and density, and can typically range from 1 to 2 m/s for fine
particles (d < 1 mm say) to 7–10 m/s for coarse particles (d > 5 mm say).

Despite these unstable characteristics, such conveying has many advantages in the
main areas where it is practiced, namely inter-process transfer, dredging, tailings
disposal and long distant transport of ore or concentrates. It is simple to operate,
requiring only that those solids are mixed with water in a suitably agitated vessel of
some form, and pumped, normally using centrifugal pumps, through the pipeline to
their destination. The low concentration also affords easy separation of the solids from
the conveying fluid.

By contrast, outside of the food and some process industries, high concentration
conveying is rarely seen, concrete pumping being the most obvious exception. How-
ever, high concentration systems have been developed and are finding increasing use
in tailings disposal, hoisting and other niche applications. Their attractiveness lies in
their benign operation, as they generally do not require a minimum conveying veloc-
ity, so lines can be stopped and restarted at will. Their low velocity, typically of order
1–2 m/s, several meters per second lower than their coarse particle low concentration
counterparts, results in low particle attrition and pipe wear. This mode of conveying
also allows very coarse particles to be conveyed at low particle pipe diameter ratios,
e.g., D/d ≤ 5. The high concentration, 40<Cv≤ 75% v/v, also produces low specific
energy consumption (SEC), producing low operating costs (OPEX) and low green-
house gas emissions. These advantages, however, are offset against a more complex
operating system and the need for more specialized equipment (CAPEX).

Two forms of high concentration conveying have been developed, one using
Newtonian fluids, like water, as the carrier fluid to convey the solids, and a second
using non-Newtonian carrier fluids. Although sharing many characteristics, these
methods will be described separately starting with the Newtonian system.

2. Newtonian high concentration conveying

2.1 Concentration considerations

While weight concentration, Cw w/w, or worse weight of solids per volume of
liquid, Cwv w/v, are common in industry, it is the volumetric concentration, Cv v/v,
that characterizes and controls the way a suspension of solids behaves. At high con-
centrations, another more useful way of describing the solids’ concentration is the
ratio of the volumetric concentration to the maximum packing concentration of the
solids, or more usually the maximum dilated or loose poured concentration, i.e.,
Cv/Cb known as the reduced concentration. The term Cb is used here to denote this
packing concentration, as this value corresponds to the in-situ concentration of a
settled or sliding bed of solids within the pipe. For non-Newtonian systems, described
in §3, the bed concentration will be lower than for Newtonian systems, and will be
described in greater detail there. This value may be considered to indicate the
pipelines obscuration, or particle’s mobility.

Cb is a function of the particle’s size distribution (PSD) and shape distribution
(SSD), from which this value can be calculated (for example [1, 2]), or measured
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using a procedure outlined by Leuenberger [3], as follows. A tank of initially dry solids
is continuously mixed with a pitch-bladed agitator, and the power drawn by the
agitator monitored while water is progressively added. An example of such a test is
shown in Figure 1.

The typical response to the addition of water (Figure 1b) is to change the solids
from a purely granular flow in air, to one where an increasing number of water
bridges are formed. Shearing these as well as the solids requires increasingly more
energy. Once all the interstices are filled with water, further addition of water simply
separates the particles, reducing the mixer energy requirements. Thus, the value of 1-
Cvwater corresponding to the peaks in the characteristic curves approximates Cb.

The calculated value of Cb, based on the coal’s PSD and SSD, is approximately
89%, whereas the empirical value is around 86%. The discrepancy, although small, is
because the empirical value is for a sheared, and hence a dilated bed. It is
recommended that the empirical value is used, or that calculated values should be
reduced by a couple of percentage points.

2.2 Conveying characteristics

As mentioned in the introduction, both dilute and high concentration conveying is
commonplace in pneumatic conveying systems, and the operational or transport
characteristics are displayed in what is known as a diagram of state (Figure 2).

At moderate to high velocities, the transport characteristics exhibit the familiar
hook curves of conventional hydraulic conveying systems, moving from a fully
suspended state at high velocities, to sliding beds as the velocity is decreased. After
going through a minimum, the pressure gradient rises due to partial obscuration of the
pipe and increased particle wall contact. For hydraulic systems, which normally use
centrifugal pumps, this is an unstable region, but for pneumatic systems, which use a
variety of different feeding systems, e.g., blow vessels, transport can still be obtained
down to very low velocities. At these low velocities, the line is filled with solids that

Figure 1.
(a) Broad PSD of typical run of mine (ROM) coal, (b) experimental value for two different agitator speeds and
calculated (dashed line) determination of Cb for the same ROM.
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move along as a continuous plug, although this plug is often deliberately broken into
smaller plugs to reduce the pressure requirements. At intermediary velocities, how-
ever, the flow is unstable, exhibiting dune flow that can block the pipe.

Wilson et al. [4] examined the behavior of dense phase hydraulic hoisting, subse-
quently publishing an analysis of the frictional component of such plug flow [5], and
such techniques were employed in the Hansa underground mine to hoist -60 mm coal,
850 m to the surface [6]. To the author’s knowledge, though, it was not until the
invention of a feeding system called a Rotary Ram Slurry Pump (RRSP), described in
§2.7, that dense phase horizontal coarse particle hydraulic conveying was considered
at an industrial scale.

The RRSP enabled very high concentrations of coarse particles to be loaded into a pipe
using a valving system that opened to the full bore of the conveying pipe. These particles
could be conveyed at very low velocities with little, if any, inter-particle movement. This
feature was ideal for friable materials such as coal. Transport characteristics for ROM coal
conveyed in a 300 mm pipe using this technique are shown in Figure 3.

The transport characteristics do not exhibit the typical hooked curves of lower
density conveying, although transport below the lowest velocities shown were prob-
lematic. Suspensions with concentrations below 65% were also unstable for this par-
ticular material. Readings from an isolated electrode probe (see e.g. [7]), inserted into
the top of the pipe, registered periodic high activity at these lower concentrations,
indicating possible dune formation. A two-layer model, at concentrations close to plug
flow, was used to model this flow with satisfactory agreement as shown. However, the
adoption of a normal two-layer model is found to substantially overpredict the trans-
port pressure gradients shown, and modification to such a model is needed before the
agreement shown here is obtained.

2.3 Two-layer modeling modifications for coarse particles

Only a simple two-layer model (e.g. [8]) will be used in this section for illustrative
purposes, and the reader is referred to the chapter on Pipeline Modeling for a more
complete description and a more nuanced approach. The early layered models were
developed to model the behavior of small sand particle slurries, which become fluid-
ized during transport. This is evident by observing slurry issuing from holes in the
upper invert of the conveying pipe, where the slurry behaves as a fluidized jet [9].

Figure 2.
Diagram of state for coarse particle pneumatic conveying.
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Such behavior is not observed in coarse particle flow. This difference has ramifications
for the modeling of the resisting force of the bed in a two-layer model. Consider the
schematic of the pipe cross section shown in Figure 4a.

If the solids are fine and fluidized, the bed presents a hydrostatic pressure at the
pipe wall (Figure 4a, left hand side), which is normal to the pipe wall. If the density of
the fluid and solids are ρf and ρs, respectively, then the normal force of the bed on the
pipe wall is given by

N ¼ 2Cb ρs � ρf

� �
gR2
ðβ
0
cos βð Þ � cos θð Þdθ (1)

Where β is the half bed angle shown in Figure 4a and which on integrating and
rearranging becomes

Figure 3.
Typical high concentration, coarse particle, transport characteristics. Computed curves of constant delivered
concentrations and partial deposition locus using a two-layer model. The bed depth Ybed is also shown.

Figure 4.
(a) Schematic of pipe cross section giving the normal force distribution for fine and coarse particles, (b) wear
pattern in a 300 mm pipe used for conveying -32 mm solids, showing unworn original oxide coating in pipe upper
invert.
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N ¼ 2Cb ρs � ρf

� �
g
D2

4
sin βð Þ � β cos βð Þð Þ (2)

Conversely, for unfluidized coarse particles the normal force is simply

N ¼ Cb ρs � ρf

� �
g

πD2

4

� �
1� Að Þ (3)

where A is the fractional cross-sectional area above the bed and (1-A) is the area of
the bed 1� Að Þ ¼ β � sin βð Þ cos βð Þð Þ=π ¼ Cv=Cb.

The difference between Eqs. (2) and (3) is then a multiplier which accounts for the
effect on the resisting force of particle fluidization. Thus, combining Eq. (2), Eq. (3),
the bed fractional area and a degree of fluidization 0 < f < 1, where a value of zero = the
unfluidized state, 1 = the fully fluidized state, this multiplier can be written as

F ¼ 1þ f 2
sin βð Þ � β cos βð Þ
β � sin βð Þ cos βð Þ � 1

� �
(4)

and used to describe the bed’s normal force for an arbitrarily fluidized bed by

N ¼ Cb ρs � ρf

� �
g

πD2

4

� �
1� Að ÞF (5)

2.4 Comparison with conventional conveying

Data reported by the Saskatchewan Research Council (SRC) for coarse coal in
water [10] show typical results in a similarly sized pipe for -50 mm solids, d50 = 3 mm,
Cv = 0.457 v/v, D = 234 mm, to be V = 2.5 m/s, dP/dx = 0.64 kPa/m. The conveying
velocity is higher than that shown in Figure 3, and this, combined with the lower
concentration means that particle attrition would be considerable. The pressure gra-
dient, however, is comparable to that of the 70% curve in Figure 3. A comparison of
the operating costs can be achieved by comparing the SEC given by

SEC ¼ suspension pumping power
solids mass flow x distance

¼ dp=dx

3:6Cvρs=ρf
kWhr= tonne kmð Þ (6)

where the pressure gradient, dp/dx, is in kPa/m.
Comparing the SRC data with the higher pressure gradient 75% v/v data, the SEC

for the conventionally conveyed coal is 0.27 kWhr/(tonne km), compared with 0.23
kWhr/(tonne km) for the high concentration conveying. Furthermore, the high con-
centration system consumes 45% less water. A more detailed comparison of high
concentration and non-Newtonian systems, described in §3, with conventional
conveying is given in [11].

2.5 Restart capabilities and practical considerations

2.5.1 Restart

As mentioned above, transport at lower concentrations proved problematic
through dune formation partially blocking the pipe, resulting in unsteady flow.
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Experience gained with the RRSP suggested that an operational concentration range
should be limited to 0.75 < Cv/Cb < 0.9, and that the materials required a broad size
distribution such that Cb > 0.75 to avoid excessive bed percolation of the low viscosity
water carrier.

When operating within these constraints, restart of fully loaded pipelines several
kilometers long proved to be immediate once the pumps were activated. The expla-
nation for this is not entirely clear but is expected to relate to the low deposition
velocities. The deposition locus for the material in Figure 5 expressed as a function of
Cv/Cb is shown here (Figure 6).

At the operational limits for this material the corresponding deposition velocities
are approximately 0.6 and 0.2 m/s. Such suspensions started with ease, and it is
expected that once the pumps were started, increasing the flow to the normal con-
veying velocity of a 1 m/s was sufficiently rapid so that reorganization of any particles

Figure 5.
Normal force fluidization modifier for f = 0, unfluidized coarse particles, f = 0.5, partially fluidized intermediary
particles, f = 1 for fully fluidized fine particles.

Figure 6.
Deposition locus as a function of Cv/Cb for the data shown in Figure 3. The concentration limits for successful
operation are shown shaded.
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above the bed to form a plugging dune did not occur. This is despite the high velocity
fluid flowing over the beds, which occupy 75 to 90% of the pipes CSA.

2.5.2 Practical considerations

Production of such suspensions is comparatively easy as the mobility of these
suspensions is very high, requiring only gentle agitation in suitable mixing tanks to
ensure homogenization. More difficult is maintaining the high concentrations within
the required limits, requiring conveyors etc. to be sheltered from rain, and sufficient
surge capacity to be installed for constant operation. This last point is less of a
problem, as the ability to reduce the transport velocity to very low values or stopping,
provides a very large turn down ratio. Maintaining the correct feed to the pump also
requires some care, as fluid can be preferentially drawn from the tank diluting the
flow into the pump’s inlet ducting, producing unstable operation, details of which are
described in [12].

2.6 Diagram of state for hydraulic conveying systems

A diagram of state, similar to Figure 2, can now be drawn for hydraulic systems, to
include high concentration transport, and is shown in Figure 7.

The similarities between Figures 2 and 7 are strong, showing very similar charac-
teristics for dilute or conventional hydraulic conveying, as well as low velocity high
concentration flow. In this case, though, rather than the unstable region being simply
a function of conveying velocity, it is now a function of solids’ concentration being
problematic at the intermediary concentrations.

Before leaving this section on Newtonian systems a brief description of the RRSP
will be given, although it is noted that other solids feeders can also be successfully
employed, e.g. the Kamyr feeder or similar, and various lock hopper systems (e.g. [13]).

2.7 Rotary ram slurry pump

The RRSP was invented by Bede Boyle [14, 15] and further developed by the ASEA
Mineral Slurry Transport group [16], who built a 300 mm pipe diameter unit capable
of transporting 300 dtph of coarse coal. A schematic illustrating the basic operating
principles of this device is shown in Figure 8.

Figure 7.
Diagram of state for water based coarse particle hydraulic conveying.
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The RRSP comprises a barrel, like that in a revolver, containing a multiple number
of diametrically opposed paired cylinders and pistons, that rotates on hydro-static
bearings inside a casing. The configuration of a four-piston cylinder assembly is
shown in Figure 8a. Two stationary valve plates each containing a full-bore inlet and
full-bore outlet kidney valves are located at either end of the barrel, as shown. Mani-
folds containing inlet and outlet ducts are attached outboard of these valve plates. The
cylinders comprise two bores of different diameters, with the smaller bore at the
suspension discharge end of the RRSP. The pistons that run in these cylinders similarly
have two diameters to suit the bores in the cylinders. The barrel is rotated by a
hydraulic motor, mounted at the water end of the RRSP (right in this Figure), such
that the cylinder openings pass the kidney shaped openings in the valve plates,
allowing material to periodically enter or exit the cylinders. The upper duct, at the
water end, is connected to the output of a multi-stage, high pressure, water pump, and
supplies the motive force to drive the suspension. Water is returned via the lower duct
to a sump. At the discharge end of the RRSP (left in this figure) the lower duct is
connected to a stirred tank containing the suspension to be conveyed, and the upper
duct is connected to a matched diameter conveying pipeline. The operation of the
RRSP is as follows. While the upper cylinder is exposed through the kidney valve to
the high-pressure water supply, the piston is driven forward, discharging the suspen-
sion that is in the smaller cylinder into the pipeline. Water contained in the annular
volume between the larger upper cylinder and smaller upper piston passes through
the transfer port indicated to drive the lower piston backwards. This action induces
suspension from the stirred tank through the kidney valve and into the lower smaller
cylinder. Since the barrel is continuously rotating, these cylinders move to their
horizontal locations, to be replaced by the next pair, indicated in Figure 8b, and
ultimately to their near vertical location, where the process is repeated. The valving is
designed so that contribution from the total of each cylinder pair produces essentially
constant continuous flow.

Figure 8.
(a) Partially sectioned schematic of a rotary ram slurry pump, (b) schematic of discharge end of rotating barrel
showing the filling and discharging process. Kidney valve locations shown dashed.
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The RRSP’s design enables very high concentrations of large particles to be
transported, by virtue of the use of the high-pressure centrifugal pumps, rather than
by driving the pistons through mechanical means. As the cylinders rotate and the
upper suspension cylinder starts to be exposed through the kidney valves to the
pipeline, large particles in the cylinder will not be able to pass through the initially
small valve opening. The suspension will be compressed, and the piston stopped. As
the driving force is supplied by a centrifugal pump, this simply means that the pump’s
pressure will rise to its shut-off head. The valve opening continues to increase until it
is large enough for the trapped particles to pass, and transport continues. This, com-
bined with the full bore opening of the valves, enables very large particles to be
conveyed and values of D/d < 5 were conveyed as normal practice, compared to the
normal upper limit of D/d > 10 imposed in conventional conveying.

3. Non-Newtonian high concentration conveying

3.1 A brief history

In the early 70’s, tests examining the effect of hydraulic conveying on high con-
centration coarse coal suspensions [17] showed that as the coal degraded, the transport
characteristics changed from the normal turbulent hook curves, to lines that were
characteristic of laminar flow, and that the solids could be conveyed at much lower
velocities.

These results instigated work into what became known as Stab Flow, whereby
research was conducted into the “laminar” behavior of these suspensions, with vari-
ous researchers (e.g. [18]) reporting linear relationships of the familiar form λm ¼
64=Re m, where λm and Rem are the mixture friction factor and mixture pipe Reynolds
number. Vertical concentration profiles taken across the horizontal pipes, using trav-
eling densitometers, showed the variation across the pipe to be minimal (e.g. [19]).
Such results supported the notion of homogenous behavior for these suspensions. The
influence of pH in the data of Figure 9b demonstrated that rheology of the underlying

Figure 9.
(a) Typical conventional conveying characteristic for �12.5 mm coal, (b) “laminar” characteristics for
degraded �12.5 mm coal, after Elliot & Glidden [17].
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carrier slurry, or carrier fluid, was important, but it seemed that the coarse solids,
despite their size, could somehow be combined with the properties of the carrier fluid
and be modeled using homogeneous non-Newtonian methods.

Figure 10a demonstrates how convincing such an approach can be. Here all sus-
pensions are seen to behave like homogeneous fluids. The originally presented curves
were calculated using non-Newtonian laminar relationships and semi-empirical pre-
dictions of turbulent flow, using a suspension pseudo-rheology, based on the under-
lying carrier fluid rheology and coarse particle concentrations, i.e., τym = f(τyc, Cv) etc.,
where subscripts c and m denote carrier fluid and suspension respectively.

Several groups adopted this pseudo-rheological approach to predict full size data
and scale up of test data, but this was found to only be successful for relatively minor
increases in scale, and, as demonstrated by the dependence on pH, required that the
underlying carrier fluid’s rheology would stay constant.

Anecdotal evidence, later confirmed by tomographic studies (described in the
chapter on tomography in this text) and flow visualization studies, showed that rather
than being homogeneous, such flows were stratified. This allowed mechanistic two-
layer models, based on the carrier fluid and particle properties, to be used to predict
and scale up the data. Such predictions are shown in Figure 10b. Flows such as these
are now generally analyzed using layered models, which produce predictions of
transport pressure gradients typically within less than 10%.

During this period, the introduction of high rate and deep cone thickeners allowed
a new form of tailings disposal to be developed [21], whereby rather than conveying
low concentration solids to settle in conventional walled TSFs, high concentration
non-Newtonian suspensions were pumped out onto a flat TSF. The discharged sus-
pensions formed cones of solids that were stabilized by the yield stresses in the
underlying carrier fluid. Such TSFs had a smaller footprint than their conventional
counterparts, did not incur the expense of large bounding walls, were inherently safe,
not being susceptible to catastrophic wall breaches, and could be rehabilitated earlier.

Figure 10.
Coarse mine waste suspensions (after Duckworth et al. [20]). (a) Curves based homogeneous non-Newtonian
suspensions with rheology a function of the carrier fluid and coarse concentration, (b) non-Newtonian two-layer
model predictions.
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Thus, there was a perceived need to adopt this technology to (i) transport coarse
materials at low velocities, and (ii) to dispose of large quantities of waste material in a
more economic and environmentally safe manner.

3.2 Stratification process

Stratification when the flow is turbulent is performed through a similar process for
non-Newtonian based suspensions as it is for Newtonian suspensions. The higher
viscosity and differing viscosity distribution means that moderately sized solids are
more readily suspended and adopt a more uniform concentration distribution than
their Newtonian based counterparts [22].

In laminar flow, there are no turbulent suspending eddies, but if the carrier fluid is
a visco-plastic, with a substantial yield stress, this yield stress will be able to support
the particle if it exceeds a critical value τyc, i.e.

τyc ¼ kgd ρs � ρf

� �
k≈0:1 for irregular particles (7)

However, in sheared visco-plastic flows, the fluid surrounding the suspended
solids is subjected to a shear rate equal to the vector total of all applied shear rates, i.e.,
the local velocity profile, that due to the particles’ settling motion and that due to any
rotation of the particle. This shear rate is finite, and since visco-plastic flows are very
shear thinning, this means that the viscosity of the fluid, local to the particle, will have
a high, but finite viscosity, and so the particle will be able to settle through it. It has
been shown [22–24] that at particle Reynold’s numbers, typical of settling in non-
Newtonian pipeline flows, the settling velocity of the particle can be calculated using
Stoke’s relationship, providing this local viscosity is used.

In visco-plastic pipeline flow, there exists a central core that is unsheared, and thus if
the carrier fluid’s yield stress exceeds τyc, any particle that is within this plug will not
settle. This argument was used to support the apparent homogenous behavior of Stab
Flow, and furthermore it was suggested that Magnus forces, in the sheared annulus,
would transfer particles from there into the unsheared plug, such that the flow became a
form of lubricated capsule flow, affording very low transport pressure gradients.

Consider the coarse suspension pipeline flow, shown in Figure 11, where the
carrier fluid has a yield stress greater than that required for static support, i.e., τy > τyc.,

Suspensions entering the pipe from awell-mixed tank at volumetric concentrationCvi
will be uniformly distributed across the pipe (Figure 11a), and once thewall shear stress
exceeds the yield stress an annular sheared region (r> rp) will be formed, as shown.
Particles within the unsheared corewill be statically supported, but those in the annular
regionwill be subjected to shear, and sowill settle. Further down the pipe (Figure 11b), the
particles fromtheannular regionhave settled to formabed(stationaryor slidingdepending
upon the conditions) at concentrationCvb.The presence of the bed distorts the flow such
that thedynamic center of the flowmoves fromthepipe axis, tomidwaybetween the topof
the bed and the upper pipewall. This distorts the conical stress distribution of the homog-
enous case, andwhile it remains linear on the vertical plane of symmetry, it becomes
distorted elsewhere. The unsheared plug now adopts an essentially elliptic form, centered
on the dynamic center, ofmajor andminor diameters, approximated by

p ¼ ζD
2

; q ¼ ζ D� yb
� �

2
(8)
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where ζ ¼ τy=τw and yb = the depth of the bed.
The unsheared plug’s lower boundary thus recedes upwards, as the bed develops,

exposing more particles from the original unsheared plug to shear so that they also
settle, and this in turn increases the bed thickness. An example of such behavior is
given in Figure 11c. Whether a final residual unsheared plug exists or is completely
destroyed in the final established flow depends upon the magnitude of ζ.

3.3 Concentration considerations with visco-plastic carrier fluids

The higher viscosity and shear thinning nature of the carrier fluid has an impact on
the dilated bed concentration described in §2.1. The packing concentration of the
visco-plastic carrier fluids themselves are affected by the applied normal stresses [25],
as apparently are beds of coarse particles suspended in such fluids.

Studies in Delft have shown that the coarse particle concentration in the bed adapts
itself to the exerted shear stresses [26], where coarse particles, settled from a Couette
shear flow, created in an annular flume. Upon increasing the fluid shear stress, the bed
compacted more. From considerations of mechanical equilibrium, the shear stresses in
the bed are higher than within the flow and the imposed fluid shear stresses are larger
than the yield stress, outside of any unsheared plug (which has been shown to exist
above the bed). Then, since the strength of the bed increases with solids’ concentra-
tion, this concentration will increase until bed strength equals the imposed fluid shear
stresses [27]. Such analysis has been successfully applied to flow in flumes, tailings
deposits, pipelines and computational studies [23, 28–30].

Experimentally obtained values of Cb, or values derived from analysis, are
typically 10 to 20% lower than those obtained in §2.1.

Figure 11.
(a) Initial coarse particle suspension flow as it enters the pipeline, (b) bed development further along the pipe, (c)
averaged chord and vertical Centre line concentration profiles, obtained using electrical resistance tomography
(ERT) [24].
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3.4 Two-layer considerations for coarse suspensions in non-Newtonian carrier
fluids

As before, only a simple two-layer model will be considered in this section and the
reader is referred to the chapter on pipeline modeling for more advanced models.
Since the behavior, when the flow is turbulent, is similar to Newtonian based systems,
varying only in detail concerned with the calculation of wall stresses and the extent
of particle suspension, only laminar flow processes will be considered here (see e.g.,
[31–33]).

The increase in viscosity of the carrier fluid increases the various stresses, and
modifies the ways the bed is transported, in particular, it is now possible to convey
under conditions where the carrier fluid is in laminar flow.

Changing the rheology of the carrier fluid has profound effects on the bed’s
behavior as illustrated here.

The example shown in Figure 12a is based loosely on data obtained at a diamond
mine, where -6 mm grits were conveyed using thickener underflow to the TSF [34]
for thickened central disposal. It demonstrates the effect of changing the viscosity of
the carrier fluid. In this case the actual carrier fluid was well described by the Bingham
plastic model τ ¼ τyB þ η _γ

� �
, where τyB and η are the Bingham yield stress and plastic

viscosity respectively, and τ and _γ the shear stress and shear rate. This model will be
used for illustration without any loss of generality. Increasing the viscosity by
increasing the yield stress of the carrier, without changing the plastic viscosity,
reduces the extent of the deposition locus, such that, for this system, at yield stress
values exceeding 55 Pa, the deposition locus has been totally suppressed. Under these
circumstances, the coarse solids will move within the pipe as soon as there is any flow.
Such a system cannot be blocked. It is worth noting that the disposal system on which
this example is based was designed for a carrier yield stress of 50 Pa, very close to this
value. It should also be noted that this reduction in the deposition locus is not solely a
function of yield stress. Increasing the viscosity through other means, e.g., modifying
η, will have similar effects.

3.4.1 Un-blockable systems

The yield stress to ensure that the solids will move as soon as there is flow is
obtained by equating the driving and resisting forces on the bed at incipient motion

Figure 12.
The effect of yield stress on the deposition locus.
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above the bed. At this point on the plane of symmetry, the stress at the pipe wall and
the top of the bed will be equal to the yield stress of the fluid, as will the stress under
the bed, since it is not moving. Approximating the flow above the bed to that of flow
through an equivalent pipe of diameter equal to the hydraulic diameter of the area
above the bed [35], it can be shown that the minimum yield stress required to ensure
bed motion at all velocities for arbitrary solids’ concentration can be written as

τymin ¼
πD2F β, fð ÞCbgμs ρs � ρf

� �
A� 1ð Þ

4 πβ þD sin βð Þ � πD2 A�1ð Þ
Dh

� � (9)

where the area above the bed is A ¼ 1� β � sin βð Þ cos βð Þð Þ=π and the hydraulic
diameter is given byDh ¼ D π � β þ sin βð Þ cos βð Þð Þ= π � β þ sin βð Þð Þ.

Figure 13 demonstrates that for visco-plastic systems, in common with their
Newtonian counterparts, the highest deposition velocity occurs at a relatively low
concentration (Cv of order 10%), and that this value is a very weak function of yield
stress. Substituting this value into Eq. (9) produces a minimum yield stress require-
ment of 53 Pa, which is consistent with that shown in Figure 12. Satisfying though this
result is, it is somewhat academic as experience gained in the laboratory and field has
shown that restart is not an issue with visco-plastic systems, providing the deposition
velocity is within the laminar flow regime. This is probably due to the inability of the
laminar flow to resuspend the particles and produce blockages, although reports of
viscous resuspension indicate a mechanism that might [36, 37].

3.4.2 Turbulent bed erosion

While this section is primarily concerned with flow that appears to be laminar,
there are reports of fine particle beds being resuspended through turbulent action
above the bed, before the bed is moved en masse under “laminar” flow and this is now
examined.

The velocity displayed in Figure 12 is the bulk velocity, i.e., V ¼ 4Q= πD2� �
, but at

deposition, all of fluid flow occurs either above the bed or percolates through the bed.

Figure 13.
Deposition velocities as a function of reduced concentration and carrier fluid yield stress for the system shown in
Figure 12. Approximate concentration corresponding to the maximum deposition velocities shown dashed.
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Percolation through the bed is very low with these viscous carriers and so may be
ignored. Thus, the velocity above the bed is simply

Va ¼ D
Dh

� �2

Vdep (10)

Many workers (e.g. [38, 39]) have found that for visco-plastic fluids, in particular
those modeled using a Bingham plastic, the transition velocity, VtB, for pipeline flow is
insensitive to pipeline diameter and can be approximated by

VtB ≈ kt

ffiffiffiffiffiffi
τyB
ρc

r
(11)

where 22 < ktB < 26, τyB is the Bingham yield stress and ρc the carrier fluid density.
For small pipes, less than 150 mm, this simple relationship, breaks down. Values

for Vt, obtained from the intersection of the appropriate laminar curves and turbulent
predictions (e.g. [40]) produce increasingly higher values as the diameter reduces.
Nevertheless, the point at which flow above the bed becomes turbulent will be defined
here as when Va, given by Eq. (10) exceeds that produced by Eq. (11), since this
produces a more conservative result. Calculations of these velocities for a moderately
viscous carrier fluid, transporting 3 mm solids, is shown in Figure 14.

The conclusion to be drawn from Figure 14 is that, even for only moderately
viscous carrier fluids, the flow will not become turbulent before the deposition veloc-
ity is exceeded, except for large pipes, and then only for low to moderate coarse
concentration flows, not for high concentration flows, where the flow will remain
laminar.

3.4.3 Testing requirements

At the time of writing, 2-layer model predictions for non-Newtonian carrier-based
systems require pipeline or laboratory tests to determine suitable values for Cb and the
coefficient of sliding friction. Once obtained however, predictions of industrially sized
systems can be made typically to within �10%.

