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Abstract: In industrial environments, having instrumentation able to attain fast, accurate, and
autonomous measurements is pivotal to understanding the dynamics of liquid and particles during
transport. Ideally, these instruments, consisting of either probes or sensors, should be robust, fast,
and unintrusive, i.e., not cause interference on the very flows being monitored, and require minimal
maintenance. Beyond monitoring, the process knowledge gained through real time inspection allows
teams to make informed technical decisions based on particle behavior, i.e., settling of particles
causing pipe wear and clustering or blockages that can damage the unit or cause shutdowns, both
of which with economical drawbacks. The purpose of this review is to examine experimental
measurement techniques used to characterize physical properties and operational parameters of
solid-liquid slurry flows, focusing on non-ionizing radiation methods. With this text the intent is not
to provide an exhaustive examination of each individual technique but rather an overview on the
most pertinent types of instrumentation, which will be presented, in addition to application examples
from the literature, while directing the reader for pertinent seminal and review papers for a more
in-depth analysis.

Keywords: slurry pipe flows; characterization techniques; acoustic; optical; electromagnetic;
radiation; probes; transducer; tomography

1. Introduction
1.1. Historical Importance of Solid-Liquid Flows

Flows involving a mixture of suspended solid particles in a flowing fluid have been
extensively used by different civilizations through time, most notably the Egyptian, Roman,
and Greek empires, but the earliest record from an engineering application of solid-liquid
suspension flow was in 1860 in the Suez Canal, in Egypt [1].

Nowadays, the transport of solids suspended in liquids using pipelines has become
ubiquitous in traditional industrial fields such as chemical, foodstuffs and pharmaceuticals
production, mineral and construction materials transportation (such as coal, iron ore, sand,
crushed rock, cement, and even wet concrete to name a few examples), waste treatment,
both municipal and industrial, and emerging industries dealing with “intelligent” materials
and biological systems [2–4]. Hundreds of other products in various fields also use this
type of transport, including radioactive materials, grains, and hospital supplies.

In industrial environments having instrumentation able to attain fast, accurate, and
autonomous measurements is pivotal to understanding the dynamics of liquid and par-
ticles during transport. Ideally, these instruments, consisting of either probes or sensors,
should be robust, fast, and unintrusive, i.e., not cause interference on the very flows
being monitored, and require minimal maintenance. Beyond monitoring, the process
knowledge gained through real time inspection allows technical teams to make informed
decisions based on particle behavior, i.e., settling of particles causing pipe wear, clustering,
or blockages that can damage the unit or cause shutdowns, both of which have economic
drawbacks [5].
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1.2. Classification of Solid-Liquid Suspension Flows

The flow of solids suspended in liquids, solid-liquid suspensions, sometimes referred
to as slurry flow for higher particle concentrations, are a subclass of multiphase flows.
These flows are characterized by a wide range of different particle sizes, from nanometers
to millimeters, concentrations and having diverse densities. If the densities of the liquid
and solid particles differ significantly then settling will occur and these are called settling
suspensions. These flows can be Newtonian or non-Newtonian; however, in this review
we are only concerned with the Newtonian behavior.

Suspensions or slurries containing medium or coarser particles with density higher
than the density of the liquid tend to settle and accumulate at the bottom of the vessel
or pipe, resulting in different flow regimes affected by particle concentration and flow
velocity [4]. Settling slurries or suspensions exhibit different flow regimes or flow patterns
which are defined by visual inspection of the solid or dispersed phase.

The flow regime is intrinsically linked with the relation between flow velocity and
particles characteristics such as particle size and density. It affects the pressure drop
magnitude, pipe erosion or wear, and other performance characteristics. The complex
nature of slurry flows and transitions between flow regimes hinders a perfect classification
of the regimes or patterns. The first classification of solid-liquid suspensions in horizontal
pipelines was based on the Reynolds Number (Re) and average particle size established by
Durand and Condolios in 1952 for particles with a specific gravity of 2.65, and it was as
follows [2,6]:

a. For particles smaller than 40 µm an homogeneous suspension is assumed.
b. For particle sizes from 40 µm to 0.15 mm the suspensions are maintained

by turbulence.
c. For particle sizes between 0.15 mm and 1.5 mm a suspension with saltation

is considered.
d. For particles greater than 1.5 mm a regime of saltation is dominant.