Figure 14.
Variation of the velocity above the bed, Va, for various pipe sizes compared with the transitional velocity range
given by Eq. (11) with the limiting values of ktB.
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3.5 Comparison with conventional conveying

The thickened tailings of Figure 12a will be used as an example, noting that in this
case all the solids, both the -6 mm grits and particles that are contained within the
thickener underflow are to be disposed. The concentration of the grits was only 10%
v/v but when combined with the carrier slurry the total concentration of the solids
was 40.5% v/v. While this concentration may be within the range of conventional
conveying, it must be remembered that the carrier fluid is a highly thickened slurry, a
requirement for the central discharge method employed on the TSF. The transport
characteristics for this suspension were very flat, requiring a pressure gradient of
0.97 kPa/m to produce velocities ranging from 0.5 to 3 m/s within the pipe. Using
Eq. (6) and based on these values the SEC is found to be 0.4 kWhr/(tonne km).

Using conventional conveying, based on a mean particle size of 3 mm, at this total
concentration, would require the solids to be conveyed in excess of 6 m/s and require
a transport pressure gradient of around 1.55 kPa/m, giving an SEC of 0.64 kWhr/
(tonne km).

By using a non-Newtonian carrier, the solids are transported using only 62% of the
energy consumption, which would otherwise be required, and the suspension can be
used as a thickened discharge. Conversely, using conventional conveying techniques
would produce a very erosive environment, and require construction of a, now dep-
recated, conventional TSF.

3.6 What constitutes a coarse particle?

Earlier, it was suggested that coarse particles may be those larger than 0.5 mm, but
tests conducted with some broad size distribution uranium tailings [41] indicated that
it was only particles less than 40 μm that contributed to the carrier fluid’s rheology,
the rest being coarse and reporting to the sliding bed. Carrier fluid rheology is of
course material specific, but it is most likely that similar lower limits exist for other
mineral slurries.

4. Discussion and conclusions

Two forms of high concentration conveying have been described, both of which
enable very coarse particles to be conveyed at low velocities, and in such a way that
stopping and starting the flow is easy. While normally requiring higher transport
pressure gradients than those required by fine particle flows, their high solids’ con-
centrations result in low SECs. They both have very low minimum conveying veloci-
ties, if any at all, allowing solids to be conveyed at low velocities and providing very
large turn down ratios. The low velocities also means that pipe wear and particle
attrition is similarly low.

The first form, using water, or similar, as the carrier fluid, has the advantage that
separation of the solids from the carrier fluid is simple and does not require facilities
to manufacture a special non-Newtonian carrier fluid. However, there are consider-
able restrictions on the solids that can be pumped, requiring both a broad size distri-
bution and a high, but limited, range of solids’ concentrations, 0.75 < Cv/Cb < 0.9.
These restrictions are beyond the capabilities of normal centrifugal or positive dis-
placement pumps and require specialized feeding systems.
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The second form employs a visco-plastic carrier fluid. This ameliorates or removes
the PSD and concentration restrictions of the former method and has the advantage
that it can be transported using conventional pumps. However, unless the material to
be pumped naturally forms a suitable carrier fluid, e.g., contains a high clay content or
has a friable component, equipment and techniques are required to produce the
necessary carrier and maintain appropriate rheological characteristics during normal
lifetime process variabilities. Separation of the coarse material from the carrier, if
required, can be costly and involved, although sheared settling, described above, can
be exploited to assist in this. Disposal of the used carrier material may also be prob-
lematic. Where separation is not required or desirable, e.g., waste disposal, the pres-
ence of a yield stress in the carrier fluid means that deposits are stable. Distribution of
these suspensions across a TSF can no longer rely on the simple ring main distribu-
tions of conventional TSFs, and requires single or multiple central discharge systems
to be employed.

Both means of conveying are successfully characterized and predicted using lay-
ered models, which provide a mechanistic means to scale up from test data with
confidence.
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Chapter 5

Rheology, Rheometry and Wall Slip
Arno Talmon and Ebi Meshkati

Abstract

In diverse resource, processing and dredging applications wall slip occurs. In 
hydraulic transport of highly concentrated particulate mixtures, wall slip can be 
beneficial as it may substantially reduce hydraulic gradients. In other occasions, for 
instance in rheometry, wall slip may obscure rheology. Rheometric wall slip is not 
specific to industrial slurries and appears in natural (fluid) mud as well, mostly found 
in harbours and estuaries. In natural (fluid) muds, in contrary to industrial muds, 
coarse solids are absent. However, similarly, (clay) colloids govern their non-Newto-
nian flow characteristics. It is exciting to see that wall slip does not only occur in the 
case of dispersed coarse materials but also in the absence of those. In this chapter, we 
elaborate on wall slip in some existing resource industry rheometry data and compare 
them with typical recent results of fluid mud rheology. Moreover, measurement of 
a (stationary) fluid mud’s longitudinal profile in a harbour basin is used to examine 
consequences of utilising slippage data. We finally evaluate measuring element usage 
and implementation of rheology in calculation methods.

Keywords: Rheometry, wall slip, viscometry, particulate slurries, clay aggregates,  
non-Newtonian, fluid mud, lutocline

1. Introduction

Rheology is the study of the flow behaviour of materials. Rheometry is the means 
of quantifying flow (rheological) characteristics of materials. Rheology strongly 
depends on the fabric of the material and how that changes with time, stress and 
shear rate. In rheology, the flow behaviour of a given material is visualised by a flow 
curve in a diagram that depicts the relationship between shear stress and shear rate.

Roto- and capillary-viscometers are standard tools used to carry out rheometry. 
Often flow (rheological) characteristics of a material are described by a set of param-
eters, so-called rheological parameters, such as various yield stresses and viscosity. 
These parameters are important to the characterisation and the modelling of the 
flow of clay-rich mixtures (consisting of fine and coarse solids) and are often used 
as a basis in the design and optimisation of soft sediment management plans and 
processes, amongst many, such as pipe flow, deposition flows, mixing and floc-
culation processes, emplacements, and the flow in other unit process operations. In 
these applications, when it comes to initiating flow, the static yield stress (SYS) is a 
key governing parameter to be determined. Dynamic yield stress (DYS) and viscous 
properties are, on the other hand, important to the study of fluid flow. The yield 
points are defined later in this chapter. Rheology and rheometry can also be relevant 
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in the study of stagnant conditions of soft sediments. For instance, static yield stress 
governs the critical state of stagnant material not only in tailings storage facilities but 
also in harbour basins.

Ideally, rheometry results should be independent of applied measuring elements. 
However, in practice, it is often seen that different measurement elements result in 
different rheological values. The difference may be originated by: i) no or wrong 
correction factor when it comes to conversion of machine (i.e. rheometer) shear rate 
to physical shear rate; ii) an ill-defined rheological protocol and iii) occurrence of 
wall slippage during rheometry. Particularly, wall slip of mixtures in smooth walled 
measuring geometries can be deceiving. Wall slip occurs when the composition of the 
mixture at the wall is not exactly the same as in the interior of the mixture [1]. One 
way to detect the occurrence of wall slip in rheometry is to compare the flow curves 
of a given material obtained from various geometrical dimensions (pipe/capillary 
diameter, or sheared gap size). In the presence of wall slip, the rheological results 
from different geometrical dimensions would differ (shifted flow curves) (Mooney 
(1931)) [2].

In long-distance pipe flow of highly concentrated mixtures, wall slip may also 
occur and potentially constitutes a convenient and energy-efficient way of trans-
portation (Goosen and Patterson (2014)) [3, 4]. In the emplacement of industrial 
tailings, there are many occasions where laminar flow prevails. In the simplest form, 
lubrication type of shallow flow models (Coussot and Proust (1996)) [5] can be 
applied for predicting tailings deposition behaviour on beaches in tailings storage 
facilities [6, 7]. For constant properties, the analytical outcome of such a theory, for a 
slowly advancing mass or a 1-D deposit on a horizontal base, is a square-root (SQRT) 
thickness vs. distance longitudinal profile. Assuming critical state conditions of a 
slowly advancing mass, the shear stress at the bottom equals yield stress [6]. There 
exist comparable theories for material on mildly sloping inclines, the frontal shape is 
very similar, but further up the slope, an equilibrium depth is reached. For Newtonian 
fluid on inclines, see [8]. For stagnant material at a critical state, see [9]. The shape 
of the frontal profile for other rheological models falls in between. If incorrect yield 
stresses are applied in such theories, the calculation of deposit depth or flow depth in 
combination with velocity is strongly affected. In reverse, the desktop Bostwick rhe-
ometer, which releases a small mass of material to an inclined channel, uses a similar 
principle to quantify the strength (i.e. yield stress) of material. For tailings rheology, 
an upscaled apparatus was developed by [10].

Tailings generally demonstrate time-varying strength properties. This may 
originate from progressing formation of clay aggregates at constant porewater content 
known as thixotropy or consolidation (loss of porewater and hence densification-
related strength increase). Time/distance varying properties can be included in a 
numerical version of a lubrication model, but this does not really help to verify the 
relation between strength (yield stress) and the geometry of an emplacement, which 
we are pursuing in this chapter.

Rheometry of industrial materials can be difficult because of their inherent time 
dependency of strength, as well as their dewatering and shear settling of solids. 
Moreover, materials may have experienced treatment, e.g. by polymers, hence 
increasing difficulties to properly assess their flow properties. We examined a some-
what simpler material: fluid mud in harbours and estuaries where sand has already 
settled elsewhere, and the mud predominantly consists of colloidal clays. Rheological 
properties of fluid mud appear of a comparable magnitude to those of industrial 
materials where similarly, the colloids are responsible for non-Newtonian rheological 
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properties and where similarly wall slip signatures are observed in rheometry data. In 
one of the recent fluid mud researches, wall slip is described as two-step yielding (e.g. 
Shakeel et al. 2020 [11]).

Since rheological characterisation cannot be seen without considering its appli-
cation, this chapter elaborates on wall slip in pipelines. Some existing industry 
rheometry data is revisited and recast in formats that allow a more straightforward 
comparison with the latest measurements that reveal similar slippage. Typical recent 
results of fluid mud rheology, affected by and checked for wall slip, are presented 
in the format of flow curves and viscosity curves. Referring to a prototype measure-
ment of a fluid mud’s longitudinal profile in a harbour basin, eventually a proxy for 
emplacements, we examine the consequences of utilising slippage. We finally evaluate 
measuring element usage and application of rheology in computational fluid dynam-
ics (CFD) and analytical methods.

The present contribution may also connect readers to a number of classical papers/
manuscripts, pointing out similarities with recent data and sharing findings.

2. Rheological approach and wall slip experiences

2.1 Rheology in the plastic regime

In rheology, one needs to distinguish between conditions below and above the 
yield point. Below the yield point materials depict viscoelastic behaviour with no to 
limited flow (in other words, plastic deformation). In this domain, the viscoelastic 
behaviour of materials is characterised by shear modulus and loss modulus. For our 
engineering application, we investigate rheology at and above the yield point where 
materials experience plastic deformation or, in other words, flow. In this regime, the 
material’s viscosity generally reduces with increasing shear rate and thus are charac-
terised as a yield-shear-thinning material.

The existence, definition and determination of yield points in non-Newtonian 
materials are debated in the literature [12]. The yield point is defined as the lowest 
shear stress value above which material will act as a fluid and below which it behaves 
like a very soft solid matter. This definition is subjective, because the boundary 
between the fluid-like and solid-like state is not discrete but continuous. Many 
materials have time- and shear-dependent properties, and under different applied 
rheometry protocols, they give (somewhat) other yield points. Moreover, transition 
direction (i.e. from fluid-like to solid-like or vice versa) may occur at different stress 
levels. This is why in materials with time-dependent strength (thixotropic), at least 
two different yield points can be distinguished. Engineering applications may require 
knowledge of various yield points, depending on the application. Principal yield 
points are as follows:

• The static yield stress (SYS): defined as the minimum stress required for initiat-
ing the (shear) flow in a stagnant material under stress.

• The dynamic yield stress (DYS): defined as the minimum stress required for 
maintaining a given material in flow.

Time-independent materials have unique flow curves. However, the flow behav-
iour of time-dependent materials may vary depending on their shear and resting 
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history, resulting in different flow curves. Our materials are easily remoulded, and 
recovery is relatively slow. The section of the flow curve where the shear rate returns 
to zero after experiencing high shear rates is hence called the remoulded flow curve. 
Equilibrium conditions may be achieved under continuous shearing at discrete shear 
rates. By plotting those equilibrium conditions (shear rate-shear stress pairs), an 
equilibrium flow curve (EFC) is obtained. Remoulded and equilibrium flow curves 
are amenable for description by mathematical time-independent models such as 
Bingham, Hershel-Bulkley, Worrall-Tuliani and Oswald-DeWaele power law.

For modelling purposes of flow, segregation and settling, it is preferred to have 
rheological information of the carrier fluid and rheology of the mixture [13]. The cur-
rent state of the art stands where we may be satisfied if we can quantify one of these 
in detail and relate it to the other via single-point tests, for instance, through detailed 
measurements without coarse to determine the rheology of the carrier fluid as a 
baseline, supplemented by vane yield stress measurement of mixtures with differ-
ent ratios of fines and coarse, in case of model materials similar to [14], or vice versa 
conducting vane-type rheology of mixtures, utilising vane-in-cup method (Barnes 
and Carnali 1990 [15]) or the vane-in-bucket method (Fisher et al. 2007 [16]) in 
combination with removal of coarse to determine the colloid’s carrier fluid rheology.

2.2 Wall slip

2.2.1 Origin/nature of wall slip

In a non-Newtonian mixture under motion (flow), the velocity appears not always 
to reduce to zero at the wall because the mixture may have a subtle difference in 
composition here. Wall slip in a pipe may occur in two different ways, schematised in 
Figure 1a,b:

a. for the same flow rate: the velocity profile flattens, with slippage at the wall.

b. for the same pressure gradient along a pipeline segment: the velocity profile offsets 
in downflow direction, with slip at the wall.

Both these conditions boil down to the same state where there is a mismatch 
between flow velocity, pressure drop and rheology of the bulk of the material.

In concentric cylinder rheometry, a proxy for Couette shear flow, wall slip is 
imagined to occur at the inner cylinder as the shear stresses are highest there. Upon 

Figure 1. 
Wall slip (a, b) in a pipe and (c, d) in Couette shear flow. Wall slip is demarcated by the dotted red line adjacent 
to solid line representing the wall.



85

Rheology, Rheometry and Wall Slip
DOI: http://dx.doi.org/10.5772/intechopen.108048

increasing the angular velocity, slippage at both walls (i.e. at the outer surface of the 
bob and at the inner wall of the cup) may be speculated, as shown in Figure 1d.

2.2.2 Industrial flows: bulk slipping of non-Newtonian mixtures

In hydraulic pipe transport of highly concentrated non-Newtonian mixtures, the 
lower the water content of slurries, the higher their strength, and therefore, higher 
flow velocities are needed to keep the flow in turbulence to counteract the settling of 
particles (on this, a practical transition criterion is given by [17]).

Figure 2 depicts measured and calculated deposition velocities in a series of 
different pipe diameters [3, 4]. Increasing the density, the non-Newtonian properties 
increase and laminar flow is found for velocities below the red curve. Beyond 1580 kg/
m3, the flow velocity needs to be above the red line for turbulence to keep the material 
suspended, but beyond 1650 kg/m3 the material slides as one bulk and laminar flow 
at low velocities is possible here. If the material would not slide as one bulk, internal 
shear would lead to settling of the solids [18].

The onset of this wall slipping phenomenon is hard to predict. To achieve sliding 
flow condition, material needs to be self-supportive. For instance, coarse should not 
settle in unsheared mixture (a condition referred to as gelled bed by [19]; or freely 
settling concentration by [3, 4, 20]).

Bulk slipping is also experienced in the transport of cement, shotcrete and fresh 
grouts [21]. In the construction industry, this allows the pumping of highly concen-
trated (thick) mixtures over significant distances both horizontally and vertically.

To control thickener operation, it is often not sufficient to rely only on underflow 
density. Hence, rheological properties of the material are also required. One reason is 
that the yield stress is found to correlate with the compressive strength of thickened 
tailings (Green and Boger (1997 [22])), governing the thickening process. As a new 
advancement, industrial-scale online pipe viscometers are built to measure tailings 

Figure 2. 
Observed deposition conditions and stagnant material for different pipe diameters, after [3, 4].
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rheology for controlling of thickener’s operation, e.g. Chryss et al. 2019 [23] and 
Boomsma et al. 2022 [24]. These viscometers have multiple measurement units with 
different tube diameters to enable correction for wall slip.

2.2.3 Industrial flows: wall slip in the presence of water as carrier fluid

In the case of Newtonian carriers, like water, rheometry is difficult because of fast 
settling solids. In that case, accumulated experience with pipe flow serves as a basis 
for detecting indirect evidence of wall slip. Two distinct occasions at which wall slip is 
likely, in the presence of water as the carrier fluid in hydraulic pipeline transport of a 
mixture, are as follows:

Particles experience off-the-wall forces and therefore tend to move towards the 
centre of the flow, leaving a fluid-rich layer adjacent to the wall. Bartosik & Shook 
(1995) [25, 26] experienced such flow conditions in vertical pipe flows.

If solid particles do not fit within the laminar sublayer of turbulent flow, 
wall friction is found to not obey homogenous mixture theory enabling semi-
analytical mathematical modelling of wall slip in these specific conditions [27]. 
In homogenous mixtures, the components are uniformly distributed throughout 
the mixture. In other words, only one phase of matter exists in a homogeneous 
mixture model.

2.2.4 Rheometric wall slip

Checking for wall slip in rheometry data can be conducted by comparing the 
rheometry data obtained from conducting:

• capillary rheometry using different capillary pipe diameters;

• concentric cylinder bob-cup (BC) rheometry using different annular gap widths;

• parallel plate (PP) rheometry using different gap (standoff) distances;

• rough/grooved/serrated/splined/profiled geometries;

• vane testing (as a radical check for wall slip).

In case of wall slip, the unprocessed flow curves of smaller gaps are expected to be 
shifted somewhat towards higher shear rates compared to larger gap. In other words, 
when wall slip occurs, a given shear stress value is achieved at a smaller shear rate 
with increasing gap size. Mind that, in the case of concentric cylinder rotoviscometry, 
a Couette-inverse transformation might need to be applied first for larger gap size 
because of non-uniform shearing across the gap.

An effective way to verify for occurrence of wall slip in rotoviscometry with 
well-defined shear rates is to additionally conduct tests with a vane (Barnes and 
Carnali 1990 [15], Boger et al. 2008 [28, 29], Buscall et al. 1993 [30]) and compare 
the results, as shown in Figure 3. Unrealistic steep branches in flow curve plots have 
been revealed accordingly at low shear rates (Figure 3a). We experience that the wall 
slip affected BC shear stresses can be a factor 5 lower than of those measured by vane 
(Section 3).
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Figure 3. 
Vane eradicates wall slip (a,b,c,d). Mine stope fill [28, 29] and nickle limonite [28]. Plotted in original [29]  
log-log coordinates (a), viscosity plot (b) and lin-lin coordinates (c, d).
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2.3 Inverse Couette problem (non-uniform shear rate in gap)

Shear stresses and shear rate that are outputted by a rotoviscometer are derived 
from measured torque and rotational velocity. When either one, or both, is non-uni-
form within the mixture in the element, the rotoviscometer’s conversion is based on 
Newtonian fluid conditions. Users may need to apply corrections in post-processing 
if deemed necessary. A complication with concentric cylinder elements is that the 
shear stress varies with radial position per conservation of torque with radial position. 
Hence, a non-ideal Couette flow is tested, and the shear rate across the annular gap 
is a function of the non-Newtonian properties of the fluid itself. Therefore, it is best 
to use small gaps. For wider gaps, needed for instance when there are coarse in the 
mixture, this constitutes the so-called inverse Couette problem: how to calculate the 
shear rate at measured shear stress [31]?

2.4 Mooney correction for wall slip

In capillary rheometry, it is possible to detect wall slip and to apply a correction to 
quantify the true rheology of the bulk of the material by applying tubes of different 
diameter [2]. The method can also be applied to sheared gaps of different sizes. In 
using a series of different gaps sizes or pipe diameters, it is assumed that the wall slip 
velocity is identical for the same shear stress. Since the minute thickness of the wall 
slip layer, consisting of base fluid, is difficult to predict, it remains necessary to rely 
on rheometry for quantification of wall slip.

2.5 Viscosity regularisation

Yield pseudo-plastic models (e.g. Bingham model) fitted to rheological measure-
ments do not quantify stresses below the yield stress. Fluid flow calculation methods 
nevertheless need info in this regime: see the central plug in Bingham pipe flow where 
shear stresses are lower than the yield stress. A CFD model usually solves the flow 
relying on viscosity. Without intervention, the viscosity would unacceptably rise to 
infinity at a shear rate of zero. This needs to be limited in the model by providing 
shear stress values below the yield stress. This is achieved by regularisation of viscos-
ity at low shear rates [32].

3. Detailed rheometry of mixtures without coarse

3.1 Material

Detailed rheology measurements are possible only when the coarse fraction is 
removed from the mixture. An alternative is to revert to a system where natural seg-
regation has already removed the sand fraction. Natural fluid muds constitute such a 
system and as mentioned earlier it also appears to display wall slip signature. Results 
of rheometry [33] conducted on natural fluid mud from Beerkanaal, the port of 
Rotterdam, The Netherlands, with an initial density of 1263 kg/m3 will be presented. 
Earlier measurements of the fluid mud from the port of Hamburg and Emden are also 
analysed [11, 34–37]. The yield stress of natural fluid muds is considered decisive for 
navigable depth in ports and waterways.
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3.2 Configuration and protocol

Configurations with well-defined shear rates such as concentric bob-cup (BC) 
cylinders are preferred in rheometry. However, as already mentioned, a BC system is 
prone to slippage: following Boger [29] on usage of vane, slippage appears also to be 
radically prevented in a vane-cup (VC) configuration, interestingly. The shear rate in 
a VC, on the other hand, has to be defined.

Two standard rheometry protocols, namely controlled shear rate (CSR) and 
controlled shear stress (CSS), are applied and compared to investigate the occurrence 
of wall slip in BC, PP and VC configurations. The vane is applied with 1 mm bottom 
clearance. Table 1 provides information on the applied measuring elements and 
testing protocols. Tests are conducted by Haake Mars 1. The basis protocol consists of 
a linear ramp-up of either shear rate or shear stress during a certain time, followed by 
a constant phase and a ramp-down phase.

3.3 Results and discussion

3.3.1 Wall slip signature in bob-cup (BC) configuration

A definite difference is found between tests conducted in BC and VC. Figure 4a 
depicts the result of CSR and CSS tests in a BC configuration. At low shear rates  
(< 10 [1/s]), the ramp-down part of the curve crosses the ramp-up part in both CSR 
and CSS tests. This is because the measured shear stresses during the initial part of 
the ramp-up are underestimated, a typical wall slip signature in a BC configuration, 
compared with Figure 3. Figure 4b shows the result of CSR and CSS tests in a VC 
configuration where no wall slip is observed. The viscometer’s outputted rotational 
velocity has been transformed to an equivalent shear rate at the rim of a virtual cyl-
inder encompassing the vane, similar to the BC configuration, to allow comparisons. 
The shear stress-shear rate relationships over the ramp-down (remoulded) phase are 
in excellent agreement.

Fig. ref Element CSR [1/s] CSS [Pa] Ramp-up 
[s]

Const 
[s]

Ramp-down 
[s]

4 BC 0 to 100 0 to 120 180 60 180

4 VC 0 to 116 0 to 120 180 60 180

5 BC 0 to 100 n.a. 180 60 180

5 gBC 0 to 100 n.a. 240 60 240

5 VC 0 to 580 n.a. 240 90 240

6 PP n.a. 0 to 50 50 n.a. n.a.

6 VC n.a. 0 to 50 50 n.a. n.a.

6 BC n.a. 0 to 50 50 n.a n.a.

9 BC 0.1 to 90 n.a. n.a. 7*35 n.a.

Table 1. 
Applied measuring elements and protocols (B = bob CC25DIN, gBC = grooved bob CC25Din, C = cup CC25 DIN, 
V = vane FL22, PP = parallel plate P35).
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Figure 4. 
Example of rheometric results on fluid mud from Beerkanaal, port of Rotterdam, The Netherlands, flow curve 
(a, c) and viscosity plot (b, d) with different elements and protocols.
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3.3.2 Quantification of static and dynamic yield stress

The static yield stress is retrieved from CSS tests in the VC configuration: the 
shear stress at the point where the linear part of the ramp-up curve leaves the verti-
cal axis and deflects to the non-linear part (at 45 Pa, Figure 4b). At this point, the 
pronounced wall slip also stops (Figure 4a): the shear stress has reached the yield 
stress of the unsheared material in the middle of the gap. The dynamic yield stress can 
be obtained from both CSR and CSS methods in the VC configuration: the intercept 
of the ramp-down curve and the vertical axis. In the BC configuration, the dynamic 
yield stress is underestimated by a factor 3 (comparing Figure 4a and b) and the 
static yield stress by a factor 5.

Here, we see that viscosity plots on the log-log scale are magnifying yielding at 
low shear rates but are also magnifying artefacts when the material transitions from 
an elastic state to plastic. Other utilised elements such as grooved bob or parallel plate 
elements may reveal more.

3.3.3 Slippage with rough/profiled elements

Utilising rough measuring elements is a well-known remedy to reduce wall slip, 
but it may not solve the wall slip problem entirely. We experienced that a rough ele-
ment may only shift the wall slip problem to lower shear rates, as shown in Figure 5. 
Further roughening measures might be necessary to fully eliminate the wall slip.

Figure 5 shows the rheometry results of three different elements/protocols on 
the same mud. CSR ramping mode is applied. We see that the BC (blue) starts slip-
ping at about 10 Pa, reaching a maximum shear stress at 40 Pa (end of steep slippage 
branch), completing a loop and returning finally back to 10 Pa, paralleling with the 
wall slip of the ramp-up. The vane performs differently; it peaks at 55 Pa and merges 

Figure 5. 
Grooved bob (GBC) rheometry results compared to smooth bob-cup (BC) and vane-in-cup (VC), fluid mud 
from Beerkanaal, the port of Rotterdam, The Netherlands.
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with the up-ramp of the BC. Upon return, it only bends down a little before cessation 
of shear. The grooved bob (green) slips at 15 Pa and follows a course between the CSR 
bob and the CSR vane results. This grooved bob result is positioned similarly with 
respect to BC in CSS measurements conducted by [11].

3.3.4 Gap variation parallel plate (PP) elements

A way to investigate wall slip and enable correction (e.g. Mooney transformation) 
is by conducting a rheometry method using a series of different gaps. This is easily 
done with a parallel plate (PP) measuring element. Figure 6 includes such exercise.

This figure illustrates a combination of rheometry data of Shakeel et al. [11] that 
contributed to their rejection of wall slip, while in contrary revealing wall slip upon 
closer inspection of the data from the PP element. These data are very similar to a PP 
measurement presented in Ewoldt et al. (2015) [38] on Nivea lotion. When repeated with 
sandpaper glued to the plates, their result was similar to our vane result for >1 [1/s].

The PP outputs higher shear stress, calculated at the rim of the element utilising 
Newtonian fluid theory, than the other elements. In reality, with non-Newtonian 
shear-thinning fluids, a higher torque is measured for the same shear stress at the 
rim: the stresses in the centre part of the plates are comparably higher; hence, the 

Figure 6. 
From viscosity plot to flow curve, fluid mud from the port of Hamburg, Germany: a): Data presentation after [11] 
and b): Transformed into flow curve, including Mooney wall slip correction and comparison with BC and VC.



93

Rheology, Rheometry and Wall Slip
DOI: http://dx.doi.org/10.5772/intechopen.108048

outputted calculated shear stress is higher than the true shear stress at the rim, hence 
a tendency for higher shear stresses.

The shear rate of the vane is calculated as described in Section 3.3.2 and is hence 
comparable to the BC element: an associated shear rate in a Newtonian fluid. Despite 
the virtual wider annular gap of the vane, no Couette inverse method has been 
applied to convert to the actual shear rate in the non-Newtonian fluid. If such cor-
rection would have been applied, the steep branch of the vane would have shifted 
somewhat to the right, in other words to higher shear rates.

Usage of a too small gap size may also play a role, increasing shear stresses because 
of confinement. Yan et al. (2009) [39] show rheometry results where the yield stress 
increases for axial gaps smaller than 0.2 mm. It is conjectured that this occurs when the 
plate distance becomes smaller than the correlation distance of the structure of the fluid. 
Hence, jamming effects emerge. So, the higher shear stresses for the 1 mm gap, for shear 
rates <5 [1/s], indicate that the unsheared clay aggregates have a size of 1 to 2 mm.

Figure 6 shows that the commencement of wall slip with a parallel plate system 
is postponed with respect to a concentric cylinder. This could be due to non-uniform 
conditions over the plate’s surface, and hence total slip commences when yield stresses 
are exceeded at most of its surface.

Perfect alignment should not be expected. We applied the Mooney wall slip 
correction procedure to the PP result of [11], despite that shear stress and slippage 
velocities are not uniform in a PP element, compromising the basic assumption of 
the Mooney transformation. Also, the bottom clearance of the vane is smaller than its 
virtual annular gap. Hence, it is conceivable that data for <0.6 [1/s] is influenced by 
local failure here.

As we see in Figure 6, the Mooney wall slip correction procedure projects data 
back to lower shear rates, close to vane results. This implies that, practically speaking, 
a vane is a better element to address the internal strength properties of mixtures in 
rheometry.

4.  The pitfall of using wall slip affected rheometry data: a case study 
example

4.1 Emden outer harbour

Fluid mud, such as at the bottom of harbours and estuaries, constitutes a simpli-
fied composition compared to slurries in mineral, resources, and processing indus-
tries which often contain a substantial amount of coarse settling solids.

In this subsection, we examine rheological measurements carried out on fluid mud 
from the Emden Outer Harbour and their importance to the lutocline (= the fluid 
mud’s longitudinal profile) based on mechanical equilibrium.

The ecological-economical and maritime problem of continuous fines settlement in 
harbour basins is in Emden approached through a sediment managing scheme consist-
ing of recirculation of accumulated fluid mud over a trailing suction hopper dredger 
(TSHD) to prevent densification into stiff material, through which vessels cannot sail.