This classification was refined throughout the years by several researchers, includ-
ing Govier & Aziz who brought forward the following classification for fine and coarse
particles [1,6]:

a. Ultrafine particles: particle size smaller than 10 µm where gravitational forces
are negligible.

b. Fine particles: particle sizes between 10 µm and 100 µm, carried fully suspended
although subject to concentration gradients and gravitational forces.

c. Medium sized particles: from 100 µm until 1000 µm particles move with a deposit at
the bottom of the pipe and with a vertical concentration gradient.

d. Coarse particles: particles sizes ranging from 1000 µm until 10,000 µm. These are
seldom fully suspended and form deposits on the bottom of the pipe.

e. Ultra-coarse particles are larger than 10 mm. These particles are transported as a
moving bed on the bottom of the pipe.

Since Govier & Aziz did not account for particle density in their work, the above
specified ranges serve only as guidelines and will shift according to density variations.

Overall, in the literature, and also in this review, the following classification introduced
by Wilson et al. (1992) for slurry flows regimes is used [7] (Figure 1):

a. Pseudo-homogenous regime, typical of flows laden with fine particles (typically fine
sand of particle sizes between 60 and 200 micron) flowing at high velocity.

b. Heterogeneous flow for which both inter-granular contact and fluid support mecha-
nisms are significant.

c. Fully stratified regime, typical of flow conveying large, rapidly settling particles at
low velocity.
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Figure 1. Flow patterns for solid-liquid slurry flow in horizontal pipes (a) pseudo-homogeneous
flow (b) heterogeneous flow (c) fully stratified flow. The colors of the particles identified their basic
transport mechanism, namely, interaction with the turbulent fluid (grey), quick collision with other
particles (green), and long-lasting contacts with nearby particles (red) (taken from [8]).

The pseudo-homogenous regime (Figure 1a) is characteristic of flows with fine particles
(typically fine sand of particle sizes ranging from 60 and 200 micron) flowing at high velocity.
The distribution of suspended particles is close to uniform although some gradient usually
occurs in the pipe cross section (Figure 1a), which is due to the particle weight being
carried by phenomena associated with fluid turbulence, and flow energy loss is caused
by viscous friction; on the opposite side of the spectra lies the fully stratified flow regime
(Figure 1c) which is typical for large, rapidly settling particles at low velocity. Settling
occurs as a consequence of their submerged weight, which cannot be carried by flow
turbulence, travelling in the lower part of the pipe cross-section by saltation or as a sliding
bed (Figure 1c). Particle contacts with each other and with a pipe wall greatly contribute to
the overall flow friction; in-between these two opposites flow regimes an intermediate case
(Figure 1b) can be identified, the heterogeneous flow, for which both inter-granular contact
and fluid support mechanisms are substantial (Figure 1b). In this regime, for relatively
large particles, the heterogeneous flow regime is more stratified with a detectable sliding
bed and particle transportation occurring either by turbulent eddies or by mutual collisions
above the sliding bed. Also, flows of broadly graded particles in a Newtonian fluid carrier
are frequently encountered in practical applications in which particles of quite different
sizes are supported by different mechanisms interacting with each other.

Although beyond the scope of this review paper, and in addition to the aforementioned
flow regimes, a case specific slurry flow regime in microreactors has also been documented
in the literature: slurry Taylor flow or segmented slurry flow. In these types of flow
regimes, the slurry flow is segmented by gas bubbles (Figure 2). These complex slurry
flows have been gaining increasingly interest due to the potential wide range of applications
in chemical/chemistry processes [9,10].

The behavior of the solid-liquid slurry flows is a complex subject controlled by di-
verse mechanisms governing the flow that are of key importance for particle support and
friction [1,7,8].
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1.3. Solid-Liquid Flow Properties and Process Parameters: Characterization Techniques

The first systematic characterization of a solid-water mixture flow was performed in
1906 by Nora Blatch using a 25 mm (1 in) diameter horizontal pipe. In her studies pressure
drops were accounted as a function of flow, density, and solids concentration [1,3].

The ability to characterize and monitor solid-liquid suspensions flows is of paramount
importance in several industries. Having a comprehensive on-line control strategy for data
acquisition is paramount in the production of high-quality products, uneventful plant oper-
ation, and cost-effective management of wastes and resources as well in continuous design
improvement of flow and pumping equipment. In theory, this control strategy seems to be
a deceptively straightforward application, but the practical implementation is, nevertheless,
quite complex [5]. Conventionally, this implementation consisted of a limited number of dis-
crete sensors distributed throughout plant, in points identified as critically important, and this
sums up the usual course of action when monitoring and/or controlling the plant operation.
A drawback from this oversimplified solution is an invariable loss of key information of both
physical and chemical processes occurs in the manufacturing process.

For slurry conveying in a piping system, in addition to the known geometrical proper-
ties, characterization of slurry flows focuses on the measurement and monitoring of local
and global particle and flow properties [5,11]:

Geometrical Properties
1. Pipe diameter, 2. Pipe roughness, and 3. Pipe inclination—coupled with particle

size and shape these geometric characteristics have a significant impact on friction losses
and deposition velocity of settling slurries and are defined during the rig design taking
into account the nature of the slurry being conveyed.

Particle Properties
4. Particle density/material, 5. Particle size distribution, and 6. Particle shape—

accurate characterization of particle properties enables process understanding and safe-
guards from particle settling and pipe erosion.

Local Flow Properties
7. Particle and slurry velocity—determines if the system is operating as designed for

the slurry to avoid particle settling which results in pipe erosion or blockage. Average
velocities can be determined through the use of multiple sensors and cross-correlation of
signal fluctuations. Point velocities can also be measured.

8. In-situ and delivered solids/particle concentration for each phase—weight and
volume percent—to determine if the pipeline is operating at the designed concentra-
tions. Can be an indicator of developing problems within the pipeline such as accumula-
tions/blockages or upstream particle feeding problems.

9. Mass and volumetric flowrates for each phase—determines the slurry velocity in
order to ensure that the specific operating conditions are achieved.

Global Flow Properties
10. Pressure drop—provides details of system operation that can be correlated to

determine concentrations, flow patterns, and flow velocities.
11. Flow patterns—to ensure that the slurry is transported in the proper flow regime to

avoid settling that may lead to pipe erosion and blockage resulting in increased maintenance
and repairs.
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12. Presence of foreign objects—entrainment of foreign objects in the flow, such as
rocks in an oil sand slurry, to allow for preventative action to be taken to avoid damage to
pumps and equipment.

The prominence of process tomography has increased significantly, over the past
two decades, in an effort to address the limitations of traditional methods [6,12]. This
proliferation, which originated from non-invasive monitoring of multiphase phenomena
present in petroleum pipelines, extended to various applications such as batch reactors,
mixing vessels, and hydraulic and pneumatic conveying [13]. Offering several advantages
over the traditional methods, process tomography provides information on the boundaries
between mixture components, flow regimes, and velocity fields, concentration distribution
in the cross section, and mixing zones distribution in stirred tanks, among other things,
resulting in a better understanding of the monitored process and a means of validating
physical models. Moreover, manipulation of data obtained from sensors placed around
the section of interest allows for tomographic images to be reconstructed using a compu-
tational algorithm [12]. Data obtained from these image analyses is incorporated in the
improvement of both design strategies and numerical models [6,12]. The acceptance of
process tomography as a research tool in the measurement and instrumentation areas is
corroborated by the increasing number of publications in the literature (Figure 3).
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Historically prediction of slurry flow behavior has relied on the use of flow regime
maps [5,15], however, this approach suffers from specificity and lack of real time feed-
back. Online characterization techniques overcome both these shortcomings since they
are designed to be flexible and enable continuous monitoring of flow conditions and thus
allowing for the minimization of damage, inhomogeneities, and blockage that can lead to
frequent measurements, repairs, and ultimately costly downtime in production [5].

A considerable and varied number of techniques can be found both in a commercial
and/or academic setting, which is indicative of the importance of accurately characterizing
slurry behavior in pipe transport.