As mentioned earlier, thixotropic strength gain during rest increases the static 
yield stress beyond the dynamic yield stress. After conditioning by the TSHD, or after 
vessels manoeuvred through the mud, we can assume the strength state of the mud 
layer to be somewhere between the static and dynamic yield stress and apparently 
high enough to prevent the mud from flowing to the river Ems fairway.
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Reported rheological measurements on Emden Harbour mud are comparable with 
the BC data in Figures 4–6. In the following, skipping problematic wall slip conditions 
in the existing data, the yield stress is again estimated by drawing the tangent to the flow 
curve for >10 [1/s], hence quantifying yielding at the intersection with the vertical axis.

Multibeam echo sounder measurements conducted in the harbour of Emden con-
tain a 15-kHz profile showing a nearly horizontal reflection line indicating a strong 
transition at the base of the mud, as shown in Figure 7.

At a higher frequency, i.e. 210 kHz, a curved profile is found that represents the 
surface of the fluid mud layer (lutocline): [34, 35]. At about 1 km from the fairway of 
the river Ems, this layer has grown to a thickness of about 3 m. The 210-kHz profiles 
show a typical SQRT profile, associated with a stagnant slump or slowly advancing 
mass of material of uniform density and strength. The SQRT profile can be used as a 
validation case for yield stress measurement (rheometry data) of the fluid mud of this 
harbour, which will be discussed further in this section.

4.2 Mechanical equilibrium of longitudinal mud profile

Examples of models for laminar deposition profiles applied in deposition model-
ling are published by [6, 7]. The essential mechanical equilibrium of such models is 
repeated here and sketched in Figure 8. A density variation with depth can be 
schematised into a homogenous density. Static vertical pressure profiles are then 

Figure 8. 
Definition sketch of mechanical equilibrium of cohesive material on a horizontal base.

Figure 7. 
Fluid mud profile in outer harbour Emden (after [34, 35]) and superimposed calculated lutocline for excess 
density 123 kg/m3 and 10 Pa yield stress.
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linear and equal to ρ= ∆p gz , where z is the vertical distance under the mud surface 
profile and Δρ is the density difference with supernatant water.

The resulting horizontal driving force follows from the integration of the pressure 
profiles as: ρ= ∆ ∆pF gh h . The friction force at the bottom is τ τ= ∆yF x  Mechanical 
equilibrium gives τ ρ= ∆

d
dy
hgh
x

. Integration from the toe (x = 0) of the mud profile 

gives a square-root (sqrt) profile for layer thickness 
τ
ρ

=
∆

2 yh x
g

.

4.3 Emden outer harbour mud rheology

4.3.1 Flow curve

Rheology of fluid mud from the Emden Outer Harbour is reported in [35–37]. 
These measurements are conducted using a smooth BC and applying a shear stress 
ramp-up (CSS) as well as a controlled shear rates (CSR) protocol. Equilibrium flow 
curves obtained from the latter protocol are shown in Figure 9.

4.3.2 Yield stress

In transitioning from soft soil condition to flow, two yield conditions are distin-
guished in fluid mud research. One is at the first sign of yielding, when the viscos-
ity strongly declines, and a second condition is originally termed as ‘maximum 
fluidization’, Wurpts and Torn (2005) [35]. Similar is applied by [36, 40]. The yield 
stress at maximum fluidisation is determined by drawing a line through the flow 
curve beyond 10 [1/s] and extrapolating it towards the vertical axis. Since the data 
in Figure 9 represents equilibrium conditions, the intercept of this fitted tangent 
line with the vertical axis is however close to the static yield stress. A similar yield 
stress, but probably a bit higher, is found by Shakeel (2022) [41] via viscosity plots 
of up-ramped CSS and calls it fluidic yield stress (probably very close to ‘maximum 
fluidisation’). Yield stress data of Emden mud, collected from diverse sources, are 

Figure 9. 
Equilibrium flow curves of fluid mud from the Emden outer harbour, Germany, after [36]. Dotted lines: 
Extrapolation to zero shear rate.
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plotted against their corresponding solid concentrations in Figure 10a. As can be 
seen, the collected data forms two data groups. One group organises itself around a 
lower diagonal (first sign of yielding, pseudo or slip-yield stress, [1]), and the other 
groups around an upper nearly parallel line. A factor 4 difference in yield stress is 
found between these two data groups.

The data of [35] extends to higher solids concentrations. There is also some sup-
portive data in an earlier paper by [34] on maximum fluidisation, where a profiled 
bob element was used, and the simpler rotoviscometer could only be operated in CSR 
mode. This data lines up a bit above extrapolated upper yield stress data.

4.4 Application of longitudinal mud profile theory

To ensure mechanical stability, the yield stress of the mud should at least exceed 
the local shear stress. Suspended solids concentrations (SSCs) in the Emden Outer 
harbour are in the range of 105 g/l to 400 g/l [37]. Without counter force by the muds’ 
yield stress, the material may flow out of the harbour basin. The mean excess density 
of the fluid mud is 123 kg/m3, which is calculated on basis of a measured SSC profile, 
a water density of 1015 kg/m3 (=average of low tide and high tide) and a solids density 

Figure 10. 
a) Lower and upper yield stresses of Emden outer harbour samples collected. b) Measured vertical SSC profile 
and calculated shear and yield stresses.
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of 2636 kg/m3 ([42] Dollard mud). Referring to Figure 7, a bottom yield stress of 
10 Pa suffices to keep the circulated fluid mud at its position respecting the shape of 
longitudinal profile.

We though also have to evaluate if stability conditions along the entire depth are 
satisfied. Figure 10b shows that the lower yield stress values, which we earlier showed 
to originate from rheometric wall slip, are not compatible with the muds’s conditions 
in the upper half of the profile. The fluid mud in Emden Outer Harbour would not be 
able to stay in place and have to run off to the fairway of the river Ems according to 
wall slip affected rheometry data, which is not the case.

5. Evaluation and takeaways

5.1 Application of rheological characterisation

In using rheology in calculation methods, the entire shear stress-shear rate relation 
needs to be carefully quantified. Primarily, the remoulded/equilibrium flow curve is 
needed. Only in exceptional cases where the material is set in motion, un-remoulded 
conditions, as obtained with CSS ramp-up applied for Hamburg and Emden mud 
earlier, apply. So, up- and down-ramping (CSS or CSR) is necessary to capture the 
remoulded/equilibrium conditions. Depending on the application, we need the rheol-
ogy as a function of fine and coarse constituents.

There exists the risk that wall slip data is mistaken for actual rheology. The rheomet-
ric wall slip branch appears akin to viscosity regularisation. Wall slip is, though, situated 
at relatively higher shear rates, and it does not extend down to a shear stress of zero. In 
natural fluid muds, this branch appears to be taken for real in some approaches. In CFD 
modelling of the Elbe-Dollard area [43], the rheological fit (Worrall Tuliani [44]) is laid 
through this branch, and upon implementation in a CFD code, the viscosity measured 
at yielding is applied down to zero shear stress. At low shear rates relevant to the fluid 
muds, the shear stresses are hence underestimated (as a consequence the material flows 
too fast for acting shear stresses). A similar approach is proposed by Shakeel [41], where 
the wall slip branch is followed with a fit extending down to the origin. However, in 
application to field conditions, the first step in yielding (or commencement of wall slip) 
seems ultimately be skipped [45].

For CFD modelling, we need to have some viscosity (regularisation) at low shear 
rates. It is advised to have high viscosities here and at least follow the vane curve, but 
not the plate-plate, and certainly not the bob-cup concentric Couette results.

Implementations where particularly vane-type remoulded (Figure 4) branches are 
followed (fitted by Bingham & viscosity regularisation) are the TUDflow3D model in 
application to Water Injection Dredging of fluid mud [46, 47] for a schematised keel 
of vessels sailing through fluid mud. The authors were involved in associated rheom-
etry. Bingham type of models [13], with added viscosity regularisation, are employed 
in the modelling of tailings deposition in the Delft3Ds model [48], and rheology 
is augmented by coarse solids. This model cannot be fitted to rheometric wall slip 
branches, and we never considered doing such.

5.2 Element usage

Given the complexity of mixtures, it is no surprise that manufacturers of rheom-
eters offer a plurality of geometrical shapes for measuring elements. The search for 
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good methods to circumvent problems arising from wall slip can be traced back for 
decades. Industries handling mixtures with high concentrations of solids often apply 
vane techniques. The vane-in-cup method and vane-in-bucket method have been 
developed at the end of the previous century and are since then applied in several 
studies, e.g. in oil sands [49]. We have found that the vane also reveals wall slip in a 
material of which one would not expect it at first sight. It is therefore that we advocate 
the usage of vane for non-Newtonian slurries with high concentrations of solids and 
recommend bob-cup in the absence of solids, but with a check for wall slip by utilis-
ing vane and act according to findings.

Concentric cylinder testing has the advantage that if settling occurs, it does not 
immediately jeopardise the measurement, contrary to horizontally orientated ele-
ments. The Couette inversion problem in concentric cylinder testing is mostly circum-
vented by applying thin gaps. This is, however, not always possible with solids-laden 
coarse mixtures and/or when flocs and/or aggregated structure are significantly large. 
Jamming and other confinement effects may occur, and the mixtures are also prone 
to wall slippage. In the case of grouts and mortars, dedicated testing devices have 
been built [50]. For solids-laden settling mixtures, vane testing/verification should be 
highly prioritised, without the need to revert to dedicated built devices.

Fluid muds are best first tested by concentric cylinder elements because of 
their good definition of shear rates and ability to accommodate small amounts of 
sand. Next is to verify for wall slip by vane testing. If samples contain too much 
sand, it is advised to test by vane and consider applying a transformation method 
depending on the size of the container. It should also be noted that rotoviscom-
eters may output rotational velocity [rad/s] for vane instead of the shear rate [1/s] 
as is the case for other elements. Outputted viscosity is then based on rotational 
velocity.

The present tests reveal significant differences at low shear rates and coincidence 
at shear rates beyond wall slip. If segregation, i.e. the settling of sand, is essential to 
the flow problem, it is advised to test with sand (for a short duration, no extensive 
testing because sand settles under shearing), but also to test the material without 
sand in a concentric cylinder or similar. In the case of settling sand, the carrier fluid 
rheology determines the sand settling rate, and the mixture rheology determines the 
fluid flow. The same considerations regarding element usage apply if excessive wall 
slip may be expected, like with flocculated materials [49].

6. Conclusion

Wall slip of particulate systems is well known and is rather a rule than an excep-
tion. Here, we are encountering it also in a clay-only system, like natural fluid mud 
(with a sporadic settling solid, if any). The aggregate structure might similarly be a 
bit different at the wall and apparently also slips at low shear rates.

With complex mixtures, it is often not possible to apply the ideal measuring 
geometry: wider gaps are necessary and different (surface) geometries. In that case, 
direct outcomes of rotoviscometer need to be post-processed for rheological charac-
terisation and/or vane testing is necessary complementary to testing with elements 
with better-defined shear rates.

Exploring in detail the low shear behaviour of yield shear thinning fluids by plot-
ting the results as viscosity graphs accentuates measuring difficulties; care should be 
exercised not to interpret as (bulk) rheology.
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It is unknown what is causing the wall slip of fluid muds, but whatever the cause, 
the first sign of yielding is not the static yield stress for application in rheological 
calculations.

Since wall slip of mixtures may constitute an efficient way of transport (pumping 
of fresh mortar is based on that), it would be worth systematically investigating if/
how wall slip in rotoviscometers compares with wall slip in capillary viscometers, at 
least in the absence of coarse solids.
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Settling Slurry Transport: Effects 
of Solids Grading and Pipe 
Inclination
Václav Matoušek, Zdeněk Chára and Jiří Konfršt

Abstract

In many industrial applications, settling slurries composed of coarse solid  
particles (typically sand or gravel) and Newtonian-carrying fluid (typically water) are 
transported in pipelines. Turbulent flow of such slurries consumes significantly more 
energy than flow of the carrying fluid alone. A contribution of transported solids to 
the energy loss is sensitive to solids grading and to the related distribution of solids in 
a pipe. Also related to the solid’s distribution are changes in energy losses caused by 
an inclination of a pipe transporting settling slurry. We report on recent advances in 
the description and modeling of pipe flows of settling slurries with a special focus on 
the effects that the solids grading and the flow inclination have on flow friction. The 
description includes results of laboratory experiments and model predictions.

Keywords: hydraulic conveying, multispecies slurry, flow friction, solids distribution, 
pipe experiment

1. Introduction

The size of a solid particle is one of the key parameters affecting the behavior of 
solid–liquid slurry flow in a pipe. The size determines the type of slurry and is respon-
sible for prevailing mechanisms governing particle support and friction in slurry 
flow. A majority of predictive models for slurry flows consider just one characteristic 
size of transported particles and hence cannot take into account the profound effect 
a broad grading of solids can have on the slurry flow structure and energy loss due to 
friction.

For flows of settling slurries, it is well known that a considerable reduction of friction 
loss can be achieved if broadly graded solids are transported instead of uniformly graded 
solids of the same mass-median grain size [1–3]. Laboratory experiments on the effect 
of solids grading have been carried out primarily for bimodal slurries composed of two 
narrow-graded fractions of solids, each of different particle size [4–7].

Recent extensive experiments with various combinations of up to four different 
fractions of solids of the same density (each representing one type of settling slurry: 
fine, pseudo-homogeneous, heterogeneous, and stratified, respectively) [8] demon-
strated a considerable effect that finer fractions added to coarse stratified flow have 
on the friction loss and enabled its quantification. An analysis of bimodal slurries 
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tested in these experiments and composed of the coarse stratified fraction and one 
additional finer fraction (either the fine or pseudo-homogeneous or heterogeneous) 
showed that the effect of each of the added fractions on the friction loss is different 
and thus caused by a different mechanism [ 9 ]. Other laboratory experiments showed 
that the broad grading also affects the solids distribution in settling slurry flows [ 6 ,  7 ]. 

 Our experimental investigation, combining observations of flow friction and 
solids distribution in settling slurry flows of various solids compositions, has aimed to 
identify mechanisms responsible for the effects that the particle size and the particle 
size distribution have on friction losses in horizontal and inclined flows. The first 
results have been published for a limited number of tested solids and flow conditions 
recently [ 10 – 15 ]. New results are discussed below.  

  2. Experimental work 

 The experiments were carried out in a laboratory loop at the Institute of 
Hydrodynamics in Prague. 

  2.1 Experimental setup and measuring techniques 

 The loop is composed of horizontal and vertical pipe sections, each with an 
internal diameter of 100 mm (  Figure 1  ). The geometry of the loop, its measuring 
equipment, measuring techniques, and experimental procedures for slurry flow tests 
are described in detail in [ 15 ]. During tests, experimental data are collected from both 
the pipeline and the pump of the loop. Pipe measurements include the mean velocity 
of slurry  V m  (defined as the ratio of the total volumetric discharge of slurry divided 
by the cross-sectional area of the pipe) by a magnetic flowmeter, the differential 
pressure over several measuring sections of a pipeline measured by a differential pres-
sure transducer (DPT), and the chord-averaged vertical distributions of local volu-
metric concentration  c  by gamma-ray radiometric profilers mounted to some of the 

  Figure 1.
  Layout of experimental pipe loop at Institute of Hydrodynamics.          
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pressure-drop measuring sections. The delivered concentration Cvd (defined as the 
ratio of the solids discharge and the total discharge) is obtained from the differential 
pressures measured either in the invert U-tube if it is set to the vertical position, or in 
the vertical pipe section below the flowmeter (Figure 1).

For horizontal-flow tests, local velocities of individual particles are measured at 
the bottom of the transparent pipe section (No. 7 in Figure 1) in the horizontal pipe 
section. The instantaneous velocities are obtained from images collected by a high-
speed camera. The particle image velocimetry (PIV) method is used to analyze the 
motion of coarse particles in one-species-slurry flow and the motion of fine particles 
in bimodal slurry flow. The particle tracking velocimetry (PTV) method is used to 
determine the motion of coarse particles in the flow of bimodal slurry. More details 
on the velocity measuring techniques used are given in [15].

2.2 Solids fractions used in experiments

Five narrowly graded fractions of sand from fine-to-medium to very coarse (Table 1) 
were used to produce one-species (narrowly graded), bimodal, or multispecies (broadly 
graded) slurries for laboratory experiments.

3. Inclined flow of settling slurry

Our previous investigations focused on the effect of pipe inclination on partially 
stratified flow of narrow-graded medium (SP3031) sand [11–14]. The work reported 
here extends the investigation to inclined flows of narrow-graded coarse-sand 
(SP0612) slurry and broad-graded medium-sand slurry to test the effects of particle 
size and its distribution.

3.1 Experimental procedure

Inclined flow tests were carried out for slurries of constant mean delivered con-
centration Cvd flowing at constant mean flow velocity Vm through the ascending limb 
and the descending limb of the inclinable, invert U-tube of the laboratory loop at 
various inclination angles ω up to ±45 degrees from the horizontal. In test runs, Vm 
and Cvd are the same in both measuring sections irrespective of the inclination of the 
U-tube. The other measured parameters, manometric pressure gradient obtained 
from the installed DPTs and the mean spatial volumetric concentration Cvi, obtained 
by an integration of the solid’s distribution over a cross-sectional area of the pipe, 
differ in the two measuring sections of the U-tube inclined to any angle different from 

Fraction code d50 [mm] d85 [mm] density [kg/m3]

SS2030 2.19 2.49 2555

ST1040 1.56 2.41 2630

SP0612 0.87 1.20 2620

SP3031 0.55 0.78 2597

STJ25 0.22 0.35 2630

Table 1. 
Properties of tested sand fractions.



Advances in Slurry Technology

106

zero. The manometric pressure gradient is composed of the static pressure gradient 
and the pressure gradient due to friction and both these gradients are affected by the 
flow inclination. The static gradient depends on the density of slurry in a measuring 
section and that density is determined from Cvi. If Cvi is not available, then Cvd is used 
as a less accurate alternative.

3.2 Effect of particle size on inclined flow

The previous experiments showed that the flow of aqueous slurry of narrow-
graded medium SP3031-sand exhibited a very different degree of stratification in 
ascending and descending pipes inclined to the same slope between ±5 and ± 40 
degrees. The partially stratified flow of the SP3031-sand produced higher friction 
than expected (and conventionally predicted) if inclined to slopes not steeper than 
approximately ±30 degrees [13, 14]. The frictional gradient reached the highest values 
at the mild negative slopes of say, −10 to −20 degrees. This anomalous trend was also 
seen in the course of the manometric gradient. It was demonstrated that the observed 
effect is associated with changes in solid’s distribution across the pipe cross-section 
caused by a variation in the angle of inclination.

The slurry flow of a coarser sand (SP0612) tested in the same laboratory loop 
using the same procedure exhibits the same effects. Plots in Figure 2 compare solids 
distributions (the local volumetric concentration, c, related to the vertical distance 
from the pipe bottom, y, relative to the internal diameter of a pipe, D) measured 
with the SP0612-sand slurry simultaneously in the ascending and descending limbs 
of the lab-loop U-tube set to 25 degrees. The flows of the same flow velocity Vm and 
delivered concentration Cvd differ significantly in the degree of stratification; the 
descending flow is fully stratified, while the ascending flow exhibits a gradual change 
in the local concentration across the pipe’s entire cross-section. This effect can be 
predicted by a layered model [11], which captures the variation of the solid’s distribu-
tion with the inclination angle as shown in Figure 2. The flow becomes fully stratified 
in the descending pipe because the bed slides faster (due to the submerged-weight 
component acting as an additional driving force in the flow direction) than in the 
ascending pipe. The top of the faster sliding bed is less eroded and hence the flow 
more stratified.

Figure 2. 
Distribution of narrow-graded SP0612-sand in flow of Vm ≈ 1.84 m/s and Cvd ≈ 0.17 inclined at +25° (left) 
and −25° (right). Legend: Points = measurement, line = prediction by a layered model [12].
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The variations in the thickness of the sliding bed cause considerable differences in 
the friction loss between the ascending limb and the descending limb of the U-tube 
when inclined up to ±45 degrees from the horizontal (Figure 3). Due to the signifi-
cantly stronger stratification, the descending flow exhibits more resistance than the 
ascending flow at the same average velocity and delivered concentration if the flow is 
not very steep. This is particularly the case at mild slopes, where it may lead to a sub-
stantially larger frictional gradient in the descending flow than in the ascending flow.

Figure 3 compares different dimensionless pressure gradients (i = Δp/ρw/g/L, 
where Δp = measured pressure differential, ρw = density of standard water of 
1000 kg/m3, g = gravitational acceleration, L = length of measuring section) obtained 
from the U-tube measurements with the inclined flow of the SP0612-sand slurry. The 
manometric gradient exhibits both a general trend of an increase in the gradient with 
the increasing angle of inclination due to the increasing static part of the gradient and 
the local deviation from this trend for negatively sloped flow at the inclination angle ω 
of −25 degrees. The frictional gradient exhibits a peak at the same slope. Note that Cvi 
(obtained from measured solids distributions) in the ascending and descending pipes 
have been used to calculate the frictional gradient from the manometric gradient 
measurements in Figure 3.

The widely used Worster-Denny method [16] to predict the manometric and 
frictional gradients in inclined slurry flows is used to compare predictions with the 
experimental results (Figure 3). The method gives poor estimates of the inclina-
tion effect on the frictional pressure gradient as it does not account for the variable 
stratification that occurs as a result of variable bed shear in flow inclined to different 
angles. It gives also poor estimates of the manometric gradient if the measured Cvi is 
used to get the static term. If it uses Cvd instead of Cvi, the two contradictory trends 
affecting the manometric gradient compensate each other so that a successful predic-
tion of the manometric gradient is reached for ascending partially stratified flow (but 

Figure 3. 
Dimensionless pressure gradients at various angles of inclination for slurry flow of SP0612 sand at Vm ≈ 1.84 m/s 
and Cvd ≈ 0.17. Comparison is made with predictions by Woster-Denny method. Legend: Square = measured 
manometric gradient; black + = measured frictional gradient; red line = manometric gradient by Worster and 
Denny based on Cvd; blue line = manometric gradient by Worster and Denny based on Cvi; black line = frictional 
gradient by Worster and Denny.
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not for descending flow). This case, however, is not general and the compensation 
effect can be considerably less successful in other stratified flows.

3.3 Effect of broad grading on inclined flow

In order to include the effect of broad grading of solids on inclined partially-
stratified flow, an experiment was carried out with inclined flow of broad-graded 
sand slurry comparable with the previously tested inclined flow of narrow-graded 
SP3031-sand slurry. Both slurries had same mass median particle size d50.

For the SP3031-slurry, the inclined flows were observed for the conditions given by 
the delivered concentration Cvd = 0.24 and flow velocity Vm = 2.5 m/s in the 100 mm 
pipe inclined to ±45 degrees [13, 14]. The same conditions were maintained in slurry 
tests with the broad-graded sand. It was made up by blending three sand fractions 
as shown in Table 2. The proportion of the individual fractions produced a smooth 
particle size distribution curve of the broadly graded sand which was significantly less 
steep than the curve for the SP3031 sand and provided the same mass-median size as 
the SP3031 fraction (d50 = 0.55 mm).

3.3.1 Dimensionless pressure gradients

The measured gradients are shown in Figure 4. The anomalous values of the 
manometric gradient occur in the range of angles between −5 degrees and − 25 
degrees with a local peak at −15 degrees, which is consistent with the behavior of 
the narrow-graded slurry (Figure 5). The comparison shows that the sensitivity of 
the manometric gradient to the pipe slope is higher in the flow of the narrow-graded 
slurry than in the flow of the broad-graded slurry.

The frictional gradients are compared for both types of slurries in Figure 6. The 
results for the broad-graded slurry confirm the trend in the development of the 
gradient observed previously for the narrow-graded slurry. Furthermore, they give 
a clearer picture of the trends because of the larger number of data points (measure-
ments at a larger number of inclination angles) and because of the smaller scatter of 
the data. The results show that the broad-graded slurry exhibits less friction losses 
than the narrow-graded slurry. The variation in the frictional gradient with the incli-
nation angle is significantly smoother and exhibits smaller peaks in flow of the broad-
graded slurry than in flow of the narrow-graded slurry, suggesting that the presence 
of broader solids grading diminishes effects of a pipe incline on settling-slurry flow.

The frictional gradient is higher than predicted by the Worster-Denny method at 
slopes milder than ±30 degrees (Figure 4). A comparison of the measured  
gradients (both manometric and frictional) at all flow inclinations confirms that the 

Fraction code Ratio in mixture [%]

SP0612 38

SP3031 31

STJ25 31

Mixture 100

Table 2. 
Proportions of fractions of broadly graded sand mixture.
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Worster-Denny method is reliable in predicting the gradients only if the slurry flow 
is not stratified. For our tested conditions, it is the case only at steep ascending and 
descending flows.

After examining the effect of the pipe inclination on the dimensionless pressure 
gradients, it is interesting to evaluate relation between the friction loss and the mean 
concentration of solids in a pipe and a relation between the friction loss and the solids 
distribution in the inclined flows.

Figure 4. 
Dimensionless pressure gradients at various angles of inclination for slurry flow of broad-graded sand at 
Vm ≈ 2.5 m/s and Cvd ≈ 0.24. Comparison is made with predictions by Woster-Denny method. Legend: as in 
Figure 3.

Figure 5. 
Measured manometric gradient for broadly graded slurry and corresponding narrowly graded slurry. Legend: Blue 
square = narrow-graded slurry; magenta diamond = broad-graded slurry.
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3.3.2 Mean concentrations and slip

Although Cvd was kept constant in the test runs for the broad-graded slurry at 
different inclination angles, corresponding values of Cvi varied with the inclination 
angle. Figure 6 shows that the course of Cvi correlates tightly with the course of the 
frictional gradient and it is consistent with the courses for the narrow-graded slurry. 
The Cvd values tend to exceed the Cvi values in the descending flows steeper than −30 
degrees, indicating a negative slip at which the mean velocity of particles is higher 
than the mean velocity of water in the flowing slurry.

3.3.3 Solids distribution

The shapes of concentration distributions differ in ascending flows and descend-
ing flows of the broad-graded slurry (Figure 7), which is consistent with the distribu-
tions in the previously observed flows of the narrow-graded sand.

The differences in the distribution of solids are quite small between the narrow-
graded slurry and broad-graded slurry in ascending flows (Figure 8) where the 

Figure 7. 
Comparison of solids distribution of broadly graded sand (d50 = 0.55 mm) slurry flow at Vm ≈ 2.5 m/s and 
Cvd ≈ 0.24 in a 100 mm pipe inclined to ±15° (left) and ± 25° (right). Legend: Black = up; red = down.

Figure 6. 
Measured frictional gradient for broadly graded slurry and corresponding narrowly graded slurry (left). Measured 
mean concentrations for broadly graded slurry and corresponding narrowly graded slurry (right). Legend: Blue 
square = narrow-graded slurry (Cvi, im); magenta diamond = broad-graded slurry (Cvi, im); x and + = Cvd.
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degree of stratification is weak and the sliding bed thin. Contrary to ascending flows, 
descending flows exhibit distributions which are quite different in broad-graded 
slurry than in the corresponding narrow-graded slurry (Figure 8).

Comparisons of the developments in the solid’s distribution and frictional gradi-
ent with the flow inclination angle confirm that more stratified flows produce higher 
frictional gradients than less stratified flows. Note that the flow of the broadly graded 
slurry tends to be more energy efficient (produces lower friction losses) than the flow 
of the narrow-graded slurry at the same flow condition, even though the degree of 
stratification seems to be very similar. This effect will be discussed further in connec-
tion with horizontal bimodal flows.

To summarize, the experimental comparison of inclined flows of narrow-graded 
and broad-graded sand-water slurries of the same d50 = 0.55 mm showed that the 
anomalous pressure gradient occurred at mild negative slopes in both slurries 
although it tended to be less pronounced in the broad-graded slurry. The reason 
for the anomalous gradient—a sharp stratification of descending flow—was the 
same too although the broad-graded slurry tended to produce a thinner and more 
concentrated sliding bed than the narrow-graded slurry at the same flow condi-
tions. The friction loss tended to be smaller in the broad-graded flow than in the 
narrow-graded flow at various tested flow inclines between −45 to +45 degrees. The 
Worster-Denny method predicted friction loss successfully only if the flow was not 
stratified. For the stratified flows, the friction loss and other parameters should be 
predicted by a layered model.

4. Horizontal flow of settling slurry

Although the beneficial effect of a broad particle size distribution on friction loss 
has been experimentally observed in horizontal flows of settling slurries, for example 
[3, 6, 7], it has not been investigated systematically yet. Mechanisms through which 
an interaction of individual solids sub-fractions affects the overall flow resistance are 
not well understood. The simplest slurries with which to start an investigation on the 
interaction mechanisms are bimodal slurries. Our first results with horizontal flows 
of bimodal slurries were reported in [10, 15]. In this chapter, additional results for 
horizontal bimodal flows are discussed together with results for broad-graded slurries 

Figure 8. 
Measured solids distributions in sand-water flow at Vm ≈ 2.5 m/s and Cvd ≈ 0.24 in a 100 mm pipe inclined to +25° 
(left) and −25° (right). Legend: Blue = narrow-graded slurry; magenta = broad-graded slurry.
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composed of three or four fractions of sand. Results for slurry flows of individual 
narrow-graded fractions are also added for comparison.

4.1 Experimental procedure

Tests were carried out for different sand slurries at flow conditions allowing easy 
mutual comparisons. During testing, sand mixtures of different degrees of grading 
were produced by combining the individual narrow-graded sands at various propor-
tions of each sand in a resulting mixture (Table 3).

In test runs, the differential pressures were measured over the measuring sec-
tions along the pipe loop and the mean delivered concentration Cvd was determined 
from the inverted U-tube or the other vertical-pipe section at various installed 
velocities Vm. The local quantities—the concentration of solids in different verti-
cal positions in the pipe cross-section and the solid’s velocity at the bottom of the 
pipe—were measured as well.