1.4. Scope and Structure of This Paper

With this review text the purpose is to discuss experimental measurement techniques
used to characterize physical properties and operational parameters of solid-liquid slurry
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flows, focusing primarily on non-ionizing radiation methods. On this topic certainly several
quality review papers populate the literature, providing a synthesis and understanding
on the topic; however, it is this author’s opinion that most of these papers either present a
broad survey of the literature but do not encompass more complex and modern techniques,
or a brief survey of the literature is presented, and then focus is shifted towards a particular
technique, or set of techniques, related to the authors experience or specific research
interests [5,16–19]. With this review text the goal is to have an encompassing manuscript,
for both early-stage and seasoned scholars, providing an overview on most pertinent
types of instrumentation and techniques together with application examples found in the
literature and directing the reader for pertinent review papers for a more in-depth analysis.

Structure wise, Section 1 provides an overview on the importance of solid-liquid slurry
flows, their classification and an introduction to characterization techniques; Section 2
elaborates on the characterization of the physical properties of solid particles; Section 3
discusses characterization techniques measuring global solid-liquid slurry flow operational
parameters; Section 4 focus on pressure drop measurements echoing Section 3; Section 5
documents local characterization techniques for slurry flows; Section 6 provides an abbre-
viated overview of ionizing radiation-based techniques since it is beyond the focus of this
review paper, and finally Section 7 advances some conclusions and future trends while
summarizing the main takeaway points from this review.

2. Characterization of Physical Properties of the Solid Particles
2.1. Particle Size Distribution

The earlier particle size distribution (PSD) measurement techniques were implemented
offline in a laboratory environment and later deployed in an industrial setting as online
equipment. Almost all these earlier methods had a major disadvantage of needing samples
to be taken offline and then diluted.

Currently, solids concentrations up to 70% by volume to be monitored with no dilution
as result of latter developments such as Lasentec’s FBRM employing a laser reflectance
method and Sympatec’s Opus ultrasonic extinction method. The measured particle size
distribution will generally be a function of the method used, and therefore the same sample
will have different PSD’s depending on the method.

The following summary provides an overview of main commercial online and offline
techniques [16,20,21]:

2.1.1. Beckman Coulter

The Coulter Counter (Beckman Coulter) is presently offered as an offline instrument
only and its working principle is based on changes in electrical resistance produced by
non-conductive particles suspended in an electrolyte. By passing through a small open-
ing between the electrodes, the sensing zone, each particle displaces its own volume of
electrolyte which is then measured as a voltage pulse with a height proportional to the
volume of the particle. The volume of suspension drawn through the aperture is controlled
to allow the system to count and size particles. Several thousand particles per second are
individually counted and sized. It is claimed that the method is independent of particle
shape, color, and density, but identification of an electrolyte for some slurries can be a
problem. Typical measured particle size range is 0.4 µm to 1.2 mm [16,22,23].

2.1.2. Laser Diffraction

Low-angle laser light scattering, or as it is commonly known, laser diffraction incip-
ience, was a laboratory technique particle size distribution measuring technique in the
1960s. The working principle, illustrated in Figure 4, is based on an intensity distribution
measurement of coherent laser light scattered by the particles. The form of the scattering
pattern is described by the Mie theory and the width of the pattern is dependent on the
particle size [24]. When laser light meets a population of particles, volumetric size distri-
bution can be calculated back from the scattered light distribution, which is a significant
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advantage of laser diffraction since it provides a consistent volumetric particle size analysis
result without any external calibration [25]. A drawback of the use of laser diffraction is
that will almost always dictate the requirement for dilute slurry samples. Typical measured
particle size range is 0.1 µm to 8.75 mm.

Processes 2022, 10, x FOR PEER REVIEW 7 of 46 
 

 

of particle shape, color, and density, but identification of an electrolyte for some slurries 
can be a problem. Typical measured particle size range is 0.4 μm to 1.2 mm [16,22,23]. 

2.1.2. Laser Diffraction 
Low-angle laser light scattering, or as it is commonly known, laser diffraction 

incipience, was a laboratory technique particle size distribution measuring technique in 
the 1960s. The working principle, illustrated in Figure 4, is based on an intensity 
distribution measurement of coherent laser light scattered by the particles. The form of 
the scattering pattern is described by the Mie theory and the width of the pattern is 
dependent on the particle size [24]. When laser light meets a population of particles, 
volumetric size distribution can be calculated back from the scattered light distribution, 
which is a significant advantage of laser diffraction since it provides a consistent 
volumetric particle size analysis result without any external calibration [25]. A drawback 
of the use of laser diffraction is that will almost always dictate the requirement for dilute 
slurry samples. Typical measured particle size range is 0.1 μm to 8.75 mm. 

 
Figure 4. The working principle of laser diffraction analysis (adapted from [24,25]). 

2.1.3. Focused Beam Reflectance Measurement (FBRM) 
Focused Beam Reflectance Measurement (Lasentec’s FBRM) involves the use of a 

highly focused laser beam which is projected through a sapphire window interface of a 
probe immersed into a dilute or concentrated flowing slurry, droplet emulsion, or 
fluidized particle system. This laser is focused on a fine spot and rapidly scanned at fixed 
velocity across particles and particle structures flowing past the probe window. A 
magnified view, as presented in Figure 5, shows individual particle structures will 
backscatter the pulses of light which are detected by the probe and translated into Chord 
Lengths based on the simple calculation of the scan speed (velocity) multiplied by the 
pulse width (time). A chord length (a fundamental measurement of particle dimension) is 
simply defined as the straight-line distance from one edge of a particle or particle structure 
to another edge (Figure 5). Thousands of chords are typically counted per second. The 
resulting chord length by number distribution is a robust “fingerprint” of the particle size 
distribution in the slurry. Any change in the size distribution will have a corresponding 
change in the chord length distribution. Typical measured size range is 0.5 μm to 2 mm. 

  

Figure 4. The working principle of laser diffraction analysis (adapted from [24,25]).

2.1.3. Focused Beam Reflectance Measurement (FBRM)

Focused Beam Reflectance Measurement (Lasentec’s FBRM) involves the use of a
highly focused laser beam which is projected through a sapphire window interface of a
probe immersed into a dilute or concentrated flowing slurry, droplet emulsion, or fluidized
particle system. This laser is focused on a fine spot and rapidly scanned at fixed velocity
across particles and particle structures flowing past the probe window. A magnified view,
as presented in Figure 5, shows individual particle structures will backscatter the pulses
of light which are detected by the probe and translated into Chord Lengths based on the
simple calculation of the scan speed (velocity) multiplied by the pulse width (time). A
chord length (a fundamental measurement of particle dimension) is simply defined as
the straight-line distance from one edge of a particle or particle structure to another edge
(Figure 5). Thousands of chords are typically counted per second. The resulting chord
length by number distribution is a robust “fingerprint” of the particle size distribution in
the slurry. Any change in the size distribution will have a corresponding change in the
chord length distribution. Typical measured size range is 0.5 µm to 2 mm.
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2.1.4. Ultrasonic Extinction

Ultrasonic Extinction technique working principle is on the attenuation of ultrasound
and/or retardation of ultrasound velocity by particles is measured at a series of frequencies,
typically in the range 100 kHz to over 200 MHz. Then, the ultrasound extinction pattern
of the sample is then converted to a particle size distribution (PSD), similarly to laser
diffraction, and a particle concentration is attained by mathematical deconvolution through
a matrix (either calculated from a theoretical model or obtained in an empirical way from
measurements with known size fractions of the same material) that contains attenuation
patterns per unit volume of particles in defined size classes. Moreover, to construct the
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model-based matrix, various properties of both particulate phase and dispersion medium
must be known, related to thermodynamic, mechanical, and transport behavior [20,27,28].

For dilute solids concentration, up to 5% (v/v), relatively simple linear models can
be used in which the role of particle–particle interactions is negligible and the ultrasound
extinction is directly proportional to particulate concentration per size class. At higher
solids concentration, up to about 70% (v/v), the role of particle interactions is dominant and
overlaps the acoustical fields of different particles which may become significant in relation
to extinction (depending on material properties), requiring compensation to be adapted
into the model.