4.2 Bimodal slurry flow

The recent extensive broad-graded-slurry tests revealed that the flow of bimodal 
slurry composed of gravel and fine sand exhibited a considerably reduced friction loss 
compared to flow of gravel-slurry without the fine-sand addition [9]. It was hypoth-
esized [10] that the major reason for the observed loss reduction was the reduction of 
mechanical friction between the sliding bed and the pipe wall and that this reduction 
was caused by a presence of a thin layer of fine-sand particles at the bottom of the 
pipe which at least partially separated the coarse sliding bed from the pipe wall. This 
hypothesis was indirectly supported by other results from the same experimental 
campaign, namely by those for bimodal slurry composed of medium-to-coarse sand 
and the same fine sand as in the former bimodal slurry. Flow of this bimodal slurry 
showed a negligible loss reduction by the fine sand. Since this flow did not contain a 
sliding bed, the result suggested that the friction reduction was effective only if the 
sliding bed was present. The actual presence of the fine separation layer could not be 
detected during the experiment due to the lack of flow visualization options.

A more detailed experiment was required to provide information about the internal 
structure of bimodal slurry flows. Such experiments had to include measurements of local 
concentrations and velocities of solids in the flow domain under investigation. The first 
runs from a series of such experiments were carried out for bimodal flows of ST1040-
sand and STJ25 in our laboratory in 2020 [15]. Additional experiments followed with a 
different coarse-sand fraction (SS2030) and their results are discussed in this chapter.

Fraction code Ratio in mixture [%]

SS2030 70 22.5 18

ST1040 — 44.5 36

SP0612 — 33 27

STJ25 30 — 19

Mixture: 2S 3S 4S

Table 3. 
Proportions of fractions of broadly graded sand mixtures.
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The bimodal 2S-slurry was composed of the coarse SS2030-sand and the fine-
to-medium sand STJ25 (Table 3). Tests were carried out for flow of the 2S-slurry 
at Cvd ≈ 0.27 (0.19 of SS2030 and 0.08 of STJ25) and for flow of the corresponding 
one-species SS2030-slurry at Cvd ≈ 0.19. Both flows were strongly stratified. The 
stratification was detected visually in the transparent section of the laboratory pipe 
and its degree was measured by a radiometric concentration meter in the measuring 
section of the laboratory pipe.

4.2.1 Visual observation

The visualization confirmed the presence of the thin layer composed of the STJ25 
sand at the bottom of the pipe. Furthermore, images of a camera directed to the 
bottom of the transparent pipe captured an interaction of coarse particles and fine 
particles at the pipe wall and clearly recognized that the finer STJ25 particles reduced 
the contact of the coarse SS2030 particles with the wall (Figure 9).

4.2.2 Solids distribution and local velocity of solids at pipe bottom

Measured distributions of solids in the two comparable flows detected that the 
flow remained strongly stratified even when the finer sand fraction was added 
(Figure 10). Particles of the finer fraction increased the local concentration at all 
vertical positions in a pipe cross-section, including the positions in the sliding bed.

Developments in the longitudinal component of the instantaneous velocity of 
particles at the bottom of pipe were processed from high-speed-camera images over the 
period of a few seconds and then time-averaged. Figure 11 compares time series of veloc-
ities of particles of the two fractions in the bimodal slurry at Vm = 3.0 m/s. It shows that 
the finer STJ25-particles (red line) of the thin layer covering the pipe wall move slower 
than the coarser SS2030-particles at the bottom of the sliding bed. This suggests that the 
faster coarse particles slide over the slower finer particles of the thin separation layer.

Figure 12 plots the development in the local velocity of coarse particles in the 
one-species SS2030-sand slurry corresponding with the bimodal slurry in Figure 11. 
Figure 12 shows that the coarse particles at the bottom of the sliding bed are slower 
in this flow without the STJ25-additive than the same coarse particles in the bimodal 
slurry flow at the same flow velocity Vm = 3.0 m/s and the same concentration of the 
coarse sand. This suggests that the presence of the STJ25-particles at the bottom of the 
pipe promotes the sliding of the coarse bed.

Figure 9. 
Camera images (magnified) of slurry at the bottom of the transparent pipe section (flow at Vm = 3.0 m/s). Left: 
Coarse slurry (SS2030). Right: Corresponding bimodal 2S-slurry (SS2030 + STJ25).
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Time-averaged longitudinal velocities, u, plotted as horizontal lines in Figures 11 
and 12 were collected at two more velocities additional to Vm = 3.0 m/s. The results are 
collected in Figure 13 and give a more complete picture of the behavior of particles at 
the bottom of the pipe. Figure 13 summarizes the velocities uc of coarse particles (in 
the bimodal flow and corresponding one-species flow) and uf of fine particles (in the 
bimodal flow). The plot shows that the coarse particles are faster than the fine particles 
at the bottom of the pipe (uc > uf) at all tested flow velocities Vm in the bimodal 2S-slurry 
flow. Moreover, the coarse particles in the 2S-slurry are faster than the same coarse 
particles in the corresponding one-species coarse slurry at the same flow velocity Vm.

4.2.3 Friction loss

The frictional gradients measured for flows of the bimodal 2S-slurry and of the 
corresponding coarse SS2030-slurry are compared in Figure 14. The bimodal slurry flow 

Figure 11. 
Measured time series of local velocity of particles of two fractions at pipe bottom for 2S-slurry flow at Vm = 3.0 m/s. 
Legend: Blue = coarse particles in 2S-slurry (horizontal line gives mean value); red = fine particles in 2S-slurry. 

Figure 10. 
Comparison of measured solids distributions in flow of coarse SS2030-slurry flow and of corresponding bimodal 
2S-slurry at Vm ≈ 3.0 m/s. Legend: Blue = SS2030-slurry, magenta = 2S-slurry.
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exhibits lower friction losses than the corresponding coarse-slurry flow and thus 
the addition of the STJ25-sand caused the loss reduction as in the ST1040-based 
bimodal slurry tested previously. Note that the STJ25-sand particles have little 
effect on the friction loss if they are transported in one-species STJ25-slurry at a 
low concentration similar to the concentration at which they were added to the 
ST2030-sand slurry (Figure 14).

4.2.4 Identification of friction-reduction mechanism

The collected experimental information about the bimodal slurry flow and about 
flow of the corresponding coarse slurry without the finer-sand additive provides suf-
ficient support for reasonable identification of the prevailing mechanism responsible 
for the friction reduction in the observed bimodal flow. As shown in Figure 10, both 
flows are strongly stratified. Therefore, the solid’s contribution to their friction loss 
must be due primarily to mechanical friction between the sliding bed and the pipe 
wall. Hence, the observed friction loss reduction (Figure 14) must result from the 
reduction of this mechanical friction. The detected presence of a thin layer of STJ25-
particles (Figure 9) between the pipe wall and the bottom of the sliding bed com-
posed preferably of coarse particles (Figure 10) suggests that this layer is responsible 
for the loss reduction.

The information on the local velocities of particles at the bottom of the pipe helps 
to clarify the role of the thin layer. The observations suggest that its role is as follows:

• the thin layer effectively reduces contacts of coarse particles of the sliding bed 
with the pipe wall,

• the coarse sliding bed slides over the moving thin layer (uc > uf), which itself 
slides over the pipe wall (uf > 0),

• the thin layer makes sliding of the coarse bed easier (uc in one-species slurry < uc 
in the bimodal slurry) even though the pressure gradient, seen as the driving fac-
tor for bed sliding, is smaller in the bimodal slurry flow than in the coarse slurry 
flow (im in one-species slurry > im in bimodal slurry) at the same Vm.

Figure 12. 
Measured time series of local velocity of coarse particles at pipe bottom for SS2030-sand slurry flow at Vm = 3.0 m/s. 
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The coarse bed sliding easier and faster in the bimodal flow than the coarse bed of 
the same thickness (Figure 10) in the one-species flow, which also has a higher pres-
sure drop, is a very strong indicator that there is a considerably smaller resisting force 
acting on the sliding bed from the pipe wall in the bimodal flow than in the coarse 

Figure 14. 
Measured dimensionless pressure gradient for bimodal 2S-slurry (SS2030 + STJ25 at Cvd ≈ 0.19 + 0.08) and 
corresponding one-species slurries of coarse sand (SS2030 at Cvd ≈ 0.19) and medium to fine sand (STJ25 
at Cvd ≈ 0.12). Legend: Blue square = SS2030-sand slurry; red triangle = STJ25-sand slurry; magenta 
diamond = bimodal 2S-slurry; black + = water.

Figure 13. 
Measured time-averaged local velocity (normalized by mean flow velocity) at pipe bottom for the flow of bimodal 
2S-slurry and for flow corresponding SS2030-sand slurry. Legend: Magenta square = coarse particles in bimodal 
slurry (uc/Vm), magenta triangle = fine particles in bimodal slurry (uf/Vm), blue square - coarse particles in 
coarse slurry (uc/Vm).
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flow. This reduction of the wall resisting force must be due to the presence of the thin 
layer at the wall and, therefore the layer is responsible for the friction reduction. In 
summary, the thin fine layer reduces contacts of coarse particles of the sliding bed 
with the pipe wall and so reduces resistance and energy consumption associated with 
mechanical friction between the sliding bed and the pipe wall.

4.3 Broad-graded slurry flow

Besides the bimodal 2S-slurry, two more broad graded slurries were tested. The 
3S-slurry contains a mixture of three sands, SS2030, ST1040, and SP0612 (Table 3), 
and its d50 = 1.48 mm is very similar to d50 = 1.56 mm of the narrow-graded ST1040-
sand. Measured friction losses are compared between the 3S-slurry flow and the 
ST1040-slurry flow of similar values of Cvd in the left plot of Figure 15. The broader 
graded slurry obeys considerably less friction in the range of measured flow velocities.

The STJ25-sand is added to produce the 4S-slurry (Table 3) and to increase Cvd 
from 0.25 to 0.31. As shown in the right plot of Figure 15, the friction loss reduces 
further by the STJ25-addition, exhibiting the same effect that STJ25 exhibited in the 
previously discussed bimodal slurry flows.

4.4 Prediction of friction loss

There are several predictive models available for the frictional dimensionless 
pressure gradient in horizontal flow of settling slurry. As mentioned previously, 
settling slurry flows exhibit a wide spectrum of flow regimes from pseudo-homo-
geneous for fine slurries to fully stratified for very coarse slurries. Traditionally 
and pragmatically, a piecewise application of theories has been employed for each 
regime and different predictive models have been used for the different regimes. 
Examples of such models include the Vsm-model for the fully stratified flow, V50-
model for the heterogeneous flow, and the equivalent liquid model (ELM) for the 
pseudo-homogeneous flow, for example, Ref. [17]. A 4-component model (4CM) 
was developed to predict friction loss over a range of settling-slurry compositions 
and flow regimes, for example, Ref. [8, 18]. In the 4-component methodology, fric-
tion losses are calculated by a weighted average approach of the standard Newtonian 
carrier-fluid flow model, combined with the ELM, V50-model, and Vsm-model. The 
broad-graded solids are partitioned into four volume fractions or “components” and 
each is assigned to one of the four sub-models. If the solids are narrowly graded and 
fall within one of the components, then the 4CM reduces to the sub-model for the 
specific flow regime.

4.4.1 Narrow-graded slurries

An example of the use of 4CM for a prediction of the friction loss in slurry flow 
of narrow-graded sand falling within one component of the 4-component pattern 
is shown in the left plot of Figure 16. The ST2030-sand matches the fully-stratified 
solids and its slurry flow can be predicted by both the 4CM and the Vsm-model. The 
plot shows an excellent agreement between the measured losses and the predictions 
for different concentrations of solids in the slurry.

The ST1040-sand is an interesting case of a narrowly graded sand, which does 
not fall within one component (in a 100 mm pipe), because its d50 is very close to the 
threshold size for the two components (dthreshold = 0.015D = 1.5 mm; D is the internal 
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diameter of a pipe). Therefore, the friction loss prediction is not successful by using 
any of the two individual-component models (either the Vsm-model or the V50-
model), and it is successful only if the 4CM is used (Figure 16, right plot).

4.4.2 Bimodal and broad-graded slurries

The individual-component models are not suitable for friction loss predictions 
in broad-graded slurry flows because they use the particle size only to identify the 
flow. Instead, the entire particle size distribution must be considered, as in the 4CM. 
As shown in Figure 17, an individual-component model can seriously overestimate 
the friction loss in the flow of bimodal slurry composed of coarse sand and medium-
to-fine sand. The two plots of Figure 17 compare the bimodal flows with flows of 

Figure 16. 
Measured and predicted dimensionless pressure gradient for slurry flows of individual sand fractions. Left: 
SS2030-sand slurry at Cvd ≈ 0.12, 0.19, and 0.28. Right: ST1040-sand slurry at Cvd ≈ 0.12, 0.17, and 0.28. Legend: 
Blue points = measurements (square for Cvd of 0.12, triangle for 0.17 and 0.19, circle for 0.28); red line = prediction 
by 4CM; black line with + = prediction by Vsm-model, black line with x = prediction by V50-model, plain black 
line = prediction for water.

Figure 15. 
Measured dimensionless pressure gradient for broad-graded slurry and comparable narrow-graded slurry 
(ST1040-sand slurry at Cvd ≈ 0.28). Left: 3S-slurry of d50 = 1.48 mm at Cvd ≈ 0.25. Right: 4S-slurry of 
d50 = 1.28 mm at Cvd ≈ 0.31. Legend: Blue square = narrow-graded slurry; magenta diamond = broad-graded 
slurry; black + = water.
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their coarse-only counterparts at two different solids concentrations and show that, 
contrary to the Vsm-model, the 4CM predicts the effect of adding the STJ25-sand to 
the coarse SS2030-sand slurry very well.

The 3S-slurry, and 4S-slurry, have d50 < 1.5 mm (d50 = 1.48 mm for the 3S-slurry, 
d50 = 1.28 mm for the 4S-slurry) and thus their individual-component model is the 
V50-model.  Figure 18 shows that the V50-model prediction of the friction loss in the 
two broadly graded slurries is less successful than the prediction by the 4CM.

To conclude, a comparison of the new experimental results for various sand 
slurries in a horizontal 100-mm pipe with predictions of the 4-component model 
confirms that the 4CM is capable of very reasonable predictions of friction losses in 
bimodal and broad-graded settling slurry flows in horizontal pipes.

Figure 17. 
Measured and predicted dimensionless pressure gradient for 2S-slurry (SS2030 + STJ25) and corresponding coarse 
slurry (SS2030). Left: as in Figure 14. Right: SS2030 + STJ25 at Cvd ≈ 0.12 + 0.06 and corresponding SS2030 at 
Cvd ≈ 0.12. Legend: Blue square = measurement for coarse slurry; magenta diamond = measurement for bimodal 
slurry; red line = prediction by 4CM; black line with + = prediction by Vsm-model; plain black line = prediction 
for water.

Figure 18. 
Measured and predicted dimensionless pressure gradient for broad-graded slurry and comparable narrow-graded 
slurry as in Figure 15. Legend: blue square = measurement for narrow-graded slurry; magenta diamond = 
measurement for broad-graded slurry; red line = prediction by 4CM; black line with + = prediction for narrow-
graded slurry by Vsm-model; black line with x = prediction for broad-graded slurry by V50-model; plain black 
line = prediction for water.
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5. Summary conclusions

Extensive resources of experimental work have been called on to elucidate the 
effects of solids grading and pipe inclination on settling slurry transport. If flowing 
in horizontal and inclined pipes, broadly graded slurries exhibit lower friction losses 
than narrowly graded slurries of the same mean particle size, mean flow velocity, and 
slurry density. The difference in friction loss is particularly important in slurries that 
are stratified. In broad-graded slurries, fine particles are able to reduce mechanical 
friction associated with sliding of coarse particles over a pipe wall by developing a 
thin layer effectively separating the coarse particles from the pipe wall. Also associ-
ated with flow stratification and with a presence of a sliding bed is the observed 
anomalously high friction loss in mildly negatively sloped flows. This anomalous 
friction loss reduces but does not disappear if the slurry is broadly graded. The reason 
for the loss reduction is the same as in horizontal flows.

The observed variations of friction loss with the degree of solids grading can be 
predicted with reasonable success by the 4-component model. A prediction of the 
observed variation of friction loss with solids distribution, as in the tested inclined 
flows, requires a layered model.
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Chapter 7

Electrical Resistance Tomography 
Applied to Slurry Flows
Lachlan Graham

Abstract

Electrical resistance tomography (ERT) is used to investigate a variety of slurry flow 
applications including pipe flow, mixing tanks, and thickener feed wells. Transparent 
liquids such as Carbopol polymer solutions and water are often used to allow for 
visualization of slurry flows, but ERT can provide data about solids behavior when the 
liquid phase is transparent or when it is opaque. The state of suspension of solids using 
ERT is often useful even when the technique is not a primary requirement of a test. The 
chapter introduces ERT from the point of view of a user in a research environment, but 
with flow scenarios relevant to industrial applications in mineral processing. Relevant 
literature concerning slurry flow applications of ERT is reviewed. The basic theory of 
ERT will be presented together with a discussion of the image reconstruction problem 
which is a topic of research activity in the slurry transport community. An overview 
of ERT applications in slurry pipe flow and mixing tanks will be presented. Examples 
of the application of ERT to pipe flow and tanks will be discussed in detail, including 
practical experiences with integrating ERT into slurry pipe and tank rigs.

Keywords: electrical resistance tomography, slurry flow, pipe flow, visualization, slurry 
pipe applications

1. Introduction

Electrical resistance tomography (ERT) is a well-established technique for obtaining 
the cross-sectional distributions of solids in slurry pipe flows and tanks, among other 
uses. Basic details of the ERT technique are given in [1] and many other publications. 
ERT for process applications was discussed in [2]. Previously, ERT had been extensively 
used in geophysical applications as well as being explored for use in biomedical imag-
ing. The basics of design and implementation of ERT technology suitable for process 
applications are presented in the paper. The authors specifically mention mixing 
scale-up as an application for ERT and introduced the 1.5-m diameter tank at UMIST 
(University of Manchester Institute of Science and Technology), which was equipped 
with a full set of ERT electrodes covering most of the tank wall. A recent book describ-
ing many forms of tomography for industrial applications, including ERT, is [3].

The present contribution describes the basic principle of ERT as applied to slurries 
focusing on pipe flow and mixing tanks as conducted by the Fluids Engineering Team 
at CSIRO.
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2. Basic principle of ERT

The principle of operation of electrical resistance tomography (ERT) is to inject 
a known electrical current into a pair of the (usually) 16 electrodes in a plane equi-
spaced around a vessel or pipe wall and measure the voltages present on the remain-
ing electrodes. The process is cycled through the remaining possible pairs of injection 
current locations (15 pairs) to give an extensive data set for the measurement plane. 
The complete set of measured voltages is then used to reconstruct an image of the 
conductivity in the vessel’s cross section from which the solids concentration or gas 
fraction can be obtained in principle, if the liquid- and solid-phase conductivities 
are known (gas and most solids in slurries would have zero conductivity). A basic 
schematic of the measurement and reconstruction process is shown in Figure 1.

ERT requires an inverse problem algorithm to calculate the conductivity distribution 
from the voltage measurements. If the conductivity distribution is known from such a 
calculation, the volume concentration of the nonconductive solids or gas can be calcu-
lated from the measured conductivity via the reduced Maxwell equation:
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where.
σ1 = continuous phase or background conductivity (typically water or another 

homogenous supernatant such as a carrier fluid or fine particle slurry).
σmc = measured reconstructed conductivity.
ϕ = volume fraction of the nonconductive phase.
Note that the aforementioned equation is applicable for zero conductivity solids 

only with a more complex version applicable if the solids exhibit some level of 
conductivity. The equation is also applicable for a gas phase which can also be consid-
ered having zero conductivity. The volume fraction may be readily converted to other 
measures of concentration if the solids and liquids densities are known.

Areas of an image with a lower conductivity indicate the presence of solids to 
be higher as the particles present in many slurries are nonconductive. The data 
acquisition process is repeated across multiple planes in the vessel or pipe; however, 

Figure 1. 
Basic operation principle of ERT. Differential reconstruction assumed.
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usually only one plane can be measured at any one time with most commercial 
hardware and software.

3. Slurry ERT literature review

Improving the accuracy and utility of ERT for slurry applications has been the 
subject of many articles over the years, and a selection of these is reviewed here. A 
recent comprehensive overall review of slurry applications of ERT is given in [4].

Ref. [5] has presented a general iterative algorithm to improve the quantitative 
accuracy of ERT. This used a 2D model for the forward problem and was shown 
to be superior to the linear backprojection (LBP) algorithm used for rapid image 
reconstruction.

A further paper from the same group demonstrated ERT in use to understand 
the differing flow regimes in pipe flows [6]. They used slurry concentrations up to 
20% by volume in a pipe loop with diameter 3 inches. The ERT was shown to readily 
visualize the flow regimes from homogenous flow to stratified flow. The transitions 
between these flow regimes could also be readily detected.

Ref. [7] examined the solids distribution in suspension flows with ERT. They 
used both neutrally buoyant, low- and high-density particles. Their algorithm used 
a 2D inverse problem and a 3D forward problem called a “pseudo three-dimensional 
algorithm.” They attempted to model the observed particle distributions with 
limited success.

Ref. [8] examined bidispersed suspensions of negatively buoyant particles in a low 
Reynolds number pressure-driven pipe flow. A nonlinear ERT reconstruction algo-
rithm was used. They used PMMA particles and silver particles. Due to the conductiv-
ity of the silver particles, the two types of particles were able to be imaged separately. 
These data were used for comparison with a suspension model, and another interest-
ing result was the observation of the hindering of particle settling of one phase by the 
other phase.

Ref. [9] used a high-speed ERT system to measure concentration and velocity 
profiles in pipe flow. An 80-mm diameter pipe rig was used for all the tests. Two elec-
trode planes of 100 mm apart were used for a cross-correlation technique to measure 
velocities. Kaolin carrier fluids and silica sand coarse particles were used to make the 
slurries.

Ref. [10] described one of the earliest ERT results for pipe flow. They used 60-mm 
and 100-mm diameter pipe loops with slurries made from water and sand or glass 
particles. Solids concentrations ranged from 6.8 to 13.7% by weight. Among other 
results, they were able to demonstrate ERT detection of a dispersed suspension 
compared with a saltating suspension. They proposed that a deposition velocity could 
be determined from the ERT image.

A recent example of ERT in conjunction with CFD applied to slurry tank flows is 
[11] where the mixing performance of a coaxial system comprises a wall scraper and 
a pitch blade central impeller. It was found that the coaxial mixer system provided 
better particle suspension than a single-impeller system.

A combination of ERT and magnetic flow meter has recently become commer-
cially available as discussed in [12, 13]. The device was trialed in a dredging applica-
tion. A significant advantage of the new device is that it eliminates the safety concerns 
of nuclear sources on board dredging vessels. The ERT is integrated into a single spool 
together with the magnetic flow meter.
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Ref. [13] also describes other industrial applications of ERT in slurry flows, includ-
ing mineral processing, tunneling, and deep-sea mining. Again, the motivation for 
much of this work is replacement of nuclear density gauges.

4. CSIRO slurry research facilities

CSIRO Mineral Resources has a 100-mm diameter pipe rig in several versions 
which has been equipped with ERT since 2002. The rig also is equipped with conven-
tional instrumentation including a magnetic flow meter and pressure transducers as 
shown in the schematic diagram in Figure 2. This rig can also be inclined if required 
as shown in Figure 3. Transparent sections allowed for visualization. The sampling 
point shown allows for carrier fluid/slurry to be taken off the top of the flow in 

Figure 3. 
View of ERT sensors on pipe rig when pipe is in the vertical orientation.

Figure 2. 
Schematic diagram of CSIRO mineral resources pipe rig.
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laminar flow to allow for rheology measurements as well as conductivity measure-
ments without having to fully screen the complete slurry samples. Further rig details 
are given in [14].

The slurry mixing tanks at CSIRO typically include impeller torque and speed 
measurement capability and are made from transparent acrylic to allow for flow 
visualization, particularly in order to examine particle suspension behavior. Selected 
tanks have recently been equipped with ERT electrode sets to allow for imaging of 
concentration distributions and particularly to explore solids concentration varia-
tions within the tank which cannot be discerned from video recordings or other 
means. Figure 4 shows photographs of two tank configurations used at CSIRO for 
slurry research.

CSIRO Mineral Resources primarily uses ITS ERT equipment including 2x ITS 
P2000 and 1x p2+ instruments together with the data acquisition and reconstruction 
software provided with these instruments. The P2000 was the primary instrument 
for the pipe rig and was placed in a remote weatherproof box on the rig to minimize 
the analog signal cable lengths. Similarly, the ERT electrode rings and cables were 
weather-proofed.

5. Image reconstruction for slurry applications

5.1 Background

Image reconstruction is one of the major challenges in ERT applications as it is an 
ill-posed problem, as noted in [15], and is still an active research area. An in-depth 
analysis of research work in the area of image reconstruction will not be discussed 
here; however, relevant points for slurry applications will be illustrated.

An overall principle of ERT is that image reconstruction is an inverse problem; 
it is required to calculate the conductivity distribution in a defined space based on 
boundary measurements. The calculation of the measurements based on a known 
conductivity distribution within the space and electrode injection current is relatively 
straightforward and is referred to as the “forward problem.”

Early reconstruction methods were based around a backprojection algorithm 
as described in [16]. Algorithms based on this concept are still in use at the time of 
writing as the usual reconstruction technique supplied with commercial ERT systems. 

Figure 4. 
Photographs of a 1-m diameter tank equipped with ERT electrodes. Two different impeller configurations shown: 
Baffled and unbaffled.
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Typically, this is a linear backprojection (LBP) algorithm. It has the advantage of 
speed, allowing for near real-time imaging and relative simplicity. The backprojection 
has the disadvantage of being qualitative and also suffers from blurring in instances 
where high-conductivity gradients are present as noted by [17]. However, in many cir-
cumstances, it is sufficient for investigating slurry flows and is widely used. Usually, 
the ERT process begins with collecting a homogenous reference data set in the vessel 
of interest. A data set is then obtained with the solids or gas added to the vessel and 
the reconstruction performed using a differential approach relative to the reference.

Alternative algorithms are available to overcome some of the shortcomings of 
the LBP in situations where there would be a benefit such as sharp concentration 
gradients and rapid images are not required. These algorithms have grown in popular-
ity, especially as computational power has increased, thus allowing more complex 
computational processing in a reasonable time.

Ref. [18] presented a sensitivity conjugate gradient (SCG) method for ERT which 
was also an early commercial offering. This technique was shown to decrease the blur-
ring or smearing inherent in the LBP for sharp discontinuities and thereby provide 
improved contrast recognition than the backprojection algorithm tested on synthe-
sized data. Examples using real data were also presented including imaging a human 
hand. The real data results showed that the SCG was able to provide much more detail 
than other contemporary alternatives.

Ref. [19] describes a MATLAB toolkit, EIDORS, which provides a framework for 
developing and testing tomography reconstruction algorithms. Simulations of ERT 
measurements can be made in the toolkit and various reconstruction approaches 
tested. Experimental data can also be processed in EIDORS using a wider variety of 
algorithms. Further details of EIDORS are given in [20].

The commercial ERT suppliers are also continuing to develop their offerings for 
postprocessing of ERT data. An example of this is described in [21]. A variety of 
algorithms were presented which were stated to be suitable for various scenarios in 
ERT. A recent state of the art is described in [12].

Most ERT data acquisition and reconstruction are performed assuming two-
dimensional behavior of the electric fields. This is a simplification as noted by [22] as 
the actual electric fields are three-dimensional. The effects can be mitigated in some 
circumstances by using a 2.5D approach as described in [23]. While the 2.5D approach 
was successfully used for slurry pipe imaging by [24], it is more difficult to apply the 
concept to a mixing tank as the invariance of the slurry condition along the axis of 
the vessel is not necessarily present, unlike for the case for pipe flow. Judicious choice 
of the injection current for the ERT test and the spacing between electrode rings may 
reduce the 3D effects. A full 3D data acquisition and reconstruction is also possible in 
principle to avoid these issues but is not available in the presently available commer-
cial hardware, since the planes are usually measured separately in sequence. However, 
if the flow timescales are long relative to the data acquisition time, the data from the 
separate planes can be combined to provide three-dimensional information. This 
approach can be useful for tanks or gas/liquid systems and for the cross-correlation 
velocity measurements. High-speed versions (500 frames per second or more) of the 
commercial ERT systems are available for these applications.

5.2 Comparison with other imaging techniques

Other imaging techniques have been applied for slurry flows. An example is 
gamma-ray tomography which is an extension of the industrially used gamma-ray 
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density instrument. This technique relies on the attenuation of the gamma-ray vary-
ing as varying density slurry flows through the measurement section as described 
in [25]. Tomography applications require multiple sources and detectors or a single 
source and detector that can be rotated or translated across the measurement section. 
More details of the technique are given in [26]. Disadvantages of the method were the 
time taken to acquire the data (tens of minutes using a single source/detector) and 
an increase in errors near the pipe wall. The acquisition time can be a concern given 
that laboratory slurry tests are usually carried out in recirculating rigs, thus leading to 
potential change of the properties of the slurry due to particle attrition and tempera-
ture rise. A multiple source/detector system was described in [27] based on a system 
described in [28] and the errors of the system evaluated for water/clay/sand slurries in 
a 100-mm pipe up to 20% v/v of sand. Further work by the SRC group is given in [29], 
where they use the gamma-ray technique to assist with correcting ERT for conductiv-
ity changes in the carrier fluid. The device used was capable of rapid imaging (up to 
100 Hz) unlike single source/detector systems.

The present author and his colleagues have used MRI imaging to investigate slurry 
flows, prior to using ERT. Ref. [30] describes the basic principles of NMR/MRI together 
with its application to flows. A useful property of NMR is that there is a velocity sen-
sitivity inherent in the physics, which is manifested in the phase image. While it was 
possible to obtain velocity and concentration data from MRI for synthetic polymer 
solution-based slurries, the rapid decay of the NMR signal due to the short T2 relaxation 
time prevented application to industrial slurries in larger pipes where rapid gradient 
switching is difficult, although smaller systems such as the rheological application 
discussed in [31] are possible. A further update of MRI possibilities for rheology and 
fluid dynamic applications is given in [32]. Another consideration is that the MRI equip-
ment is often larger and more expensive than ERT, although permanent magnet systems 
are available which are more economical than cryogenic systems, whereas ERT is more 
usable industrially as described in [13]. It is possible to obtain velocity information from 
ERT data via a cross-correlation technique using two electrode planes. This technique 
was used by [9] with a high-speed ERT data acquisition system to obtain velocity data in 
slurry pipe flow.

Figure 5 from [33] shows a comparison between a photograph, MRI and ERT 
from the CSIRO pipe rig where a bed of solids was present in the pipe flow. The ERT 
data includes LBP as well as a more advanced SCG processing [18] of the same data. 
This algorithm was one of the early postprocessing options available commercially, 
and the results are in better qualitative agreement with the MRI and photograph than 
the LBP. Slurry velocity images obtained by MRI over a range of velocities are shown 
in Figure 6. These flows were all in the laminar regime. Unfortunately, the MRI 
system was not usable with industrial slurries or the later development of the pipe rig 
which had a steel structure.

5.3 ERT image reconstruction for pipe flow

The commercial ERT systems (ITS P2000 and p2+) used at CSIRO for slurry flow 
research were supplied with the LBP reconstruction as the default option. In practice, 
when operating the pipe rig and mixing tanks, the real-time LBP images are very 
useful in monitoring the state of suspension in the flow and adequate for determining 
the effect of pipe velocity or impeller speed on particle suspension.

An early comparison between LBP and a more advanced algorithm (SCG) for a 
settled bed of solids was given previously in Figure 5.
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The author and his colleagues also use a 2.5D approach as described in more detail 
in [24] which describes the application of an absolute image reconstruction approach 
which does not require a reference image other than for data acquisition. The essential 

Figure 5. 
Comparison between (a) photograph, (b) MRI and ERT algorithms, (c) LBP, and (d) SCG ([18]). As originally 
published and presented at the BHR 15th International conference on Hydrotransport, Banff, Canada, 3rd-5th, 
June 2002, [33].

Figure 6. 
MRI velocity images (5% v/v solids in Ultrez 10 (Carbopol polymer solution)) at superficial velocities from 0.3 to 
1.1 m s−1. The distortion in the velocity images is due to the bed of solids.
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feature of this approach is to conduct the forward problem in 3D (assuming that 
the pipe flow is invariant along the pipe axis) and the inverse problem as a 2D slice 
through the center of the electrodes. The significance of the 3D forward problem 
is shown in Figure 7 where measured ERT from a pipe with a homogenous fluid 
is shown compared with 2D and 3D forward solutions. It is clear the 3D forward 
problem is the most appropriate.

The results from conventional LBP differential processing and 2.5D absolute 
processing are shown in Figures 8 and 9, respectively, for a high-conductivity tailings 
sample in a 100-mm pipe. In this case, the reference data were taken from a homog-
enized sample of the slurry. It should be noted that both approaches adequately detect 
the stratification of the flow, but the absolute processing allows for the case where 
obtaining a suitable carrier fluid reference image is difficult. The author’s colleagues 
are continuing research into image reconstruction approaches for pipe flow at the 
time of writing.

6. Slurry pipe applications and challenges

This section discusses application examples of ERT in slurry pipe flow over a variety 
of slurries ranging from synthetic laboratory slurries to industrial tailings samples.

Figure 10 shows LBP images from a CSIRO test in a 50-mm NB pipe rig examining 
the transition from horizontal to vertical flow for a polymer solution/crushed glass-
based suspension based on data presented in [34]. The sample results here showed 
that the stratification could be maintained, change side, or be destroyed in the pipe 
depending on flow conditions which, in the case of constant carrier fluid rheology, 

Figure 7. 
ERT voltages from experiment and simulation of a homogenous fluid in a pipe asssuming 2D and 3D behavior. 
As originally published and presented at the BHR 20th International conference on Hydrotransport, Melbourne, 
Australia, 3rd–5th may 2017, [24].
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could be superficial velocity. Further results from [34] showed that the distribution 
of solids in the vertical pipe was a function of the rheology of the carrier fluid and the 
pipe velocity for a fixed 4x diameter bend as the transition element from horizontal 
to vertical, with some conditions leading to the stratification being maintained in the 
vertical pipe. It should be noted that the yield stress of the carrier fluid could stati-
cally support the dispersed coarse particles in the vertical pipe, but not a bed of solid 
particles thus leading to particle settling on shutdown. Hence, the design of a system 
to vertically convey coarse solids would need to take account of the observed behavior 
and ideally guarantee particle dispersion.

Figure 11 shows LPB images taken from a pipe test with a synthetic clay/sand/
gravel slurry during a pipe test for evaluating rheology additives [14]. The effect of 
the pipe velocity on the degree of suspension is clear from the ERT images.

An industrial slurry was supplied to CSIRO for pipe tests as a complete slurry; 
thus, it was not possible to obtain a separate reference from a homogenous carrier 
fluid. Thus, a reference had to be obtained from a homogenous mix of the slurry as 

Figure 8. 
Comparison between reference data and sample pipe rig data for high-conductivity tailings. Conventional 
differential 2D LBP processing. Both images are at the same (arbitrary) scale. As originally published and presented 
at the BHR 20th International conference on Hydrotransport, Melbourne, Australia, 3rd–5th may 2017, [24].

Figure 9. 
Comparison between homogenous and stratified ERT images using absolute 2.5D processing on the same data 
as Figure 8. Conductivity images shown. As originally published and presented at the BHR 20th International 
conference on Hydrotransport, Melbourne, Australia, 3rd–5th may 2017, [24].
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supplied in order for the data acquisition to occur. It was known that there were coarse 
particles in the slurry, but the slurry overall had the appearance of a high-yield-stress-
based suspension. A view of the slurry slump test together with ERT results obtained 
from the 2.5D absolute imaging approach as described in Section 5.3 are shown in 
Figure 12, showing stratified behavior, even with a high yield stress carrier fluid.

A data set for very high-conductivity tailings is shown in Figure 13 which shows 
ERT images plotted on the flow curve for two concentrations of the tailings from [24]. 

Figure 10. 
ERT images for flow around a vertical pipe bend. Adapted from data presented in [34].

Figure 11. 
Synthetic clay/sand/gravel slurry at 80% w/w solids.
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The ERT data shown were processed using the absolute 2.5D ERT approach. The ERT 
system had to be operated at its highest possible current setting (75 mA) to obtain 
usable data in the 100-mm diameter pipe rig.

The slurries tested in Figures 12 and 13 were supplied as complete slurries; thus, 
there was no possibility to separately obtain a reference image from a homogenous 
carrier fluid. The procedure was then to use a dummy section of pipe with an ERT 
sensor to obtain a reference from a homogenized sample of the slurry as shown in 
Figure 14. It is conceded that this approach involves a compromise; however, it was 
possible to obtain data sufficient to demonstrate that the slurry flows were stratified 
under shear in the pipe which was the primary objective of the tests. The significance 
of the stratified flow is that predictive models are required to take this behavior into 
account for correct predictions of industrially sized pipe flows as discussed in [35] 
and subsequent publications up to [36].

While many of the results described earlier are in the laminar flow regime, the 
CSIRO group has also investigated the turbulent pipe flow regime using ERT as 
described recently in [37]. For this work, ERT was used to obtain solids concentration 

Figure 13. 
Flow curve and ERT for high-conductivity tailings at two concentrations in a 100-NB pipe. Color represents 
conductivity. As originally published and presented at the BHR 20th International conference on Hydrotransport, 
Melbourne, Australia, 3rd–5th may 2017, [24].

Figure 12. 
High yield stress slurry conductivity images showing stratification. As originally published and presented at the 
BHR 20th International conference on Hydrotransport, Melbourne, Australia, 3rd–5th may 2017, [24].
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data for comparison with a DNS-DEM model for weakly turbulent coarse-particle 
non-Newtonian suspensions.

Other practical challenges relevant to the use of ERT in pipe flow were as follows:

• The ERT required short cables (3 m or less), especially when high-conductivity 
slurries were used. This restricted the number of ERT rings that could be used on 
the pipe rig to one installed adjacent to the ERT electronics rather than distrib-
uted along the pipe rig. For lower-conductivity carrier fluids, (<0.5 ms/cm) 
10-m cables provided satisfactory results, thus allowing the electrode sets to be 
distributed along the pipe rig.

• Since the rig was outside, care was taken to enclose the electrodes in a waterproof 
box and the cables in a waterproof covering with a military specification connec-
tor. The electronics was located in a weatherproof box approximately halfway 
along the pipe rig in order to minimize the maximum cable length needed to 
cover the entire rig.

• The carrier fluid conductivity needed to be monitored and any changes taken 
into account if accurate concentration values are required.

• The choice of injection current required some consideration as the bulk resistiv-
ity increased as the solids were introduced into the slurry. The resistivity increase 
could lead to clipping of the ERT signals when polymer solution carrier fluids 
were used (e.g. ~0.3 ms/cm conductivity). It was found that reducing the injec-
tion current overcame this issue with a typical satisfactory value of 6 mA used 
for the 100-mm pipe rig. Higher injection currents (30–75 mA) were used with 

Figure 14. 
Dummy pipe section for obtaining ERT references of homogenous slurries.
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industrial slurries of higher conductivity to obtain usable data. In practice, it was 
found to be useful to obtain reference data at several different injection currents 
before introducing coarse solids. This procedure allowed choice of a suitable 
current for the majority of the test campaign, once initial slurry measurements 
had been made.

• Any air in the fluid/slurry must be eliminated as much as practicable. Air bubbles 
cause difficulties with obtaining satisfactory reference data as they pass by 
electrodes and can also lead to incorrect concentration data at the top of the pipe. 
References were normally taken with the pipe flow running in order to avoid the 
case where an air bubble was trapped against an electrode. The author and his 
colleagues also preferred to operate pipe tests with the return pipe to the holding 
tank submerged in the carrier liquid or slurry to minimize air entrainment due 
to the plunging jet effect. They also filled the pipe system with water and elimi-
nated air from the rig before adding polymer powder or clay whenever possible, 
since air bubbles were difficult to remove from slurries with high yield stress 
carrier fluids.

• Adjustment of carrier fluid conductivities was usually not possible as addition of 
salt, etc., ran the risk of significantly changing the carrier fluid rheology which 
was fundamental to the flow behavior.

• The solids conductivity was not always known, especially for minerals or tail-
ings slurries from sites. In these cases, a relative stratification may be the only 
obtainable data from ERT which is used in conjunction with rheology, flow 
curves, etc., to interpret the flow behavior.

7. Slurry tank applications

CSIRO has a long history of mixing tank research as shown in [38] and has 
recently started to apply ERT to this area of slurry flow dynamics. ERT allows for a 
deeper exploration of concentration inhomogeneities as a function of the agitation 
type. These inhomogeneities have been observed in unbaffled tanks under certain 
agitation conditions and have recently started to be investigated by ERT by [39] using 
a 1-m diameter tank at CSIRO and water/sand slurry.

A time series of ERT images from a single plane of the 1-m diameter tank are 
shown in Figure 15, and stills from a video are shown in Figure 16. A low concentra-
tion region is evident, traveling around the tank near the slurry surface. These con-
centration transients can then be correlated with other aspects of tank performance 
such as impeller torque and particle suspension. This research activity is continuing at 
CSIRO at the time of writing.

Further recent ERT work has commenced at CSIRO in a smaller (390 mm diam-
eter) tank which is unbaffled. A photograph of the tank with the impeller turned 
off and particles settled is shown in Figure 17. This tank is used for fundamental 
research into impeller suspension performance before scaling up to the larger 1-m 
diameter tanks.

The object of the initial work with the tank was to investigate the performance of 
the various options for ERT processing using the ITS Reconstruction Tool Suite [21] 
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for tank applications, especially when settled solids were present. Figure 18 shows a 
comparison between the LBP and the Laplace option where it is seen that the Laplace 
option performs significantly better in capturing the settled solids without the arti-
facts in the center of the images from the LBP. Work is ongoing at the time of writing 
to further optimize the imaging of the suspension in the tank as well as obtain data on 
the effect of different impellers, etc.

8. Conclusions

ERT has been a part of CSIRO’s research into slurry pipe flows for nearly 20 years 
and is now being extended to mixing tanks.

The insight that ERT offers into the state of suspension of the flow is difficult to 
obtain by other means, especially given the opaque nature of industrial slurries.

Figure 15. 
Time-dependent concentration in unbaffled tank. Electrode plane near the top of the tank.

Figure 16. 
Stills from video taken at the same time as Figure 15.
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A variety of image processing options are available for ERT, both commercial and 
open source, and both approaches are useful in a slurry flow research environment.

At CSIRO the preferred approaches are currently:

• linear backprojection for online live imaging using the ITS data acquisition 
software;

• absolute 2.5D for pipe flow postprocessing using EIDORS [20], especially where 
the conductivities of the constituents are unknown;

• the ITS Reconstruction Tool Suite for further off-line data analysis.

There are continuing developments in reconstruction algorithms both in the 
literature and commercially available which are aimed at improving the quantitative 
accuracy of ERT for slurry applications.

Figure 17. 
Photograph of tank with settled solids. Plane 7 is the lower-most electrode ring, with plane 1 at approximately the 
impeller height.
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The significance of ERT (and previously MRI) for CSIRO was that the data dem-
onstrated the regimes of flow in cases where visual observation or other diagnostic 
instruments were not usable. These results were then used to feed back into develop-
ment of slurry pipe flow prediction models which were based on correct flow mecha-
nisms rather than purely empirical methods. The demonstration of stratification of 
high yield stress carrier fluid-based slurries in laminar pipe flow was of particular 
significance in gaining acceptance of stratified flow models for that flow regime.
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Chapter 8

Erosion-Corrosion in Pipe Flows  
of Particle-Laden Liquids
Robert J.K. Wood and Alexander D.C. Cook

Abstract

The transmission of particle-bearing liquids in pipes has motivated continuing 
research into erosion mechanisms and the distribution of erosion rates over wetted 
surfaces. This chapter covers these initiatives with particular reference to erosion-
corrosion modelling within bends and straight sections of cylindrical pipes manufac-
tured in a variety of materials and transporting a variety of liquids. Erosion-corrosion 
modelling techniques such as submerged slurry jets and rotating cylinder electrodes 
have been used to study factors influencing material degradation. Improvements in 
computational fluid dynamics (CFD), such as the development of a moving deform-
ing mesh (MDM) have improved the accuracy of CFD models in predicting pipe wall 
erosion rates. Combined discrete phase tracking approaches such as the CFD-DPM-
DEM (discrete phase-discrete element model) have helped improve computational 
efficiency. Wall impact erosion models are calibrated using laboratory scale tests. 
Validation of CFD models using full-scale test data is rare, meaning their accuracy 
is still largely unreported. Material testing has helped to identify the resilience of 
prospective pipeline materials to erosion-corrosion, while modifications to internal 
geometry and pipe section have shown potential to improve erosion-corrosion 
resistance.

Keywords: erosion-corrosion, computational fluid dynamics, pipelines, slurry, 
modelling, state-of-the-art

1. Introduction

Erosion-corrosion (E-C) is recognised as one of the most significant threats to the 
integrity of pipelines carrying fluids mixed with solid particles. It affects numerous 
industries including mining, oil and gas, power generation and sediment transport. 
Marine, aero and food production industries are also affected [1]. Pipework, turbines, 
pump components and valves can all become heavily damaged by E-C. Improper 
management can lead to loss of productivity, unplanned downtime, or complete com-
ponent failure, with obvious environmental and safety concerns. Erosion-corrosion 
is said to be the primary cause of fluid leakage in pipelines and is estimated to cost the 
Canadian oil sands industry $1bn a year in damages [2, 3]. Owing to its importance 
within industry, the field of erosion-corrosion has enjoyed plentiful research over 
several decades.
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Since the first focused work on theoretical mechanisms at least 28 different ero-
sion equations have been proposed, including a total of 33 different parameters [4]. 
Erosion rate is defined as the rate of mass loss from a surface due to particle impinge-
ments. The response of pipeline materials to solid particle impacts depends on the 
nature of the target material and the treatments to which that material has been 
subjected. Environmental parameters such as flow velocity [5], pressure [6], tem-
perature, impact angle, solid particle concentration, size and shape are also known 
to influence erosion [7]. The influence of impact angle depends on the mechanical 
characteristics of the pipe material. Brittle materials such as ceramics experience 
maximum erosion at impact angles of 90°. In ductile materials, cutting wear domi-
nates at low impact angles (<20°) while deformation wear is most prominent at high 
impact angles [7]. This is summarised in Table 1.

Finnie [8] suggested that the volume loss due to erosion was proportional to the 
square of velocity. This comes because kinetic energy is likely the dominant factor 
governing erosion. Despite this, values of the exponent have been reported between 
0.34 and 4.83 [9]. This variation has likely come in part due to difficulties accurately 
determining the impact velocities of particles in laboratory experiments. Other 
parameters that affect this number are particle size and its shape. The roundness of 
particles is often described using the circularity factor (CF). In perfectly spherical 
particles this factor is equal to 1, reducing as particles become more angular. It has 
been found that the circularity factor and erosion rate hold an inverse power law 
relationship [10]. A similar relationship has been found for particle size, with the 
exponent value quoted ranging between 0.2–4.0 depending on test conditions [9]. 
The behaviour of particles entrained within a flow is described by the Stokes number. 
Particles with Stokes numbers close to 1 tend to follow streamlines of the continu-
ous phase. In flows with higher stokes numbers, particle motion is largely inertia-
dominated and wall collisions are more likely, leading to increased erosion rates [11]. 
Particles of higher hardness are known to cause higher erosive wear, although the 
ratio of particle to pipe hardness is perhaps the more important factor governing 
erosion rate [12].

Corrosion is an electrochemical process, caused by the interaction of the convey-
ing fluid with the pipe material. As was the case with erosion, corrosion strongly 
depends on the nature of the pipe material. It has been found that the combined 
effects of erosion and corrosion can lead to significantly higher material loss rates 
than the summation of both processes separately [13, 14]. In the past decade, most 
erosion-corrosion research has been driven by the oil and gas industry. However, 
additional sectors have also been subject to investigation. In recent years, erosion-
corrosion has been studied in concentrating solar power systems [15], engine cooling 
systems [16], fertiliser/mineral processing [14, 17] and geothermal power generation 

Material 
type

Angle of impingement

<20° 45° 90°

Elastic No effect Negligible Surface deformed

Ductile “Cutting” wear dominates Mixed regime Deformation wear dominates

Brittle Negligible Intermediate Maximum

Table 1. 
Material response to solid particle impact (adapted from [7]).
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[18] to name a few. The focus of research in these fields has been varied. Influencing 
factors such as pipe material, geometry and flow conditions have been studied. 
Methods of studying E-C due to particle-laden fluids can be broken down into pipe-
line tests, laboratory simulations and numerical simulations. The first two methods 
were reviewed in by Vahid Javaheri et al. [9]. Numerical simulation using computa-
tional fluid dynamics (CFD) was reviewed in 2014 by Mazdak Parsi et al. [19], and 
later by Messa et al. [20] in 2021. Recent developments in erosion-corrosion research 
were reviewed in 2017 [1]. This chapter will review developments in the modelling 
and management of erosion-corrosion subsequent to these works. The scope of this 
work will be limited to E-C of pipelines containing liquid-solid flows. Three-phase, 
gas-liquid or gas-solid flows will not be considered.

2. Numerical and laboratory scale modelling

2.1 Laboratory techniques

After the review in [1], various researchers have published work in which the 
erosion-corrosion behaviour of pipeline materials has been tested. Owing to their 
existing popularity, pipeline steels have been the focus of the majority. Due to their 
low cost, compact size, easy setup and short test durations, bench-scale laboratory 
tests are the most popular method for investigating E-C. Of these, the jet impinge-
ment test and slurry pot testers are the most popular techniques used today [9]. Other 
techniques used include the submerged jet impingement test [17, 21], pin-on-disk 
test [22], electrode cells [23] and rotating cylinder electrode [24] to name a few. 
Aside from the latter two techniques, these experimental methods have been recently 
reviewed in [9, 25].

Submerged jet impingement tests are a popular means of testing different materi-
als. Results from jet tests are commonly used to calibrate erosion models in CFD 
packages, as will be discussed later in this chapter. While the high velocities required 
make the method unsuitable for simulating erosion in real pipelines, they are a valu-
able tool for evaluating material performance [9]. For example, Karafyllias et al. [17] 
used a submerged direct impact jet to investigate the performance of two stainless 
steels (UNS S31600 and UNS S42000) and two white cast irons (27WCI and 37WCI). 
Tests were carried out in a neutral and acidic (pH 3) environment. They found that 
the austenitic grain structure of the UNS S31600 and WCI37 samples better-resisted 
corrosion at pH 3. At neutral pH, the increased hardness of both WCI alloys led to 
increased erosion resistance over the softer stainless steels. Their tests were carried 
out at 90° impact angles and 21 m/s jet velocities. This limits the applicability of the 
results to real-world scenarios where a wide range of slurry velocities and impact 
angles are common. Using a similar methodology, Brownlie et al. [18] investigated 
the performance of various engineering materials for use in geothermal power 
generation. The performance of three grades of stainless steel, a carbon and low-alloy 
steel, Inconel 625 and Ti-6Al-4 V were evaluated. They found that low-carbon and 
low-alloy steels are especially vulnerable to erosion-corrosion at shallow impinge-
ment angles. Inconel 625 and super austenitic stainless steel UNS S31254 exhibited 
the greatest E-C resistance. Cathodic protection was employed and found to have a 
profound effect on erosion rate, reducing volume loss due to E-C of low alloyed ATSM 
A470 Grade C steel by nearly 6 times. Mostafa et al. [26] investigated the wear rate 
of HDPE as a function of impact velocity and angle using slurry impingement tests. 
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Impact angles between 30 and 90° were studied at velocities of 4, 5 and 6 m/s. The 
erodent particles were silica sand. Mass change measurements were used to quantify 
material loss from target samples. Erosion was found to peak at impact angles around 
45–50° and increased proportionally with slurry velocity.

The popularity of the slurry pot apparatus is owed to the ease at which the influ-
ence of slurry velocity, concentration and impact angle can be studied on sample 
materials. By substituting test specimens, the performance of different materials can 
be easily evaluated. However, hydrodynamic differences limit this method’s ability to 
predict erosion rates within real-world pipe flows [9].

Chung et al. [27] used a slurry pot tester to study E-C in a variety of different 
pipeline steels. API 5 L X65, X70 and X80 steels were compared with ASTM A1053 
dual phase stainless steel and AR400 hard plate. Tests were carried out at two speeds 
and dissolved oxygen levels. The steels were characterised using electron microscopy, 
X-ray, micro-mechanical probing, and electrochemical testing techniques. At the 
lowest oxygen level (0.6 ppm) corrosion was mainly suppressed. At high oxygen 
levels and slurry velocities, dual-phase stainless steel suffered enhanced damage to 
its passive film and E-C resistance decreased. They concluded that E-C resistance 
is a function of a combination of mechanical properties including hardness, strain 
hardening capability, ductility, toughness, and deformation before failure. The high 
E-C resistance exhibited by AR400 was attributed to its finer microstructure (when 
compared to the X series steels) obtained after the tempering and quenching process. 
The author recommended the use of fine micro-structured steels for slurry transport.

A slurry pot tester was also used by Singh et al. [28]. They investigated the influ-
ence of particle type and circularity factor on erosion wear of stainless steel (SS 
316L). Samples of fly ash, bottom ash and sand were compared. Particle characteris-
tics were measured using digital image processing on SEM images. It was discovered 
that the value of erosion wear decreased with the circularity factor. The relationship 
between erosion rate and circularity factor appeared to follow the inverse power law. 
The exponent value was predicted as 2.668 for multisized slurry.

Rotating disk/cylinder electrode systems are a popular choice for those wishing to 
establish the effect of flow velocity and solid concentration on corrosion in pipeline 
steels. Aguirre et al. [24] used a rotating cylinder electrode (RCE) to investigate the 
mechanism of corrosion-accelerated erosion in carbon steel API 5 L X65 in alumina 
slurry doped with mineral quartz. Tests were carried out at different fluid velocities 
and dissolved oxygen (DO) concentrations. SEM and electron backscatter diffrac-
tion (EBSD) inspection was used to analyse surface wear patterns. DO availability 
increased the wear rate of steel. It was proposed that plastic deformation due to 
particle impingements increased the formation of anodic/cathodic sites to an order of 
magnitude larger than the original impact site. This led to further increases in corro-
sion rate.

A multifactorial study by the same author [29] used similar apparatus to inves-
tigate the influence of velocity, particle concentration, temperature, pH, dissolved 
oxygen, and copper ion content on E-C in pipes of the same material. Sample deg-
radation was measured using a combination of gravimetric techniques and surface 
morphology measurement using SEM imaging and energy dispersive X-Ray spectros-
copy (EDX). Also using an RCE, Molina et al. [30] assessed the directionality of wear 
scars at different velocities when API 5 L X65 steel is exposed to quartz slurry. This 
was done by applying Fast Fourier Transform (FFT) to SEM images. They found that 
patterns in erosion wear scars could be successfully identified. Implementation of this 
technique could be used to enhance understanding of erosion wear.
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Using combined wire beam and coupon electrodes, Xu et al. [23] investigated the 
influence of pre-corrosion on E-C in X65 pipeline steel. Pre-corrosion is common in 
pipelines where residual moisture is present following pressure testing. While they 
found that the E-C rate was similar in pre-corroded and non-pre-corroded samples, 
their findings cannot be extended beyond X65 steel.

2.2 Numerical methods

Computational fluid dynamics (CFD) is a popular method of wall impact erosion 
modelling in particle-laden fluids. Erosion modelling procedures generally follow 
three steps: First, the continuous phase is resolved. The motion of elements within 
the discrete phase is then calculated. Finally, by using element motion in the near 
wall region estimates of material removal due to collisions can be generated at each 
wall node. By following this procedure, detailed erosion maps can be generated for 
geometry analysis [2]. While CFD simulations can yield highly detailed results, their 
accuracy has come under scrutiny in many papers [31]. The main sources of uncer-
tainty lie within accurately modelling particle wall impact behaviour and estimating 
the material loss due to particle wall impingement. Particle tracking has also proven 
difficult and computationally expensive. Two main methods of multiphase modelling 
exist in CFD packages today. An overview of each is provided below.

2.2.1 Eulerian-Eulerian approach

The Eulerian-Eulerian methodology, often referred to as the two-fluid model, 
treats both phases equally. This approach is computationally efficient and allows 
models containing numerous phases to be resolved. The downside of the Eulerian 
approach is that individual particle motion cannot be calculated. This limits the use 
of the Eulerian-Eulerian approach in erosion modelling. Despite this, the approach 
remains useful in applications where high solid concentrations are present or when 
the coupling between the fluid-particle or particle-particle is important [3].

2.2.2 Eulerian-Lagrangian approach

The Eulerian-Lagrangian formulation allows the trajectories of particles within 
the discrete phase to be tracked. As before, the carrier fluid (continuous phase) 
is modelled following the Eulerian framework. To model the erosion process in 
turbulent flows, steady state Reynolds-averaged Navier-Stokes (RANS) equations 
have been combined with a variety of turbulence models to simulate fluid flows 
[32]. This approach has been used somewhat successfully over the past couple 
of decades [2, 33]. While the RANS approach can be used to establish the time-
averaged erosion characteristics of a particle-laden fluid, it is unable to establish the 
unsteady nature of turbulent flows being modelled. To simulate unsteady properties 
of pipe flows such as the evolution of vortices and recirculation, large eddy simula-
tion (LES) algorithms have been developed. A detailed description of LES can be 
found in [32]. The performance of both algorithms has been evaluated. Wang et al. 
[34] studied erosion in pipe elbows using an LES Euler-Lagrange model. Results 
obtained using the RANS and LES were compared. Results were verified using 
experimental results taken from [35]. Good agreement between velocity profiles 
predicted by the LES method and experimental values was noted. In comparison, 
the RANS method was found to overpredict the fluid velocity in the near-wall 
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region. The increased accuracy of the LES model was attributed to its ability to 
model the unsteady secondary flow at the inner radius.

The Lagrangian framework resolves the motion of particles based on a trans-
lational force balance for each entity. The Discrete Phase Model (DPM) tracks the 
movement of particles through the continuous phase. In the DPM each modelled 
entity represents a ‘parcel’ of particles having similar dynamic properties [36]. 
Another approach to particle tracking is the Discrete Element Method (DEM). Unlike 
the DPM, individual particles are tracked and their equations of motion solved. The 
benefit of this method is that information related to inter-particle collisions can be 
calculated using the ‘soft sphere’ approach, making the DEM suitable for flows with 
high solid concentrations. The applicability of the DPM is limited to solid concentra-
tions where the influence of inter-particle collisions can be neglected. Wang et al. [2] 
found the influence of inter-particle collisions to be negligible at solid concentrations 
up to 5.37% wt., while Kloss et al. [37] limited their use of DPM modelling to below 
5% by volume. Lagrangian inter-particle collision models have been used in [38, 39] to 
extend the range of applicability to higher concentrations of solid particles. However, 
their use remains limited due to the increased computational burden and the number 
of difficult-to-estimate parameters these models rely on [40].

Coupling between the DEM and DPM has been proposed to improve the accuracy 
of the CFD-DPM approach without the full computational expense of the CFD-DEM 
method. Kloss et al. [37] used the CFD-DPM-DEM approach to model the dispersed 
phase in air-particle flows. They showed that the simulation speed of various systems 
using DEM could be significantly increased by switching to the DPM methodology 
in regions of low particle concentration without a significant effect on the results of 
the simulation. By extending this technique to solid-liquid flows the ability of CFD 
packages to model regions of high concentration could be improved.

2.3 Advancements in CFD

2.3.1 Flow modelling

It is widely accepted that erosion is a time-dependent process. The formation of 
wear scars takes time to develop and is most severe in areas with highly disturbed 
flows (such as in elbows, contractions, and tees). It is known that deformations to 
wall geometry can modify the flow field and cause changes to the local erosion rate. 
Despite this, most CFD packages assume that cavities formed are insignificant to 
the flow field. This assumption can lead to significant errors in erosion field calcula-
tions, especially in areas with sharp geometrical changes. López [41], Dong [42] and 
Agrawal et al. [43] all proposed modifications to CFD solvers to dynamically change 
wall geometry based on the local erosion rate.

A López et al. [41] utilised open source CFD software OpenFOAM. Surface erosion 
was calculated using built-in functions to establish an erosion vector for each point 
on the surface. This material loss was used to calculate the change in the shape of the 
solid surface. The geometry of the solid surface was modified by moving points of the 
mesh depending on the material loss magnitude. This process was repeated at regular 
intervals, with the flow field being re-calculated at each instance.

Using commercial CFD software Ansys Fluent, Dong et al. [42] proposed a meth-
odology using a dynamically deforming mesh to model the deformed surface profile 
due to material erosion. Material removal was converted into a wall deformation 
using a user-defined function (UDF) within Fluent. As in [41], the mesh was updated 
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at regular time intervals. The flow field was updated according to the new deformed 
wall shape. Their methodology was implemented in the erosion modelling of an 
economizer bank used in coal-fired power plants. A good agreement between the 
erosion profile predicted using the CFD model and the on-site test sample was noted. 
By utilising the CFD model, the evolution of erosion profile and particle trajectories 
could be seen. While their results appeared promising, no comparison to CFD models 
without the moving mesh approach was made, meaning the accuracy increase with 
their methodology cannot be quantified.

Similarly, Agrawal et al. [43] developed a moving-deforming-mesh (MDM) model 
within CFD software Ansys Fluent. The mesh deformation was calculated using UDFs 
within the software. Based on the local erosion rate, the geometry of the solid wall 
and its computational mesh were updated at regular time intervals. The flow field was 
recalculated following each update. It was found that the dynamically changing flow 
fields were able to capture the development of flow features which were not present 
in the undeformed model. Their approach proved capable of predicting secondary 
erosion features not present in non-MDM CFD models. Agrawal concluded that 
the effect of the MDM was most pronounced at sharp geometrical features (such as 
changes in section or elbows) where erosion caused significant changes to the flow 
field. A case study of a mitre-bend was used to illustrate the differences between 
models with and without the MDM algorithm.

Additional challenges in CFD modelling come when trying to calculate particle 
motion near solid boundaries. For erosion estimates to be accurate, the motion of the 
particle must be equivalent to that found in real-world scenarios. Different research-
ers have tried to investigate near wall effects and rebound characteristics of the 
discrete phase. Issues in particle motion and rebound modelling were demonstrated 
by Karimi et al. [31]. From their review of literature, it was found that CFD packages 
over-estimated the true rate of erosion. They found that modelling errors led to small 
particles becoming trapped in eddies in the near wall region, leading to multiple wall 
impacts. This non-physical behaviour was thought to contribute to some of the over-
estimates commonly seen in CFD modelling. It was found that more realistic erosion 
estimates could be obtained by limiting the number of impacts a given particle to 
one. It was concluded that current rebound models are not simulating small particle 
behaviour after wall impacts correctly. More work is therefore required in this area.

2.3.2 Wall erosion modelling

Accurately turning wall impingements into an estimate of material loss is perhaps 
the biggest challenge in CFD erosion modelling. The process is highly complex, and 
research is still ongoing to understand the exact mechanisms behind erosion. Since 
the 1990s computational methods have been used to simulate erosive wear [44]. 
Erosion modelling using the Finite Element Method (FEM) has been successfully 
implemented to produce fairly accurate results [44–47]. The advantage of FEM is that 
erosion is calculated directly from material properties and the underlying physics. 
The drawback of this method is that it is limited to domain sizes at the same scale of 
the particles and for only a handful of collisions. This limits its use in CFD packages 
where both the scale and number of collisions are orders of magnitude higher.

The approach taken by CFD modellers is to disregard the physics at the micro-
scale, instead focusing on the macroscale model encompassing the domain of interest. 
Trajectories and velocities of particles are calculated. Material removal due to wall 
impingements is estimated using empirical relationships derived from jet impact test 
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results. While popular due to the ease at which such relations can be incorporated into 
CFD packages, the validity of the results is limited. Empirical relations fail to account 
for the variation of particle size in naturally occurring materials and the non-linearity 
of the erosion process. Jet impact tests are carried out at higher velocities than most 
fluid flows, meaning that relationships drawn are often outside of the experiment’s 
calibration range. Also, as was noted in the introduction, relations derived from 
experiments vary massively depending on methodology and test conditions. Even 
with careful application, it is not certain that test results are representative of the 
environment to be modelled.

Leguizamón et al. [47] proposed a multi-scale approach to surface erosion model-
ling. They created a database of physically determined micro-scale erosion results, 
calculated using the FEM approach. Particle collisions were modelled under a variety 
of conditions. These results were used to calculate material loss due to collisions 
within a macroscale model. The main benefit of this method is that erosion rates 
are based on detailed impact simulations as opposed to experimentally determined 
erosion correlations. To ensure the accuracy of this method a reliable and comprehen-
sive set of erosion tests were carried out at the microscale. Validation results proved 
encouraging with significant improvements in accuracy over correlation-based 
approaches. Unfortunately, the proposed approach comes at a massive computational 
expense meaning that the method is unfeasible for full-scale modelling.

An alternative approach to improve the accuracy of wall material removal models 
was proposed by Mansouri [48] and later modified by Messa et al. [40]. Their solution 
consisted of an upgraded CFD/experimental methodology to calibrate coefficients 
used in the empirical erosion models based on slurry jet impingement tests. The slurry 
jet tests were performed on aluminium and curved glass reinforced epoxy samples. 
One-way coupling was used in the simulation owing to the relatively low volume frac-
tion of solid. This was done to reduce the computation time as the trajectories of fluid 
parcels could be decoupled from the solution of the carrier fluid flow. The CFD simu-
lation was carried out using ANSYS FLUENT and particle trajectories were calculated 
using the Lagrangian method. Modifications to the CFD code were implemented to 
account for the influence of particle shape on particle-wall impingement character-
istics. Additionally, to reduce uncertainty due to the point-particle approximation, 
impact characteristics were evaluated at half of the particle diameter from the wall. 
This methodology was originally proposed by Messa and Wang [49], who found that 
a region of high drag near the wall resulted in an underestimation of impact velocity. 
An improvement in the reliability of CFD-based erosion predictions was noted. It was 
concluded that the method represented a practical compromise in the prediction of 
erosion using empirical models without the need for modelling at the micro-scale.

Wee et al. [11] sought to improve erosion damage prediction of CFD approaches by 
implementing the Rosin Rammler particle size distribution model. Simulations were 
carried out using Ansys Fluent 17.2. Two-phase flow and particle wall interactions 
were solved using the Euler-Lagrange model. Simulations were carried out using both 
water-sand and air-sand flows, to compare the influence of carrier-fluid on erosion 
rate. Results from the CFD simulation were compared with experimental results. 
Implementation of the Rosin Rammler particle size model reduced the error in CFD 
results from between 6.81–24.31% and below 5% for all test cases. Erosion wear was 
found to be up to 97.44% lower when using water as the carrier fluid. This is because 
sand particles follow the streamlines in the water much better than air, as character-
ised by their respective Stokes numbers.
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2.4 Studies using CFD

To reduce costs associated with erosion damage in sections of pipeline, many 
have turned their attention to optimising pipe geometry. Changes in cross-section, 
curvature and internal profile have all been suggested as methods of reducing E-C 
[50]. Internal ribs, a vortex chamber and twisting sections have been found to reduce 
erosion in elbows by modifying flow conditions within the pipe. However, in all these 
studies only gas-solid mixtures were considered. Li et al. [50] used a CFD-DEM simu-
lation to model the influence of wall shape on wear rates in the vicinity of a pipe bend. 
The working environment consisted of a two-phase flow with particle concentrations 
of 1–10% and 1–3 mm in diameter. By adding a solid protrusion to the internal surface 
of the bends outer radius at the region at which particles first contact the wall it was 
found that the wear rate could be reduced significantly. The ‘bump’ reduced the 
kinetic energy of particles entrained in the flow and the number of times particles 
collide with the wall. The effectiveness of the bump in reducing wall wear was subject 
to other factors, including particle size, flow velocity and mass flow rate of particles.

Okhovat et al. [51] used a combined mathematical and CFD approach to model 
erosion-corrosion in straight and contracted pipe sections. COMSOL Multiphysics 
v3.5a was used to model fluid flow, while corrosion rate was determined as a func-
tion of oxygen concentration in the near wall regions. The pipe geometry used was a 
converging-diverging section, with an inlet diameter of 38.6 mm, contraction diam-
eter of 21.2 mm and outlet diameter of 42.5 mm. When compared with experimental 
results, erosion estimates using the CFD model offered reasonably good agreements 
in the inlet and contracted region, but significantly underpredicted E-C in the 
expanded (downstream) section. This was put down to the momentum model used. 
Although the effects of both erosion and corrosion were predicted, their synergism 
was assumed negligible, which would likely have led to an underprediction of the true 
material loss rate.

It is not uncommon for the results of CFD simulations to be combined with experi-
mental work. Many have used this approach to verify results from experimental tests. 
For example, More et al. [52] investigated the influence of impact angle on erosion 
wear in mild steel pipelines handling coal ash slurry. Findings from CFD simulations 
were verified against slurry pot test results. Impact angles ranged between 7 and 90°. 
All tests were carried out at slurry velocities of 4 m/s. While similar trends between 
impact angle and erosion rate were noted, CFD simulations were found to underpre-
dict erosion rate by an average of 21%. The author suggested that difficulties exactly 
replicating the nature of coal ash particles in the CFD simulation may have attributed 
to this error. An underprediction of impingement velocity, or miscalculation of flow 
regime could have also attributed to this error. Speculatively, it could in part be due to 
inaccuracies in fluid models used by the CFD solver.

CFD has been used to model the influence of particle size on erosion rate. As part 
of his PhD thesis, Braut [36] studied the influence of nano-sized particles on erosion. 
CFD studies were carried out using commercial software STAR-CCM+ and verified 
using experimental data. Particle size varied between 1 and 500 μm. Erosion rate 
was found to increase with particle diameter, despite a larger number of particles at 
smaller diameters. This was put down to higher kinetic energies of larger particles. 
Erosion pattern was also found to change with particle size. It was suggested that this 
was because smaller particles were more affected by the fluid flow, as they had lower 
inertia.
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Li et al. [53] used combined results from CFD and experimental testing to estab-
lish the effect of large particles on pipe erosion. The particles used were 3 mm in 
diameter at mass concentrations from 1 to 15%. An aluminium sheet was fixed to the 
inside of the test bend to establish the erosion profile. The resulting profile was found 
to be corrugated, a result of the ‘bouncing’ of the particles along the bends outer 
radius. The size of this ‘erosion ripple’ was found to be dominated by the concentra-
tion of solid particles. The observed periodic wave pattern was found to be consistent 
with that predicted by the numerical model.

Using a submerged impingement jet, Owen et al. [21] investigated the influ-
ence of impingement conditions on erosion-corrosion of X65 carbon steel. Particle 
trajectories within the jet were predicted using COMSOL Multiphysics CFD soft-
ware. Impact angles and velocities of particles in the jet were predicted. Within the 
impingement zone, sites with differing degradation mechanisms were identified. 
The synergy between erosion and corrosion was investigated. Under these test con-
ditions (60°C, pH 4.7 2% NaCl solution, 1 g/L sand particles at 20 m/s) corrosion-
enhanced erosion was found to be much more significant than erosion-enhanced 
corrosion.

3. Full scale experimental and in-situ monitoring techniques

3.1 Recirculation tests

Closed loop pipeline recirculation rigs are a popular choice for those looking 
to accurately replicate industrial conditions. Tests are conducted within specimen 
sections which can be inspected periodically. Various techniques have been used to 
investigate E-C damage within the specimen section. For example, Wood et al. [54] 
used a combination of gravimetric, ultrasonic thickness and diameter measurements 
taken using a ball-ended micrometre to quantify material loss within stainless steel 
test sections. The latter two measurements allowed for damage mapping across the 
wetted area, which showed good agreement with results from a CFD model, demon-
strating that their method could be used to predict erosion damage patterns within 
pipe sections.

Owen et al. [55] developed a 3D printed pipe elbow to aid with prototyping 
and flow mapping within pipe sections. Multiple samples of X65 carbon steel 
were inserted into the elbow. Mass loss measurements at each sample location 
were used to map erosion damage across the sample section. While their results 
showed reasonable agreement with those expected from existing literature, it is 
questionable if their methodology provides any benefit over that used by Wood 
et al. [54] for the following reasons: the samples were only installed on the inner 
and outer radius of the elbow, so are incapable of detecting erosion to the elbows 
sides; it is not certain that the 3D housing, its material, and the geometry of the 
samples in the housing accurately replicate the flow in real elbows. No measure-
ment of material loss from the housing was provided, so changes in flow condition 
due to housing erosion could not be ruled out. Rebound characteristics from the 
3D printed housing may also be different to a full steel elbow and could affect 
erosion rates downstream of the first particle-wall impingement. With this being 
said, due to the ease of 3D printing, this method may be of use in rapid prototyp-
ing applications. It also allows for rapid substitution of test material samples for 
comparison tests.
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Elemuren et al. [14] used a continuous recirculation rig with four 1018 steel 90° 
elbows to investigate the influence of slurry velocity on E-C. A slurry of potash brine 
with silica sand was used. Gravimetric measurement was used to quantify mass loss 
from each elbow. The synergy between erosion and corrosion was investigated by 
comparing results from separate erosion (deoxygenated potash brine w/10% wt. 
solid) and corrosion (saturated potash brine w/0% wt. solid) tests. It was found that 
the synergy decreased with slurry velocity, reducing by 45% between 2.5 m/s to 4 m/s. 
At high velocities, surface impingement became the dominant mechanism of material 
loss. Erosion-corrosion was found to be a function of solid concentration and flow 
velocity.

Regions in which flow trajectories are severely altered are found to be the most 
prone to erosion damage. Such areas include tees, elbows, and contractions, where 
changes in flow direction mean entrained particles are more likely to cross streamlines 
and contact the solid walls. Bilal et al. [56] investigated the influence of pipe geom-
etry on wear due to water-sand and water-air-sand flows in pipe bends. They aimed to 
investigate alternative geometries to standard 90° elbows, where the curvature radius 
is equal to 1.5 times the pipe diameter, D. Geometries of 2.5D and 5D along with a 45° 
elbow with a radius of 1.5D were investigated. Numerical studies were carried out 
using commercial CFD code ANSYS FLUENT. Results from the CFD study were com-
pared against experimental results. The inner surfaces of acrylic pipe bends/elbows 
were painted with black paint primer. Solid particles entrained in the flow remove the 
paint from the internal surfaces and allow erosion patterns to be observed. The tests 
were run until no further change occurred in the paint pattern. This gave a qualita-
tive indication of which pipe geometry is least susceptible to erosion. It was found 
that smoother transitions in pipe geometry reduced erosion rates as particles are less 
susceptible to hitting pipe walls. Additionally, smaller changes in direction (45°) led 
to lower erosion. Generally, CFD results were found to corroborate the experimental 
paint removal study. An exception to this was that CFD failed to predict some of the 
secondary erosion patterns downstream of elbows. Wall function (modelling of flow 
in the near wall boundary region) was also found to affect the observed erosion pat-
terns, producing a secondary hotspot on the inside of the elbow that wasn’t present in 
the paint removal study. This was put down to be an artefact of the turbulence model 
used.

In industry, a wide range of pipe geometries are used in a variety of orientations. It 
is known that erosion properties can be quite different depending on the orientation 
of a section. Reportedly, most studies examining erosion in elbows have placed the 
sections in the horizontal-vertical configuration. Wang et al. [2] studied the effect 
of orientation on erosion in pipe elbows in the horizontal-horizontal configuration. 
Two elbows connected in series were analysed. Additionally, the effect of particle 
concentration and inlet conditions were also examined. CFD simulations were veri-
fied against experimental results. The effect of gravity became less noticeable, and 
the erosion profile became more symmetric across the pipe section as inlet velocity 
increased. The downstream elbow was found to be severely influenced by the flow 
profile exiting the previous elbow. The distance between the two had a significant 
influence on this effect.

To accurately model pipeline decay in real-world operation, factors outside those 
discussed above should be considered. External factors such as human, geotechni-
cal, and natural hazards are all known to pose a risk to pipeline integrity [57]. 
External corrosion related to environmental conditions is known to be one of the 
most significant factors governing pipe life. Methods of monitoring and inspecting 
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pipelines were reviewed in [58]. The same article proposed a risk-based integrity 
management model.

Yang et al. [6] carried out a performance investigation for slurry erosion in high-
pressure hydraulic fracturing pipelines. Unlike other papers which studied slurry 
erosion, the effects of tensile stress induced due to internal/external pressure was 
considered. Additionally, the effects of impact angle, particle velocity and concentra-
tion, and target material were also considered. Results from an experimental study 
were used to develop a random forest regression (RFR) algorithm to develop an 
erosion prediction model for fracturing pipelines. A jetting circulating erosion test 
rig was used to apply adjustable tensile stress on the specimen during erosion. Test 
samples consisted of 4 different hypereutectoid steels. The effect of impact angle was 
evaluated on a sample of unstressed 42CrMo steel. Erosion wear was found to reach 
its maximum at an impact angle of 30°. At low angles, micro-cutting was found to be 
the prominent erosion mechanism, while plastic deformation caused erosion at higher 
impact angles. Erosion rate was found to be proportional to tensile stress. At 30° the 
increase was approximately 70% between 0 and 500 MPa, while it nearly doubled for 
the same stress range at impact angles of 90°. This is due to a lower yield force under 
high stresses being more easily overcome by the kinetic energy of impacting particles.

3.2 In-situ damage monitoring

Online condition monitoring (OCM) allows for the health of critical components 
to be continuously monitored. OCM systems generally rely on an array of sensors 
linked to a processing device to display output parameters to the user. Readings can 
be used to schedule repairs and detect early signs of failure, reducing costs of manual 
inspection and safety/economic implications of unplanned downtime. The benefits of 
OCM are numerous and its implementation has become common practice in several 
industries. Liu et al. [59] proposed a system to allow for the online monitoring of 
metal loss in pipelines. Ring pair electrical resistance sensor (RPERS) arrays were 
used to monitor erosion loss around the diameter of the pipe, while linear polarisation 
resistance (LPR) was used to measure the corrosion rate in a pipe ring. Electronic 
measurements were compared to weight loss measurements. The X65 steel test pipe 
was embedded in a recirculation rig, and CFD studies were used to calculate flow 
distribution and sand concentration in the section. LPR, RPERS and gravimetric 
measurements showed good agreement for this configuration. It should be noted that 
the results cannot be generalised as they only relate to the specific configuration and 
conditions used.

4. Conclusion

Erosion-corrosion research in the past decade has been dominated by application-
specific studies. Most of these papers have focused on comparing different materials 
or pipe geometries under specific flow conditions. Laboratory testing techniques 
such as slurry pot testers or electrode cells can be used to provide an understanding 
of factors influencing E-C within several materials. Due to the differences between 
laboratory and in-service conditions, the applicability of results obtained to real-
world scenarios should be checked.

It is well known that pipe geometry has a significant effect on erosion rate. 
Despite this, relatively little research has been done to investigate alternative pipe 
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geometries. Work by Li et al. [50] exploring the influence of internal bumps in a pipe 
elbow showed that erosion rate could be reduced with well-designed internal surface 
modifications. This could be implemented in particularly vulnerable pipe sections 
and should be explored further. As demonstrated by Wang et al. [2] pipe orientation 
and flow conditions entering pipe elbows can heavily influence the resulting erosion 
pattern. Despite this, few papers focus on the role of pipe geometry upstream of 
subject sections on erosion. By altering the upstream configuration, it is conceivable 
that one could alter the erosion pattern to increase component lifetime with relatively 
little difficulty. Perhaps this could be the subject of future work.

Recent improvements in the area indicate a promising future for CFD erosion 
modelling. Improved impact models, dynamically deforming geometry and more 
accurate particle tracking have all helped improve the accuracy of CFD erosion 
predictions. Despite these advancements, more work is required before CFD can 
be heavily relied upon. Errors in near-wall erosion models have been identified and 
require rectification. Loosely representative empirical erosion models are still heavily 
relied upon for wall erosion modelling and limit the applicability of the technique for 
a wide range of materials. While CFD-DEM allows the modelling of more dense slurry 
flows, the computational expense limits its use to small-scale modelling. To reduce 
computational expense, coupled DEM-DPM appears promising, but its application to 
liquid-solid flows is yet to be thoroughly explored.

List of abbreviations

E-C erosion corrosion
DO dissolved oxygen
CFD computational fluid dynamics
EBSD electron backscatter diffraction
SEM scanning electron microscopy
EDX energy dispersive X-ray spectroscopy
RCE  rotating cylinder electrode
RANS Reynolds averaged Navier-Stokes
LES large eddy simulation
DPM discrete phase model
DEM discrete element model
MDM moving-deforming-mesh
UDF user defined function
FEM finite element model
CF circularity factor
FFT fast Fourier transform
OCM online condition monitoring
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Chapter 9

Optimization of Polymer Dosing
for Improved Belt Press
Performance in Wastewater
Treatment Plants
Veruscha Fester and Rössle Werner

Abstract

A factorial trial approach was used to determine the relationship between process
parameters and filtrate suspended solids, solids capture, cake solids, and yield stress.
The work was conducted in a large-scale wastewater treatment plant where there is
sludge thickening on a linear screen before filter press. The work demonstrated that
there is a relationship between filtrate suspended solids, the rheology of sludge, and
the optimum dewatering of the filter belt press. A relationship between the yield stress
of the sludge on the BFP and the filtrate suspended solids was found. The sludge flow
rate was the most influential parameter on the filtrate suspended solids and solids
capture as well as yield stress. The linear screen speed was a significant main param-
eter for cake solids. The results showed clearly that the interaction between sludge
flow rate and either polymer dosing rate or polymer concentration was consistently
more significant than polymer concentration and polymer dosing rate individually.
An important outcome from this work is that it shows that changes in polymer
concentration rather than polymer dosing rate are more important for optimization
and control.

Keywords: belt filter press, filtrate suspended solids, rheology, sludge, wastewater
treatment plants

1. Introduction

Belt filter presses (BFPs) are mechanical dewatering equipment commonly used in
municipal wastewater treatment plants (WWTP)1. The main reasons for sludge
dewatering are to reduce the volume as it relates to the cost of sludge handling,
especially transportation cost, increase in sludge heating capacity2, and reduction of
leachate [1].

1 Plate Filter Press installations present a greater capital cost, but have comparatively low running costs.

The high running costs of belt presses are mainly attributable to the cost of polymer dosing, and it is the

optimization of this cost that is the predominant motive for this chapter.
2 Dewatered sludge is sometimes incinerated to provide heat energy.
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The mechanical components of a BFP include dewatering belts, rollers and bear-
ings, belt tracking and tensioning system, controls and drives, and a belt washing
system. The operation of the BFP includes a polymer conditioning zone, gravity
drainage zone, low-pressure zone, and high-pressure zone [2]. A schematic diagram
of a BFP is provided in Figure 1 [1].

The water is released in three stages: (a) free water is allowed to drain through belt
pores in the gravity zone and then it is passed through (b) the low-pressure zone
where it is gently compressed, and (c) the interstitial water is released in the high-
pressure zone where it is further compressed through a series of rollers of different
sizes [3]. The dewatered sludge also known as the cake is removed by scrapers. The
belts are washed by high-pressure jets to remove sludge and polymer deposits from
the belt.

The process parameters that affect the BFP performance, that is, the final cake
solids concentration and filtrate suspended solids, are the influent sludge characteris-
tics and flow rate, solid feed rate, polymer concentration, dosage and mixing energy,
belt speed, and belt tension [4]. There are no fundamental models relating the process
conditions to the final cake solid concentration, filtrate suspended solids, or cake
solids.

Johnson and coworkers conducted tests to evaluate the effect of process conditions
on BFP performance [4]. They evaluated the effect of sludge flow, solid feed, polymer
dosage, belt speed, belt tension, and polymer mixing energy. Their tests were
conducted over a 6-month period.

The solid feed rate was found to be one of the most critical variables for the
optimization of BFP performance. They also emphasized the importance of using
polymer prepared at plant scale as mixing energy influences the performance of the
polymer. They used both cationic and nonionic polymers. Under-dosing resulted in
poor flocculation causing a thin, dry cake. Johnson and coworkers determined the
optimum value for each parameter individually and then ran the BFP at the optimized
value for each condition. They found that there was no correlation between the

Figure 1.
Schematic diagram of the operation of a BFP [1].

170

Advances in Slurry Technology



process parameters and the sludge production or cake solids and that it was not
predictable and that similar optimization studies should be done when parameters
need to change.

Kholisa and coworkers used a factorial trial design and response surface method-
ology to evaluate the interaction between process parameters for BFP optimization
[5]. The work was also conducted at the WWTP at full scale. The plant co-thickens
secondary sludge using a cationic poly-electrolyte Flopam 4800, holds it in an aerated
holding tank, and dewaters using belt filter press. A four-factor three-level Box–
Behnken response surface experimental design (BBD) was used to determine the
effect of process conditions on BFP performance. The operating parameters were
polymer concentration, polymer dosing, sludge flow rate, and belt speed. The perfor-
mance measures were sludge cake solid percentage, filtrate suspended solids, and solid
capture. The sludge cake solid concentration was found to be constant over the wide
range of experimental conditions tested. They found that the sludge flow rate was the
most important parameter affecting the filtrate suspended solids and solid capture
while the belt speed was insignificant. The results showed clearly that the interaction
between sludge flow rate and either polymer dosing rate or polymer concentration
was consistently more significant than polymer concentration and polymer dosing
rate individually. This was important information that cannot be established by
varying single parameters at a time, as in the work of Johnson et al. [4].

Kholisa and coworkers [5] proposed quadratic models to describe the relationship
between operating parameters and the filtrate suspended solids (FSSs) and solid
capture (SC) based on response surface model as shown in Eqs. (1) and (2)

√FSS ¼ �5:805� 29:906 ∗Aþ 17:013 ∗Bþ 0:5495 ∗C� 1:286 ∗AC
�1:325 ∗BCþ 87:184 ∗A2 þ 0:034 ∗C2

(1)

SC ¼ 81:03þ 855:42 ∗A� 85:85 ∗B� 8:35 ∗C� 592:68 ∗ABþ 21:96 ∗AC

þ 18:14 ∗BC� 1274:35 ∗A2 � 0:47 ∗C2 (2)

Where
A = polymer concentration g/L; B = polymer dosing m3/hr; C = sludge feed m3/hr;

D = belt speed Hz; and E = linear screen speed Hz
In addition, Kholisa et al. [5] found a relationship between the yield stress of the

sludge and the filtrate suspended solids. An optimum yield stress of 90Pa of sludge
was found that was suitable to produce filtrate suspended solid concentrations that
were within acceptable limits.

It is important to verify the trend with other filter belt presses and another WWTP
especially a plant where there is sludge thickening on linear screen before filter press,
which was the objective of this work.

2. Experimental work

2.1 Experimental facility

The experimental work was conducted on a large scale at the WWTP. The
municipal wastewater treatment works are designed for an average dry weather flow
(ADWF) capacity of 24 Ml/d, with the current flow of about 14 M/l/d, mostly of
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domestic origin. All inflow is pumped from the catchment to the inlet works,
consisting of screening, degritting, and flow division. The plant is equipped with two
biological reactors, which are arranged in the University of Cape Town (UCT) process
configuration for enhanced biological phosphorus removal (EBPR). The mixed liquor
is thereafter distributed to four secondary settling tanks (SSTs). The SST overflow
gravitates to maturation ponds followed by Ultraviolet (UV) disinfection, and the
underflow gravitates to the return activated sludge (RAS) pump station where it is
pumped back to the anoxic zone in the reactors. Two variable-speed-driven pumps
(duty/standby) pump the waste-activated sludge (WAS) directly out of each reactor’s
final zone to the sludge dewatering building, where the WAS is thickened in two
linear screens (Siemens Gravity table GTN 2500), followed by dewatering in two belt
filter presses (Siemens BPF 2000 CMF Optima S11 Cascade). The filtrate and wash
water from the thickening/dewatering trains gravitate back to the RAS division box
where it is mixed with the RAS before entering the anoxic zones of the bioreactors.
The pressed sludge (cake) is discharged via a centerless screw conveyor to a
reinforced concrete hopper, from which sludge is discharged to trucks for removal
from site for beneficial agricultural reuse application. A schematic diagram of the
WWTP is given in Figure 2.

The loading on the belt presses can be controlled according to solids or flow
loading. Control using solid loading is the preferred operation and is managed based
on the output from the total suspended solids (TSSs) meter in the reactor aeration

Figure 2.
Schematic diagram of the WWTP.
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basin. The design parameters of the Linear Screens require a minimum WAS feed of
4500 mg/l mixed liquor suspended solids (MLSSs) from the reactors. Treated effluent
is reused with an automated in-line filtration stage and is available as process water in
the dewatering building, both for belt washing and polymer makeup purposes. The
sludge-conditioning polymer (Flopam FO4650) is provided in 25kg bags in powder
form, and powder is pneumatically transferred and wetted for blending and storage in
two makeup tanks. This polymer solution flows into a sump from where it is with-
drawn by the polymer dosing pumps and dosed in-line into the WAS before it is fed to
the linear screens. The dosing rate is set at the supervisory control and data acquisition
(SCADA), based on analysis data and visual observations. The dewatering perfor-
mance is guided by a minimum cake solid content of 14% and a solid recovery of 95%,
respectively, which is affected by the ageing infrastructure that is due for a major
refurbishment.

2.2 Experimental design

In this work, a Box-Behnken response surface experimental design (BBD with five
factors at three levels was used to examine the effect of process operating parameters
on the BFP performance measures. The process conditions were polymer concentra-
tion (%) [A], polymer dosing rate (m3/hr) [B], sludge feed rate (m3/hr) [C], filter
belt speed (Hz) [D], and linear screen speed (Hz) [E]. The BFP performance mea-
sures were sludge cake, filtrate suspended solids, and solid capture, and these were
selected as responses with the addition of the yield stress. The range of the operating
parameters investigated was chosen based on the preliminary trials. The ranges and
levels of the selected operating parameters are presented in Table 1. The final design
matrix consisted of 31 experiments including five center points. Due to difficulty in
changing the polymer concentration according to the normal randomization of
results, a grouped approach was selected to run a polymer concentration per day
(The polymer concentration was defined as “hard to change” in the Design-Expert
V11 software). Random repeats and intermediate conditions were selected by the
Design-Expert software to ensure randomization.

2.3 Experimental procedure

The complete Box-Behnken design parameters are provided in Table 2. The trials
were run over a period of 6 days to allow for the required polymer concentration to be

Factors Factorial label Levels used

Low Medium high

Polymer concentration (%) A 0.2 (�1) 0.25 (0) 0.30 (+1)

Polymer dosing (m3/hr) B 0.4 (�1) 0.5 (0) 0.6 (+1)

Sludge feed (m3/hr) C 40 (�1) 50 (0) 60 (+1)

Belt speed (Hz) D 40 (�1) 45 (0) 50 (+1)

Linear screen speed (Hz) E 60 (�1) 65 (0) 70 (+1)

Table 1.
Factors in Box-Behnken experimental design.
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prepared for each day in the plant at large scale. Each experiment was run for 30 min
to reach steady state before samples were collected. The responses were measured
three times, and the average value was recorded.

Group Run Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

A: Polymer
concentration

B: Polymer
dosing

C: Sludge
feed

D: Belt
speed

E: Linear screen
speed

% m3/hr m3/hr Hz Hz

1 1 0.25 0.50 50.00 45.00 65.00

2 0.25 0.50 50.00 45.00 65.00

3 0.25 0.50 50.00 45.00 65.00

2 4 0.20 0.40 60.00 50.00 70.00

5 0.20 0.60 60.00 40.00 66.10

6 0.20 0.56 60.00 50.00 60.00

7 0.20 0.60 40.00 43.20 65.00

8 0.20 0.40 55.00 40.00 60.00

9 0.20 0.41 40.00 50.00 61.75

10 0.20 0.50 48.60 44.55 70.00

3 11 0.30 0.60 40.00 50.00 60.00

12 0.30 0.40 46.00 50.00 70.00

13 0.30 0.60 60.00 49.75 70.00

14 0.30 0.40 51.00 40.00 60.00

15 0.30 0.52 50.80 50.00 65.00

16 0.30 0.52 40.00 44.85 70.00

4 17 0.24 0.54 40.00 40.00 60.00

18 0.24 0.60 50.20 46.40 60.00

19 0.24 0.60 40.00 50.00 70.00

20 0.24 0.40 40.00 40.00 70.00

21 0.24 0.40 60.00 45.10 64.43

22 0.24 0.51 60.00 40.00 70.00

5 23 0.30 0.40 40.00 45.40 60.00

24 0.30 0.40 60.00 41.20 70.00

25 0.30 0.47 44.00 40.00 64.95

26 0.30 0.60 47.35 40.00 70.00

27 0.30 0.40 60.00 50.00 60.00

28 0.30 0.59 60.00 41.00 60.00

6 29 0.25 0.50 50.00 45.00 65.00

30 0.25 0.50 50.00 45.00 65.00

31 0.25 0.50 50.00 45.00 65.00

Table 2.
Complete Box-Behnken design parameters.
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The response variables measured were the sludge cake solids, the filtrate
suspended solids, solid capture, and the yield stress. The solids were measured using
the standard oven drying technique for the cake, filtrate suspended solids, and the
feed. The percentage solid capture (recovery) was calculated using the Eq. (3):

Solid capture %ð Þ ¼ solids in the feed� solids in the filtrate
solids in the feed

� 100 (3)

A Paar-Physica MCR-51 rheometer fitted with a parallel-plate geometry, with a
measuring cell CP50 of 50 mm diameter and a gap of 1 mm, was used for determining
the sludge yield stress. The rheological tests were conducted in the controlled shear
rate mode with the shear rate being the control parameter. Rheological measurements
were performed by decreasing the shear rate linearly from 700 s�1 to 100 s�1 to
exclude data with secondary flows at high shear rates and low torque at low shear
rates. Thirty data points were collected, and each point was measured for 5 seconds.
This protocol was repeated three times for each sludge sample to ensure reproducibil-
ity of the measurements. The data were then fitted with the Bingham model to obtain
the yield stress.

The sludge samples tested were collected on the linear screen just after rake
number 6. Before this point, the sludge proved to be difficult to measure due to dilute
nature with rapid separation of sludge flocs and water as the shear force was applied.
Due to the nature of sludge, there is some initial structure that is broken down when
sheared several times. The sample was run several times to obtain representative sets
of curves from repeat runs of three fresh samples. The average of the yield stress of
the highest and lowest curve was determined for each run as a comparative result. It is
recommended that the structure of the flocs be interrogated in future in subsequent
test runs using oscillation tests. For this work to determine the comparative trends,
the analysis was deemed sufficient. A typical rheogram is shown in Figure 3.

3. Results and discussion

3.1 Feed, filtrate, and cake solids

The objective of these trial runs was to determine the operational factors of the belt
filter press that contributes to efficient dewatering, indicated by the filtrate suspended
solids and the percentage of solids in the cake. The rheological parameter describing
the floc type produced by the specific polymer dosage rate, polymer concentration,
the sludge feed rate, the belt speed, and the linear screen speed, with specific empha-
sis on determining the interaction that significantly affects the performance of the belt
filter press. The factorial trial matrix with the responses is given in the Appendix. A
summary of the feed solids concentration, the cake solids, and the filtrate suspended
solids is shown in Figure 4. Cake solids of more than 14% were only obtained for one
out of 31 runs.

3.2 Relationship between FSS and cake solids and yield stress

A power-law relationship was found between the filtrate suspended solids and the
yield stress for the values obtained over the full range of the experimental results.
Yield stress values between 1 and 5 Pa are sufficient to obtain FSS of between 0.9 and
175

Optimization of Polymer Dosing for Improved Belt Press Performance in Wastewater…
DOI: http://dx.doi.org/10.5772/intechopen.108978



0.5 g/L. Figure 5 is useful to demonstrate the relationship between the yield stress and
the FSS, but it does not give an indication of the process conditions required to obtain
these yield stress values. The FSS was less than 0.5 g/L for 58% of the trial run

Figure 4.
Feed, filtrate, and cake solids results for all trial runs.

Figure 3.
Typical rheogram.
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conditions. In contrast, there was no relationship found between the cake solids and
the yield stress as shown in Figure 6.

3.3 The effect of process conditions on belt filter press performance

3.3.1 Filtrate suspended solids

The effect of process conditions on the filtrate suspended solids was investigated to
determine the optimum process conditions. A split-plot design was used because of
the number of variables as it also enabled the identification of process interactions that
would normally not be seen when only one parameter was changed at a time. The
filtrate suspended solids were measured at the outlet of the belt filter press. A sample
was collected 20 minutes after the conditions were changed. The online FSS sensor
was not responsive for the low readings obtained, and hence, a sample was collected,

Figure 5.
Filtrate suspended solids as a function of yield stress.

Figure 6.
Cake solids as a function of yield stress.
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and the standard drying test was conducted as well as filtration through 0.45μm
Millipore filter.

3.3.1.1 Analysis of variance

The analysis of variance (ANOVA) is presented in Table 3. A quadratic model was
selected without any transformation, with a step-wise backward selection, a p-value
criterion, and an alpha value of 0.1. However, based on the Box-Cox analysis, an
inverse square root transformation was required. P-values less than 0.0500 indicate
that model terms are significant. Values greater than 0.1000 indicate that the model
terms are not significant. Only the sludge feed (C) and the belt speed (D) were
significant with p-values equal to or less than 0.05. The polymer concentration (a),
polymer dosing, and linear screen speed (E) were not significant, with a p-value of
0.99, 0.40, and 0.32, respectively. However, the interaction between polymer con-
centration (a) and sludge feed and belt speed and linear screen speed as well as B2 was
significant. In this case C, aC, aD, aE, CD, DE, B2 are significant model terms with a,
B, and E added to maintain hierarchy. The final fit statistics obtained is showing an R2

value of 0.7415 and adjusted R2 of 0.5919 and a C.V. of 13.42%. These could be
improved if Run 4 is excluded, but we are certain of the results even though it seems
out of range, it is expected from such low polymer dosing.

The final equation obtained to determine the contribution of each factor is given in
Eq. (4) (coded), and the equation for the prediction of filtrate suspended solids is
given in Eq. (5) (actual).

1=√FSS ¼ 1:62þ 0:0007aþ 0:0323B� 0:1352Cþ 0:0647Dþ 0:0371Eþ 0:1122 aC

þ 0:1420aD� 0:1042DE� 0:1920B2

(4)

1=√FSS ¼ �6:245� 38:61aþ 20:00B� 0:080Cþ 0:138Dþ 0:215Eþ 0:261aC

þ 0:570aD� 0:0046DE� 19:65B2

(5)

Source Term df Error df F-value p-value

Whole-plot 1 3.53 0.0001 0.9937 not significant

a-Polymer concentration 1 3.53 0.0001 0.9937

Subplot 8 18.60 5.34 0.0014 significant

B-Polymer dosing 1 17.85 0.7344 0.4028

C-Sludge feed 1 18.09 12.29 0.0025

D-Belt speed 1 19.17 2.48 0.1315

E-Linear screen speed 1 18.05 1.04 0.3216

aC 1 18.28 5.98 0.0248

aD 1 19.13 9.24 0.0067

DE 1 18.93 5.58 0.0290

B2 1 21.00 5.69 0.0265

Table 3.
ANOVA for filtrate suspended solids.
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3.3.1.2 Evaluation of the filtrate suspended model

The normal probability plot of the residuals is approximately linear, which shows
that the model fits the data well as shown in Figure 7.

3.3.2 Cake solids

The resulting cake solids as a function of process conditions were investigated. The
cake solids ranged from 10.39% to 14.26% over the full range of conditions used
during the factorial trial. For the cake solids, it was found that an interaction exists
between the polymer concentration and the sludge feed rate. Based on the statistical
analysis (Table 4), the linear screen speed is a significant model term as well as the
interaction between the polymer concentration and sludge feed, both of which had p-
values less than 0.05. The terms a and C and B were added to maintain hierarchy. The
statistical analysis of the model showed that the model was acceptable based on the
linear plot of normal plot of the residuals, Box-Cox plot confirmed a Lambda of 1 and

Figure 7.
Normal probability plot of residuals for filtrate suspended solids.

179

Optimization of Polymer Dosing for Improved Belt Press Performance in Wastewater…
DOI: http://dx.doi.org/10.5772/intechopen.108978



that no further transform of the data was necessary. It is interesting to note that the
belt speed is not a statistical significant operational factor in the prediction of the cake
solids. Although the diagnostics are good, the Adj.R2 of 22.9% shows a very poor fit.

3.3.3 Yield stress

The process conditions affecting the yield stress were evaluated. The experimental
yield stress values obtained during the test runs ranged from to 0.86 Pa to 48.70 Pa.
No transformation of the data was required according to the Box-Cox theory. In this
case, parameters B, C, aB, and BD were found to be significant at the 5% level as
shown in Table 5. In the case of the yield stress, the linear screen speed is not
significant, but there is an interaction between belt speed and linear screen speed. The
adjusted R2 is 0.78.

Eq. (6) shows the coded equation and Eq. (7) the actual equation.

Source Term df Error df F-value p-value

Whole-plot 1 25.00 1.11 0.3014 not significant

a-Polymer concentration 1 25.00 1.11 0.3014

Subplot 4 25.00 3.87 0.0139 significant

B-Polymer dosing 1 25.00 2.99 0.0960

C-Sludge feed 1 25.00 0.4113 0.5271

E-Linear screen speed 1 25.00 4.36 0.0472

aC 1 25.00 7.19 0.0128

Table 4.
ANOVA for cake solids.

Source Term df Error df F-value p-value

Whole-plot 1 1.72 1.32 0.3849 not significant

a-Polymer concentration 1 1.72 1.32 0.3849

Subplot 8 18.00 16.49 < 0.0001 significant

B-Polymer dosing 1 16.95 9.48 0.0068

C-Sludge feed 1 17.52 85.60 < 0.0001

D-Belt speed 1 20.65 0.6446 0.4312

E-Linear screen speed 1 17.60 1.34 0.2627

aB 1 16.76 5.44 0.0325

BD 1 20.35 9.20 0.0065

DE 1 19.10 3.45 0.0786

D2 1 18.78 3.44 0.0795

Table 5.
ANOVA for yield stress.
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Yield stress ¼ 24:1843þ 2:24613aþ 4:38B� 13:38C� 1:277Dþ 1:581Eþ 3:833 aB

� 5:554BD� 3:0768DE� 5:33D2

(6)

Yield stress ¼ �848� 333aþ 334B� 1:35Cþ 30:5D

þ 5:84184Eþ 754aB� 10:6BD� 0:1223DE� 0:194D2 (7)

3.3.4 Solid capture

The experimental values obtained for solid capture ranged from 66.5 to 95.6%. The
significant model terms are C, aC, aD, aE, CD, DE, and B2 as shown in Table 6.

Eq. (8) shows the coded equation and Eq. (9) the actual equation.

Solid capture ¼ 93:5726þ 1:2131aþ 0:787295B� 2:380C� 1:369D� 0:608E

þ 2:82703aCþ 3:24954aDþ 1:78aE� 1:84CD� 2:34DE� 3:71B2

(8)

Solid capture ¼ �31:33� 1256:6aþ 369:42B� 0:215Cþ 5:005Dþ 2:912E

þ6:11aCþ 12:36aDþ 6:457aE� 0:035CD� 0:1032DE� 361:3B2

(9)

The normal probability plot (Figure 8) of the residuals is approximately linear.
Removing run 4 from the analysis could improve the adjusted R2 from 68% to 71%,
but the assumption that Run 4 is due to experimental error and based on experience it
is not. Such a change to improve the statistics will also result in significant factor
changing from polymer dosing ( B2 ) to linear screen speed (E2) in the final equation.

Source Term df Error df F-value p-value

Whole-plot 1 2.80 1.38 0.3305 not significant

a-Polymer concentration 1 2.80 1.38 0.3305

Subplot 10 16.40 7.81 0.0002 significant

B-Polymer dosing 1 15.99 1.42 0.2516

C-Sludge feed 1 16.41 12.53 0.0026

D-Belt speed 1 18.09 3.58 0.0745

E-Linear screen speed 1 16.15 0.8575 0.3681

aC 1 16.73 12.46 0.0026

aD 1 17.84 15.99 0.0009

aE 1 16.31 5.45 0.0326

CD 1 16.11 5.55 0.0315

DE 1 17.69 9.22 0.0072

B2 1 18.26 7.45 0.0137

Table 6.
ANOVA for solid capture.
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4. Results and discussion

In order to understand the effect of the process conditions on belt filter press
performance, 3D surface plots are utilized Figure 9a shows FSS as a function of sludge
feed and polymer dosing at the lowest polymer concentration, belt speed, and linear
screen speed. The filtrate suspended solids were all below 1 g/L. A minimum value of
FSS is obtained at the maximum sludge flow rate and a medium polymer dosing rate
due to process interaction. The situation remains the same if all the conditions are set
at the maximum values as shown in Figure 9b.

When the polymer concentration is minimized with maximum belt and linear
screen speed, the FSS is above 1 g/L. However, an acceptable FSS can be obtained by
dosing the polymer at 0.5 m3/hr, which is the midpoint. This interaction between
polymer dosing and sludge flow rate is very useful to obtain acceptable FSS at high
production rates as shown in Figure 9c. Furthermore, the amount of polymer usage
can be reduced by decreasing the linear screen speed to the minimum and the sludge
feed rate to just under the maximum at 59 m3/hr; the resulting FSS will be below 1 g/L
as shown in Figure 9d.

Figure 8.
Normal probability plot of residuals for solid capture.
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To ascertain the performance of the filter cake, the prediction of cake solids is
presented under the similar conditions as for the FSS. In contrast to the FSS, the cake
solids increase linearly with increasing polymer dosage, with no minima or maxima
observed at maximum sludge feed rate. Figure 10a shows that at the minimum
settings for polymer concentration, belt and linear screen speed, the maximum cake
solids of almost 14% can be obtained at the maximum polymer dosing rate and
maximum sludge feed rate. Increasing the parameters has a detrimental effect on the
cake solids, unlike the case of filtrate suspended solids, and a maximum of 13% cake
solids are obtained at the minimum sludge feed rate and maximum polymer dosing as

Figure 9.
3D surface plot of FSS as a function of sludge feed and polymer dosing.
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shown in Figure 10b. However, surprisingly, by minimizing the polymer concentra-
tion, production can be increased and maximum sludge feed rate and maximum
polymer dosing with result in 13% cake solids. It should also be noted that the design
point is higher than the prediction under these conditions as shown in Figure 10c.
Similarly to the FSS, when reducing the linear screen speed, the cake solids can be
improved by nearly 1% as seen in Figure 10d. Even though better FSS can be obtained

Figure 10.
3D surface plot of cake solids as a function of sludge feed and polymer dosing.
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at the medium polymer dosing rate, the maximum polymer dosing rate is required for
the maximum cake solids, and based on the prediction, the FSS will still be within the
1 g/L limit. A detailed study of polymer cost versus cake removal costs is needed to
manage these limits to an optimum.

For the solid capture, similar graphs are presented in Figure 11. These are the
inverse of FSS with a maximum obtained at the maximum sludge feed rate and the
medium polymer dosing rate (Figure 11a). Running all conditions at maximum has

Figure 11.
3D surface plot of solid capture as a function of sludge feed and polymer dosing.
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limited impact on the performance of the belt filter press as shown in Figure 11b.
Reducing the polymer concentration impacts the performance of the belt filter press
negatively as the solid capture is reduced to less than 70% (Figure 11c compared with
90% under all minimum or all maximum conditions. Reducing the linear screen speed
at the minimum polymer concentration improves the solids capture but only to mid-
or low sludge feed rates as shown in Figure 11d, but it is ultimately the reduction of
the belt speed at lower polymer concentration that will ensure maximum solid capture
at high sludge flow rates (Figure 11a) at the mid-range polymer dosing rate.

A summary of the significant main factors and interactions is provided in Table 7.
It shows that the polymer concentration is much more important than polymer dosing
rate in interactions with the other conditions. Current practice in the plant is to keep
the polymer concentration constant and to change polymer dosing rate. This work
demonstrates that a control system that can incorporate changes to concentration is
required for a fully automated polymer control system to reduce cost.

5. Conclusion

A factorial trial was conducted at a WWTW to establish correlations to predict the
filter belt press performance as a function of process conditions. Correlations to
predict the FSS, Cake solids, Yield stress, and Solid Capture were developed based on
the factorial trial design. From the results obtained, it was found that a power-law
relationship exists between FSS and the yield stress. There is no relationship between
the yield stress and the cake solids. The cake solids are affected by the linear screen
speed and the interaction between the polymer concentration and sludge feed. It is
recommended that more work be done around the optimization of the cake solids
based on this information. It is also the only parameter for which the linear screen is
the most significant factor, and the belt speed is insignificant in this case. An impor-
tant outcome from this work is that it shows that changes in polymer concentration
rather than polymer dosing rate are more important in the control system. This is
contrary to current practice where the polymer concentration is constant and only the
polymer dosing rate is adjusted.

Significant main effects Interactions

Filtrate suspended solids Sludge feed rate Poly concentration * Sludge feed rate
Poly concentration * Belt speed
Belt speed * Linear screen speed

Cake solids Linear screen speed Poly concentration * Sludge feed rate

Yield stress Polymer dosing
Sludge feed rate

Poly concentration * Poly dosing rate
Poly dosing rate * Belt speed

Belt speed * Linear screen speed

Solids Capture Sludge feed rate Poly concentration * Sludge feed rate
Poly concentration * Belt speed

Poly concentration* Linear screen speed
Sludge feed rate* Belt speed

Belt speed * Linear screen speed

Table 7.
Summary of significant main factors and interactions.
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Terminology used in this chapter

ADWF Average Dry Weather Flow
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BBD Box-Behnken Design
BFP Belt Filter Press
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FSS Filtrate Suspended Solids
MLSS Mixed Liquor Suspended Solids
RAS Return Activated Sludge Station
SCADA Supervisory and Data Acquisition
SST Secondary Settling Tanks
TTS Total Suspended Solids
UCT University of Cape Town
WAS Waste Activated Sludge
WWTP Municipal Wastewater Treatment Plant

A. Appendix: Box-Behnken experimental matrix and responses

Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

1/1
1/2
1/3

0.25
0.25
0.25

0.50
0.50
0.50

50.00
50.00
50.00

45.00
45.00
45.00

65.00
65.00
65.00

25.90
26.10
29.20

1.02
0.97
1.01

11.94
12.59
12.39

83.83
84.40
84.15
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

2/4 0.20 0.40 60.00 50.00 70.00 1.18 3.39 13.59 45.42

2/5 0.20 0.60 60.00 40.00 66.10 9.76 1.13 13.95 80.46

2/6 0.20 0.56 60.00 50.00 60.00 0.86 1.46 12.62 75.81

2/7 0.20 0.60 40.00 43.20 65.00 33.90 0.99 11.79 84.01
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

2/8 0.20 0.40 55.00 40.00 60.00 1.15 1.30 13.38 78.37

2/9 0.20 0.41 40.00 59.00 61.75 37.82 1.20 12.39 80.74

2/10 0.20 0.50 48.60 44.55 70.00 28.57 1.10 12.73 81.37

3/11 0.30 0.60 40.00 50.00 60.00 29.90 1.19 13.52 75.92
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

3/12 0.30 0.40 46.00 50.00 70.00 20.35 1.11 12.02 81.61

3/13 0.30 0.60 60.00 49.75 70.00 0.95 1.24 10.49 81.31

3/14 0.30 0.40 51.00 40.00 50.00 1.14 1.71 12.75 70.24

3/15 0.30 0.52 50.80 50.00 65.00 33.20 1.06 12.18 82.09
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

3/16 0.30 0.52 40.00 44.85 70.00 48.70 0.77 12.46 87.60

4/17 0.24 0.54 40.00 40.00 60.00 35.16 0.78 13.15 85.04

4/18 0.24 0.60 50.20 46.40 60.00 31.72 0.83 14.26 84.81

4/19 0.24 0.60 40.00 50.00 70.00 31.86 0.96 12.67 81.24
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

4/20 0.24 0.40 40.00 40.00 70.00 30.24 0.82 12.07 85.55

4/21 0.24 0.40 60.00 45.10 64.43 7.59 1.11 11.14 81.42

4/22 0.24 0.51 60.00 40.00 70.00 11.99 1.11 11.58 79.55

5/23 0.30 0.40 40.00 45.40 60.00 24.21 1.30 12.81 78.67
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

5/24 0.30 0.40 60.00 41.20 70.00 7.32 1.10 10.98 83.43

5/25 0.30 0.47 44.00 40.00 64.95 24.26 1.14 12.42 83.23

5/26 0.30 0.60 47.35 40.00 70.00 41.73 1.08 13.48 82.79

5/27 0.30 0.40 60.00 50.00 60.00 3.90 1.25 11.53 80.49
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Group/
Run

A %
v/v

B
m3/h

C
m3/h

D
Hz

E
Hz

Image Yield
stress
Pa

FSS
g/L

Cake
solids
%

Solids
capture

%

5/28 0.30 0.59 60.00 41.00 60.00 23.00 1.07 13.53 82.91

6/29 0.25 0.50 50.00 45.00 65.00 21.79 0.94 13.29 84.23

6/30 0.25 0.50 50.00 45.00 65.00 16.87 0.87 12.89 85.69

6/31 0.25 0.50 50.00 45.00 65.00 13.74 1.12 10.39 81.58
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Review of Slurry Bed Reactor for 
Carbon One Chemistry
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Abstract

The slurry bed reactor has many advantages, which make it very suitable for 
gas-to-liquid processes, especially for the highly exothermic reactions. This chapter 
reviews three types of slurry bed reactors and their comparisons, including the 
mechanically stirred slurry reactor, bubble column slurry reactor and three-phase 
fluidized bed reactor. The application of the slurry bed reactors in carbon one (C1) 
chemistry for syngas conversion to different valuable chemicals is presented, which 
includes four typical exothermic reactions, that is, the Fischer-Tropsch synthesis to 
oil, methanol synthesis, dimethyl ether synthesis and synthetic natural gas synthesis. 
The operation parameters and performance of slurry bed reactor, fixed bed reactor and 
fluidized bed reactor are compared while discussing the reasons of catalyst deactiva-
tion. Since, the development trend of slurry bed reactor for C1 chemistry is finally 
proposed.

Keywords: slurry bed reactor, carbon one chemistry, syngas conversion,  
metal catalyst, deactivation

1. Introduction

The slurry bed reactors are gas-liquid-solid three-phase reactors, which are commonly 
used in many industrial processes [1, 2]. The research of slurry bed reactors can be traced 
back to the Second World War, where the most studied and the earliest application process 
is the low-temperature Fischer-Tropsch synthesis (FTS) to oil. The catalytic reactions in 
slurry bed reactors are highly complicated due to the presence of multi-phase mass trans-
fer, intraparticle diffusion, adsorption, surface reaction and desorption of products [3, 4]. 
The difficulty in separating the catalyst and handling of the slurry limits the application 
of slurry reactors in continuous processes. However, the slurry bed reactors possess many 
advantages, such as the low investment cost and simple construction, high heat exchange 
efficiency, online catalyst addition and withdrawal [5]. Moreover, the catalyst consump-
tion per unit product is only 30% of the fixed bed reactor, and the total amount of required 
catalyst for the slurry bed reactor can be greatly reduced, which make it very suitable for 
gas-to-liquid processes [6].

In this review, the difference in three types of slurry bed reactors is compared, 
including the mechanically stirred slurry reactor, bubble column slurry reactor and 
three-phase fluidized bed reactor. The second part shows the application of slurry bed 
reactors for C1 chemistry, discussing the four typical exothermic reactions for syngas 
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conversion to different valuable chemicals. The third part introduces the comparison 
between slurry bed, fixed bed, and fluidized bed reactors. The fourth part discusses 
the catalyst deactivation for syngas conversion in slurry bed reactors, which mainly 
includes the catalysts sintering, carbon deposition and effects of water on catalyst 
structure. While, the last part demonstrates the development trend of slurry bed 
reactors for carbon one chemistry.

2. Classification and comparison of slurry bed reactors

According to the way of catalyst particles suspending in the slurry bed, the slurry 
bed reactors can be divided into three categories, i.e., mechanically agitated slurry 
reactor, bubble column slurry reactor, and three-phase fluidized bed reactor. Figure 1 
shows these three types of reactors [7, 8].

2.1 Mechanically agitated slurry reactor

The mechanically agitated slurry reactors are commonly used in many chemical 
processes, such as the hydrogenation of unsaturated oils and nitro compounds. It has 
the advantages of high mass and heat transfer efficiency, which are best suited for 
laboratory kinetic studies. And it is because the catalyst particles are small in the reac-
tor, the diffusion resistance in the particles is very low, and the utilization rate of the 
catalyst is very high. The disadvantages are the high power required for stirring, the 
presence of significant liquid back-mixing, and the difficulty of catalyst separation 
in continuous operation. The commonly used agitator in the reactor is a turbine-type 
radial flow agitator, and there is an optimal ratio of paddle to vessel diameter. To keep 
the catalyst particles suspended evenly, the number of the baffles should be 4 in most 
cases and the size is 1/10 ~ 1/12 of the container diameter. Moreover, the use of baffles 

Figure 1. 
Three different types of slurry bed reactors [7].
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could provide a proper gas distribution and avoid the formation of vortex on the sur-
face of the liquid. Generally, the gas inlet should be as close to the paddle as possible, 
using an annular sparger rather than a single nozzle. The width of the sparger should 
be about 0.8 times of the paddle diameter. Figure 2 shows the slurry bed reactor with 
multiple paddles, which is commonly used for the hydrogenation of unsaturated 
oils [7]. To reduce the back mixing in continuous operation, the horizontal inlets are 
provided at various locations in the reactor.

2.2 Bubble column slurry reactor

In a bubble column slurry reactor, the dispersion of the feed gas takes place 
through a deep pool of inert liquid in which the catalyst particles are suspended, and 
the momentum is transferred to the inert liquid by the movement of the bubbles. The 
operation is usually implemented in the columns with a height-to-diameter ratio of 4 
to 10. For the conversion of liquid reactants, the operation can be semi-batch or con-
tinuously. The advantages of this type of reactor are that there are no moving parts, 
no need to seal the stirrer, less floor space and low power consumption compared to 
stirred reactors. Its main disadvantage is that the liquid phase has considerable back-
mixing, which needs to overcome a large pressure drop, and when the height-diame-
ter ratio is higher than 10, the gas-liquid interface area will be decreased quite rapidly. 
The bubble column slurry reactors have been used in many industrial processes, such 
as FTS to hydrocarbons, and the production of caprolactam, etc. Figure 3(a) shows a 
continuous bubble column slurry reactor with solid-liquid separation [7]. In another 
type of bubble column slurry reactor, the catalyst and liquid are circulated by using 
external pumps, and the catalyst can be operated at higher loads, either counter-
current or co-current. The schematic diagram is shown in Figure 3(b).

2.3 Three-phase fluidized bed reactor

In a three-phase fluidized bed reactor, the catalyst particles are primarily fluid-
ized by the liquid, while the gas stream flows co-currently in the form of intermittent 
bubbles. An important difference between the three-phase fluidized bed reactor and 

Figure 2. 
Slurry bed reactor with multiple paddles [7]. 1. Paddle, 2. baffle, 3. cooling or heating coils, 4. annular pipes for 
supplying H2.
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the bubble column slurry reactor is that the former transfers momentum through the 
movement of liquid, while the latter transfers momentum through the movement 
of the bubbles. Moreover, the relatively large catalyst particles can be used in three-
phase fluidized bed reactors, which makes it suitable for continuous operation due to 
easy separation of catalyst particles from the liquid. The main industrial application 
of three-phase fluidized reactor is the hydrogenation of petroleum, including the 
hydrodesulfurization, hydrocracking to produce olefins, and the partial oxidation to 
produce aromatics. The three-phase fluidized bed reactors are generally operated in 
co-current flow, but in some cases, they can also be operated in counter-current flow 
(the liquid flows down while the gas flows up), such as when the density of catalyst 
particles (ion exchange resin) is lower than that of the liquid. In the industry, the par-
ticles are kept fluidized with internal circulation of the liquid, which can be accom-
plished by using a pump. This makes it possible to fluidize large catalyst particles. If 
the internal circulation is not used, the single-pass conversion rate will be too low due 
to the excessive liquid flow rate used.

2.4 Comparison of three types of slurry reactors

1. The catalyst particles in the mechanically stirred slurry reactor are suspended by the 
mechanical stirring of paddles, which shows high heat transfer and mass transfer 
efficiency. However, the power required for mechanical stirring is the largest, and 
the sealing problem of the stirrer needs to be considered. In addition, the wear of the 
catalyst during the mechanical stirring process is probably the most significant.

2. The catalyst particles in bubble column slurry reactor are suspended by the gas 
bubbling; however, the relatively small particles result in the difficulty in catalyst 
separation.

3. The catalyst suspension in three-phase fluidized bed reactor is the result of 
combination of the bubble movement and the co-current liquid flow. The main 

Figure 3. 
(a) Schematic diagram of continuous bubble column slurry reactor, (b) schematic diagram of a bubble column 
slurry reactor circulating with a pump [7].
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difference between a fluidized bed and a bubbling bed is that the suspension of 
the particles for the former is the result of liquid flow, thus, the relatively large 
catalyst particles can be used, which benefits the catalyst separation. Due to the 
absence of moving parts, the design of bubble columns and three-phase fluid-
ized bed reactors is simpler than that of mechanically stirred reactors.

3. Slurry bed reactors for carbon one chemistry

3.1 Fischer-Tropsch synthesis

FTS has been practiced on a large scale by Sasol in South Africa since the mid-
1950s in tubular fixed-bed reactors and circulating fluidized-bed reactors using iron 
catalysts. The commercial scale conventional bubbling fluidized-bed reactor and 
slurry bubble column reactor (SBCR) were placed on stream by Sasol in 1989 and 1993, 
respectively. At present, the multi-tubular fixed bed reactor, fluidized bed reactor, 
gas-liquid-solid slurry reactor, and microchannel reactor are used for FTS. The reactor 
type and the operating conditions are the governing factors in controlling the product 
distribution with chain growth probability, catalyst activity, and product selectivity 
during FTS [9, 10]. The multi-tubular fixed bed reactor and slurry reactor are used for 
the low-temperature process, while the circulating fluidized bed reactor, fixed fluid-
ized bed rector, and microchannel reactor are used for the high-temperature process. 
The high-temperature process yields large amounts of olefins, a lower boiling range, 
and very good gasoline while producing the substantial amounts of oxygenates. The 
low temperature process yields much more paraffin and linear products and can be 
adjusted to very high wax selectivity. The primary diesel cut and wax cracking prod-
ucts can give excellent diesel fuels. The very linear primary gasoline fraction needs 
further treatment to attain a good octane number. Olefin and oxygenate levels for the 
low-temperature process are lower than those for the high-temperature process.

3.1.1 Fixed bed reactor

The fixed bed reactor for FTS, such as the Arge reactor at Sasol with 12 m height 
and 0.5 m diameter, consists of a shell containing 2050 tubes packed with Fe-based 
catalyst that produced the 600–900 bbl/day/reactor [11]. Where, the heat gener-
ated in highly exothermic synthesis reaction of 220°C reaction temperature, and 
25–45 bar pressure was used for the generation of steam on the shell side of the 
reactor. Similarly, some other reactors using Co-based catalyst were also introduced at 
Bintulu Malaysia, Las Raffan, Qatar, and the Pearl GtL facility which resulted the rate 
of 3000–140,000 bbl/day with 85–95% C5

+ selectivity [12]. Despite the robust nature 
and high productivity, the fixed-bed multi tubular reactors contain the disadvantages 
of design complexity, high cost, low catalyst utilization, high pressure drops, and 
insufficient heat removal due to poor heat conductivity [13].

3.1.2 Fluidized bed reactor

Fluidized-bed reactors being deployed for the high temperature FT process of 
entire gas phase, have been designed to comparatively improve the efficiency of fixed-
bed reactors in terms of superior heat transfer and temperature control during highly 
exothermic FT reactions; avoiding intraparticle diffusion, pressure drop and the 
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reaction rate and the better mixing of catalyst particles while giving high production 
capacity [14]. However, it finds some limitations of difficulty in scale-up for causing 
the agglomeration and blockage of the fluidization and containing a high risk of attri-
tion and heavy product deposition on catalyst, while requiring the special equipment 
(cyclones) for catalyst separation. Since, the technical and economic problems of the 
industrial scale reactor, discouraged their application in 1956 by Hydrocol and later 
by SASOL in 1980s [15].

3.1.3 Microchannel reactor

The recent advancement in terms of a new type of reactor—the microchannel 
reactor, which consist of a large number of parallel channels with diameters <1 mm 
and with the catalyst on a thin layer inside the channel walls. It has been demon-
strated in different studies that the large temperature gradients in the furnace-heated 
conventional fixed-bed reactor can be avoided in the microchannel reactor under 
the same operating conditions, achieving the best catalyst utilization and thus a high 
productivity for the large transfer surface area with high heat transfer coefficient 
between the bed and wall [9]. However, the main challenges of the difficulty in 
changing the catalyst and high cost of scaling up several microchannel reactors to be 
operated in parallel, still avoided its commercial FT plant.

3.1.4 Slurry reactor

To replace the fixed bed reactor for the low-temperature FT process, the Sasol 
slurry reactor was developed. In 1993, a single slurry reactor with 5 m in diameter 
and 22 m in height realized the industrial production for FTS. Compared with the 
other reactors, the slurry reactors for FTS are less expensive to construct, maintain 
and operate [16]. It was reported that the capital cost required for a large-scale slurry 
reactor was less than 40% of that needed for an equivalent multi-tubular fixed bed 
reactor: The catalyst usage of the slurry reactor is about a third of that of the fixed 
bed reactor with a promise of even better performance, due to the catalyst’s effective-
ness and the higher average temperature used in the slurry reactor. Krishna and Sie 
compared the several reactor types for the FTS process and concluded that the slurry 
reactor was the best reactor type for large-scale plants [17].

The adopted catalysts for FTS in slurry bed reactors are commonly the iron-based 
or cobalt-based catalysts [18]. Parts of FTS using slurry bed reactors are listed in 
Table 1. The most common FTS catalysts have been usually regarded as Fe-based and 
Co-based catalysts, in which Fe-based catalyst have been synthesized by precipitation 
method [19]. While, the FTS process being carried out by cobalt-based catalysts were 
usually suspended in inert liquid [13], by impregnation method using Al2O3, SiO2 or 
TiO2 as support, with the Co loading of 10–30% (wt.). Sasol has developed cobalt-
based catalyst SAC 2-100SB and applied in slurry bed reactor for FTS, providing this 
Co catalyst to two sets of natural gas-based synthetic oil production plants in Nigeria 
and Qatar. The Co catalyst show stable catalytic activity; however, it is only used for 
low-temperature FTS due to the high price of cobalt.

The pure iron catalysts are easily worn and deactivated in FTS, which needs to 
enhance the catalytic activity, selectivity, and stability by introduction of addi-
tives (electronic additives and structural additives). Fe/Cu/K catalyst is one of the 
most successful industrial catalysts for low-temperature FTS (200–250°C) [20]. 
The precipitated iron-based catalyst prepared by Sasol in South Africa exhibits 



205

Review of Slurry Bed Reactor for Carbon One Chemistry
DOI: http://dx.doi.org/10.5772/intechopen.109094

high activity, selectivity, and stability, and it has been industrialized. Subsequently, 
Synfuels China Technology Co., Ltd. proposed a high-temperature FTS in a slurry 
bed reactor (260–290°C), which greatly improve the steam pressure generated by the 
FTS reaction and significantly enhance the overall energy utilization efficiency of 
the FTS process. And based on the development of industrial iron-based catalyst for 
high-temperature FTS reaction, a complete set for high-temperature FTS process and 
product processing technologies were developed.

3.2 Methanol synthesis

The syngas conversion to methanol is a strongly exothermic reaction 
(CO + 2H2 = CH3OH, Θ∆ 298KH  = −90.37 kJ/mol). Inspired by the FTS in a slurry bed 
reactor, a liquid-phase methanol synthesis was first proposed in 1975. Compared with 
the gas-solid phase fixed-bed reactor, the gas-liquid-solid three-phase methanol 
synthesis selected long-chain hydrocarbons with high heat capacity and thermal 
conductivity liquid inert medium to remove the reaction heat, which makes the 
catalyst bed operated at a uniform temperature and easy to control. The slurry 
methanol synthesis can use the feed gas with high CO concentration to improve the 
single-pass conversion of CO, and the outlet methanol concentration is as high as 

Company Location Capacity/(kt⋅a−1) Catalyst Reactor

Institute of Coal 
Chemistry, Chinese 
Academy of Sciences/
Synfuels China

Taiyuan, Shanxi 1.0–1.5 LTFT Fe Slurry

HTFT Fe

Ordos, Inner Mongolia 160 HTFT Fe Slurry

Luan, Shanxi 1600 HTFT Fe Slurry

Luan, Shanxi 7.5 LTFT Co Fixed bed

YangKuang group Thengzhou, Shandong 5 LTFT Fe Slurry

Thengzhou, Shandong 5 HTFT Fe Fluidized 
bed

SINOPEC group Zhenhai, Zhejiang 3 LTFT Co Fixed bed

Shenhua group Shanghai 0.08 LTFT Fe Slurry

Ordos, Inner Mongolia 180 LTFT Fe Slurry

Rentech US 0.5 LTFT Fe Slurry

Syntroleum Tulsa, US 3.5 LTFT Co Slurry

Exxon-Mobil Baton Rouge, US 10 LTFT Co Slurry

Conoco-Phillips Ponca, US 20 LTFT Co Slurry

BP Nikiski, US 15 LTFT Co Fixed bed

Statoil/PetroSA Mossel Bay, South Africa 50 LTFT Co Slurry

LTFT: low temperature Fischer-Tropsch; HTFT: high temperature Fischer-Tropsch.

Table 1. 
Installations for FTS with slurry reactors [18].
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15–20%; moreover, there will be no local overheating and excessive temperature rise 
in catalyst bed [21].

In early studies, the catalysts applied in slurry methanol synthesis were mainly com-
mercial fixed-bed CuZnAl catalysts [22]. In recent years, the slurry methanol catalysts 
have been intensively studied [23]. It is found that that the precipitation sequence of 
CuZnAl catalyst affected the catalytic performance. The catalyst prepared by precipi-
tation of Al first and then co-precipitation of Cu and Al exhibit the highest activity 
and stability; the precipitation and aging temperature can not only affect the phase 
composition of CuZnAl catalyst precursor, but also affect its crystallinity. In addition, 
the introduction of microwave radiation heating can make the copper-based catalyst 
particles size smaller and more uniform, and the strengthened synergistic effect 
between copper and zinc is beneficial to improve the catalytic activity and stability.

3.3 DME synthesis

In 1991, a 10 t/d pilot-scale plant for synthesizing DME from syngas in a slurry bed 
was developed by Air Products and Chemicals, Inc., and Cu-based methanol synthesis 
catalysts and methanol dehydration catalysts γ-Al2O3 were adopted. Taiyuan University of 
Technology, Tsinghua University and Shanxi Coal Chemical Institute of Chinese Academy 
of Sciences have also done leading research work on slurry bed for DME synthesis. The 
catalyst for the one-step synthesis of dimethyl ether in the synthesis gas slurry bed is simi-
lar to the one-step catalyst in the fixed bed, which includes a methanol synthesis catalyst 
and a methanol dehydration catalyst. The methanol synthesis catalyst generally adopts 
CuZnAl catalyst or modified CuZnAl catalyst, and the catalyst for methanol dehydration 
generally adopts γ-Al2O3, zeolite, etc. Table 2 summarizes the progress of DME synthesis 
in a slurry-bed reactor [24]. It can be seen that JFE (formally NKK) Corporation produced 
DME while Air Products Chemicals produced DME and methanol.

3.4 Synthetic natural gas synthesis

Slurry bed reactor is suitable for the strongly exothermic methanation reactions 
(3H2 + CO = CH4 + H2O, Θ∆ 298KH = − 206 kJ/mol) [25]. The Chemical Systems Inc. 

JFE Air Products Tsinghua University

H2/CO ratio 1 0.7 1

Catalysts CuZnAl+γ-Al2O3 LP201 + TH16

Operating pressure, MPa 5 5–10 4.35–4.6

Temperature, °C 260 250–280 255–265

CO conversion, % 40 22 54–63

Selectivity, % 90 40–90 89–95

Reactor type slurry bubble column slurry bubble column slurry airlift reactor

Reactor diameter, m 15 15.2 21.6

Reactor height, m 0.55 0.475 0.6

Design scale, t/d 5 10 10

Table 2. 
Comparison of industrialization Technology of Dimethyl Ether Production in slurry bed [24].
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(United States) developed a liquid-phase methanation process [26], as shown in 
Figure 4. The syngas produced in a coal gasifier was introduced into the catalytic 
liquid phase methanation reactor (LPM) along with a circulating process liquid 
(mineral oil), which absorbs the heat of reaction. The product gas was separated in a 
liquid phase separator and in a product gas separator. The process liquid was pumped 
through a filter to remove any catalyst fines and recirculated back to the LPM reactor. 
After a methanation reaction time for more than 300 h, the results showed low 
conversion and high catalyst loss, and thus the LPM-project was terminated in 
November 1981.

Taiyuan University of Technology and SEDIN Engineering Co., Ltd. have jointly 
developed a slurry-bed process for syngas methanation [27], as shown in Figure 5. The 
generated methanation gas together with the catalyst and the liquid-phase components 
enters through a gas-liquid separator, where the gas-phase product was condensed to 
produce synthetic natural gas, the liquid-phase product is mixed with fresh catalyst in 
the storage tank and added into the slurry bed methanation reactor to preheat the fresh 
catalyst. Due to the excellent heat transfer performance of the slurry bed, the adapt-
ability of the feed gas for methanation of slurry bed is stronger, and the content of CO 
in feed gas can be adjusted within a wide range of 2–30%. The results show that the 
CO conversion for methanation reached 96% at the reaction temperature of 280°C in a 
slurry bed reactor.

For industrial fixed-bed methanation technology, the commercial catalysts are 
Ni-based catalyst, which is due to its cheap and excellent catalytic activity at high 
temperatures. However, the traditional industrial Ni-based catalysts exhibit poor 
catalytic performance in slurry bed reactors [28]. By optimizing the preparation 
method and conditions [29], adding additives, a slurry bed methanation catalyst with 
a high CO or CO2 conversion of more than 99.5% can be obtained.

Figure 4. 
Liquid phase methanation concept, adapted from [26].
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4.  Comparison of fixed bed, circulating fluidized bed and slurry bed 
reactors for FTS

A schematic diagram for a common fixed bed reactor is shown in Figure 6(a). A 
gas sparger at the reactor inlet is used to remove the initial kinetic energy of the gas 
stream. A certain gas space is left between the catalyst bed and the gas sparger for 
fluid buffering and uniform mixing. The packing (e.g., ceramic balls) spreads on the 
upper part of the bed can further make the stream enter the catalyst bed in a more 
uniform state. The small and uniform particle size of catalyst makes the resistance of 
each part of catalyst bed the same to enhance the reaction efficiency. After reacting in 
the catalyst channels, the unreacted syngas and the formed products leave the cata-
lyst bed and reactor and release a large amount of heat. There is 1 ~ 2 thermocouple 
inserted in the reactor to monitor the temperature parameters of each section of the 
catalyst bed in time.

Fluidized bed reactors possess high heat transfer efficiency. Generally, the fluid-
ized bed reactors are classified to circulating fluidized bed reactor and fixed fluidized 
bed reactor, as shown in Figure 6(b and c). The feed gas is used as the power source 
to drive the catalyst, which is suitable for the strong exothermic reactions by using 
the intermediate heat exchange device to remove the reaction heat in time. However, 
the device structure of circulating fluidized bed reactor is complex, the investment 
and maintenance cost are high; Moreover, the reactor is difficult to operate and 
enlarge. In view of the limitations and defects of circulating fluidized bed reactor, 
a fixed fluidized bed reactor was designed by Sasol Corporation in 1995 and named 
as Sasol Advanced Synthnol reactor. Since the diameter of the fixed fluidized bed 
reactor can be much larger than that of circulating fluidized bed reactor, the space for 

Figure 5. 
Flow diagram of slurry-bed methanation for coal to synthetic natural gas. 1. Methanation reactor, 2. heat 
exchanger, 3. gas-liquid separator I, 4. gas-liquid separator II, 5. fresh catalyst storage tank, 6. heat exchanger II, 7. 
circulation pump, p1-p9 pipeline [27].
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installing the cooling plate is increased by more than 50%, which benefits to improve 
the CO conversion. However, the entrainment and attrition of the catalyst during the 
fluidization process is still very serious, which makes the fluidized bed methanation 
process is not practical for the expensive catalysts.

Since the heat transfer in the slurry bed reactor is more efficient than that in the 
fixed bed reactor, the temperature control is relatively easy. Therefore, the tem-
perature of the catalyst active site in the slurry bed reactor could be uniform, which 
could avoid the formation of hot spots in the catalyst bed. In a continuous operation 
of the slurry bed reactor, the biggest difficulty and obstacle is the separation of fine 
catalyst, while in a fixed bed there is no such problem. However, the replacement of 

Figure 6. 
Reactor types used for FTS. (a) Fixed bed reactor. (b) Circulating fluidized bed reactor. (c) Fixed fluidized bed 
reactor (d) slurry bubble column reactor [2].
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the catalysts in a slurry bed reactor is easier than in a fixed bed reaction. If the catalyst 
needs to be removed and withdrew frequently in a process, the fixed bed reactor may 
not be appropriate, it is because that the replacement of the catalyst usually requires 
to stop and remove the reaction.

The key parameters and catalytic methanation performance of different reactors 
[27] are compared and summarized in Table 3. It can be seen that the heat exchange 
rate of fluidized bed and slurry bed reactor is significantly higher than that of fixed 
bed reactor, indicating that the fluidized bed or slurry bed reactor is very suitable for 
the strong exothermic reaction. However, the cost of fluidized bed reactor is high, 
the catalyst entrainment and wear are serious, and the catalyst cannot be recovered, 
which limits the application of large-scale production.

5. The deactivation of slurry bed catalyst

Dealing with the catalyst deactivation in a slurry bed reactor is a challenging 
phenomenon [30]. The detailed mechanistic insights in realizing the origin of the 
deactivation are much more complex, for the simultaneous involvement of various fac-
tors. Where, the most common factors could be relied on the S and/or N2-containing 
compounds in the feed gas; the oxidation of the active metal (Co) components; strong 
metal-support interaction resulting into the hard to reduce species of silicates, alumi-
nates; sintering, attrition, and carbon deposition on the nano-crystallites particles [31]. 
Since, these aforementioned factors of catalyst deactivation are mainly dependent on 

Characteristic Fixed bed Circulating 
fluidized bed

Fixed fluidized 
bed

Slurry bed

Heat exchange rate or heat 
dissipation

slow medium ~ high high high

Heat conduction in the system bad good good good

Reactor diameter limits ~8 cm none none none

Pressure drop at high gas 
velocity

low medium high medium ~ 
high

Gas phase residence time 
distribution

narrow narrow wide narrow ~ 
wide

Axial mixing of the gas phase low low high low ~ 
medium

Axial mixing of catalysts none low high low ~ 
medium

Catalyst weight percentage/% 55 ~ 70 1 ~ 10 30 ~ 60 <30

Particle size of solid phase/
mm

1.5 0.01 ~ 0.5 0.003 ~ 1 0.1 ~ 1

Catalyst regeneration and 
replacement

intermittent continuous continuous continuous

Catalyst loss none 2% ~ 4% wearred, cannot 
be recycled

low

Table 3. 
Key parameters and performance comparison of different reactors [27].
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the type of reactor to be employed, the nature of the support, and the partial pressure 
of H2O that can be further explained as follows.

5.1 Sulfur and nitrogen containing poisons

In carbon one chemical reactions, the poisons that may cause severe damage to the 
catalyst must be removed from the feed gas prior to the reaction, as these are inde-
pendent of the catalyst nature to be used and operating conditions of the reactions. 
Since, the sensitive nature of cobalt-based catalysts to the sulfur content (<10 ppb) 
needs more attention of the additional gas cleaning steps for being expensive than Fe 
and also for its higher activity and a longer life time. In here, the different adsorption 
phenomena of the sulfur containing compounds (organic, inorganic) is more impor-
tant for physically blocking the sites after being strongly adsorbed on the catalytic 
active sites, where one adsorbed S atom could deactivate the more than two Co atoms 
in a Co/Al2O3 catalyst. In a CO-rich syngas conversion to methanol reaction, the iron 
carbonyl, nickel carbonyl and carbonyl sulfide are severe catalyst poisons, which 
must be removed from the feed gas to avoid the catalyst deactivation [32]. Since, the 
removal of H2S as the probe molecule and the nitrogen compounds such as NH3, HCN 
(<50 ppb) are the crucial steps in gas purification, as they could lead to the severe 
damaging effect on the catalyst reducibility, activity, and selectivity.

5.2 Sintering

Besides the poisoning, the catalyst could also be deactivated due to the catalyst 
sintering at high temperature. Sintering is a common phenomenon of deactivation 
in metal catalysis, that is usually based on the minimization of surface energy of the 
crystallites. Sintering is usually accelerated by the high temperature and the partial 
pressure of water vapor; however, it can be controlled by interactions with the 
metal support. There are two empirical rules for the effect of temperature on highly 
dispersed metal crystallites: [1] When the temperature reaches 0.3Tm (called Hüttig 
temperature, Tm is the melting point), the migration of particles on the catalyst surface 
will occur [2]. When the temperature reaches 0.5Tm (Tammann temperature), the 
particle migration within the lattice phase will occur. For the methanol synthesis 
catalyst CuZnAl, the melting point of metallic Cu is 1358 K, and its Hüttig temperature 
is 407 K, and its Tammann temperature is 679 K; while the operation temperature of 
CuZnAl catalyst is generally at 480–553 K. Though the operation temperature is much 
lower than the Tammann temperature, it is higher than the Hüttig temperature, which 
inevitably resulted in the catalyst sintering and thus deactivated the catalyst. Lewnard 
et al. [33] investigated the stability test on CuZnAl catalyst, and obtained that the 
activation energy for catalyst deactivation is 91.3 kJ/mol. These activation energy data 
all demonstrate that catalyst sintering is an important reason for the deactivation of 
methanol synthesis catalyst in a gas-liquid-solid three-phase slurry bed.

5.3 Carbon deposition

Generally, the slurry bed reactor needs to be operated at the temperatures lower 
than 350°C due to the limitation of boiling point of mineral oil. Even at this low 
temperature, there are still some carbon deposited on the catalyst surface. For exam-
ple, the result of CO methanation in a slurry-bed reactor over the Ni-Al2O3 catalyst 
[34] shows that, the catalytic activity of Ni-Al2O3 catalysts decreased slowly after a 
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reaction time of 450 h. The thermogravimetric analysis and microscopic morphology 
results show the carbon deposition on catalyst surface, which was attributed to the 
amorphous carbon. The carbon deposition occupies the surface of the catalyst and 
covers the active sites, resulting in a decrease in Ni metal surface area and thus reduce 
the methanation activity. The regeneration of the spent catalyst shows that the cata-
lyst carbon deposit can be removed by calcination in the air, and the catalyst structure 
and catalytic performance can be recovered.

5.4 Effects of water on catalyst structure

The reoxidation of Co metal active sites usually occurs when the oxygen atom of 
CO is eliminated mainly as H2O (either from surface oxygen or OH species) during 
the FTS, where the influence of water contents in terms of its higher partial pressure 
than that of H2 and CO become more crucial at high CO conversion. Since, the effect 
of water contents on the catalyst deactivation is mainly adopted from the possible 
reoxidation of the surface depending on the operating conditions, presence of differ-
ent promoters (Pt, Mn, Zn, Mg, etc.), nature of the support (Al2O3, SiO2, TiO2) to be 
used, dispersion of metal components, and on the size of the pores of the support. For 
the methanol synthesis from syngas in a slurry-bed reactor over Cu-based catalysts, 
the addition of water in the reaction shows that too much H2O accelerates the growth 
of grain and agglomeration of Cu-based catalyst, and a certain degree of carbon 
deposition, which leads to a fast catalyst deactivation, as shown in Figure 7 [35].

For the syngas to DME in a slurry bed reactor, the methanol dehydrated and 
formed DME in the reaction, if the generated water cannot be removed in time, the 
pores of the catalyst will be blocked and the reaction performance will be affected 
[36]. If the partial pressure of CO2 in the feed gas is high, more ZnCO3 will be 
appeared on the surface of CuZnAl catalyst, which is due to that the solubility of 
ZnCO3 in water is several times higher than that of ZnO. Therefore, the leaching of Zn 
in the presence of water is one of the important reasons for the rapid deactivation of 
CuZnAl catalyst [37]. In addition, in the methanation reaction, the presence of water 
reacts with the γ-Al2O3 support of Ni-Al2O3 catalyst and thus formed AlOOH, which is 
one of the reasons for the deactivation of Ni-Al2O3 methanation catalyst.

Figure 7. 
Effect of H2O on CO conversion for methanol synthesis [35].
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5.5 Attrition of catalyst particles

One of the serious concerns of catalyst deactivation is the catalyst attrition by 
mixed particle fragmentation or surface abrasion, for breaking the particles into 
various fragments. It is a common phenomenon in fluidized or slurry bed reactors, 
where the interparticle collisions and bed-to-wall impacts cause the high mechanical 
stresses to catalyst bed particles, thus resulting the loss of valuable material, genera-
tion of fine particles, and the degradation of catalyst efficiency [38]. Usually, it is a 
time-dependent process that may systematically change with time, being more severe 
in the start of reaction and tends to a constant value of the nonsteady-state attrition 
rate with time. However, different strategies can be applied for increasing the attrition 
resistance and catalytic performance and decreasing the fraction of fines by spray-
dried Fe-based FTS catalysts in a stirred-tank slurry reactor.

6. Current developments in slurry bed reactor for C1 chemistry

Since, in a relative comparison it can be demonstrated that, the slurry bed reactors 
show the advantages of high efficiency of mass transfer and heat transfer, uniform 
reaction temperature, online replacement catalyst and low investment costs as com-
pared to that of fixed-bed/fluidized-bed reactors [3, 6]. However, the industrialization 
process of the slurry bed reactor is relatively slow, it is because the enlargement of 
slurry bed reactor can only be achieved by increasing the diameter of the reactor, and 
the flow behavior in a large-scale industrial slurry bed is extremely complex under the 
working conditions of high temperature and high pressure. The blockage of the reactor 
distributor, uneven gas distribution led to the unstable operation state, which puts 
forward higher requirements for the rapid heat transfer of the slurry reactor [4, 39].

The process intensification is one of the methods to improve performance or solve 
problems in slurry bed reactors. The development of new high-efficiency internal com-
ponents, the optimization of performance based on the existing internal components, 
and the coupling arrangement of multiple internal components can enhance the mixing 
and mass/heat transfer in slurry bed reactors [40]. Now, the research in slurry bed reac-
tor mainly focuses on the fluid mechanics such as gas holdup, bubble size distribution, 
internal mass transfer, and heat transfer characteristics. Some or all the above problems 
can be solved by introduction of suitable internals into the reactor; however, the critical 
internals are difficult to obtain in published reports. Therefore, the structural optimi-
zation and function enhancement technology of internal components has become a 
challenging hot issue in the process of slurry bed design and scale-up [41]. Moreover, 
though the research of particle size on the effect of gas-liquid flow behavior in slurry 
bed reactors has been carried out earlier, however, these results in different reports are 
often inconsistent, which is due to the complexity of the gas-liquid-solid three-phase 
system, and in most cases, the influence mechanism of catalyst particles is based on 
analysis and prediction, without direct and sufficient proofs. Therefore, the research on 
the effect of particles is always the focus of attention and research.

7. Conclusions

Since, the comparative analysis of three different types slurry bed reactors, has 
been well discussed in the first part of this review while revealing the application of 
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slurry bed reactors for C1 chemistry, along with the four typical exothermic reactions 
for syngas conversion to different valuable chemicals. Similarly, the comparison 
between slurry bed, fixed bed, and fluidized bed reactors in second part also empha-
sized the catalyst deactivation for syngas conversion in slurry bed reactors, including 
the catalysts sintering, carbon deposition, effects of water on catalyst structure and 
the catalyst attrition by mixed particle fragmentation. While, the current develop-
ment trend of slurry bed reactors for C1 chemistry in the last part demonstrates the 
optimization of the reactor structure, higher active catalysts, and improvement of 
process conditions that could promote the development of slurry bed reactor. Since, 
the various techno economic aspects of slurry bed reactor make it very suitable for 
gas-to-liquid processes, especially for the highly exothermic reactions in C1 chemistry 
for different valuable chemicals.
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