These interactions, between ultrasound and particles in a liquid medium, cause atten-
uation of ultrasound by the dispersed phase through thermal, viscous and scattering losses
through (Figure 6) [27]:

1. Oscillating entrainment of particles in the dispersion medium by physical inter-action
of single particles with the plane sound waves, which is particularly relevant for
particles that are small by comparison to the wavelength. Shear friction with the
surrounding medium is introduced, which in turn leads to conversion of acoustic into
thermal energy and, ultimately, to attenuation.

2. Particles scatter the sound waves through diffraction, reflection, and refraction. This
scattering phenomena, usually dominant for particles larger than 3 µm, leads to
acoustic intensities in sideward and backward directions and to intensity losses in
the original, forward direction. For low solid concentrations, single scattering be-
tween sound waves and particles may be assumed, which leads to simple addition
of extinction by different particles. At medium concentration, particle–particle in-
teractions start to occur, which leads to a non-linear relationship between extinction
and particulate concentration, while the PSD information may still be correct. At
high concentrations, the PSD results also start to be influenced by particle–particle
interactions and other effects.

3. Resonance of sound waves in particles, which is particularly significant in deformable,
soft particles, such as in emulsions or soft polymers. It also results in conversion of
acoustic into thermal energy and, again, to attenuation.

4. Particles and medium material have intrinsic absorption of ultrasound at a molecular
level, not related to particle size. It contributes to the signal background, which is
significant at low particle concentrations.

5. Interaction of the ultrasound with the electrical double layer of the particles. This
interaction has been found to be insignificant for acoustic attenuation.

6. Attenuation of sound waves from clusters of particles in the medium, which is more
prominent at high particulate concentration.
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The influence of each of these contributions to the extinction pattern depends on size,
shape, and physical properties of the solids.

Photon-Correlation Spectroscopy (PCS) is also one of several designations used to
describe this technique. Intensity fluctuation spectroscopy (IFS) was also used by several
authors in the past but quasi-elastic light scattering (QELS) technique was the earliest
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designation because, when photons are scattered by mobile particles, the process is quasi-
elastic. QELS measurements yields information on the dynamics of the scatterer, which gave
rise to the acronym DLS (dynamic light scattering), which has become more widespread in
the literature. Transition from the first measurements in a laboratorial setting, circa 1972, to
commercial availability occurred in just 7 years and through the 1970s, DLS gained wide
acceptance among experts in light scattering [29].

The most famous application of dynamic light scattering is the investigation of Brow-
nian motion in a fluid-particle system. Colloidal sized particles suspended in a liquid
undergo Brownian (random) motion resulting from the multiple collisions with the ther-
mally driven molecules of the liquid. Information on the diffusion coefficient of the particles
ensues from the scattered light intensity from these diffusing particles, which will fluctuate
in time, and an autocorrelation function is determined based on this phenomenon (Figure 7).
For Brownian motion the autocorrelation function is an exponential whose decay constant
is a measure for the particle diffusion coefficient which is generally used for particle size
determination [30].
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Dynamic light scattering, being a light-scattering (LS) technique can provide quantita-
tive information on particle size, shape, and internal structure of scattering objects. This
offers several advantages over other particle sizing techniques, namely, instantaneously,
and noninvasively measure an absolute estimate of particle size. However, despite of these
advantages the major limitation of DLS methods lies in their ability in proving an accurate
characterization for flowing heterogeneous and highly polydisperse systems, where much
stronger scattering from larger particles may obscure the scattering from the smaller par-
ticles. Moreover, another point of where DLS falls short is in its over-sensitivity, even at
allow concentrations, to the presence of contaminant size fractions such as filter spoil, dust
from improperly cleaned lab-ware and aggregated or unstable and aggregating samples
skewing distribution-based results [32,33].

An example of for ultrasonic extinction equipment is Sympatec’s Opus which can
characterize PSD with ranges of 0.01 µm to 3 mm and will also determine solids concentra-
tion [16]. Other equipment leveraging dynamic light technique are commercially available
by Malvern Instruments, Sympatec, and Beckman Coulter, amongst others, with different
capabilities but overall typical PSD ranges of 0.3 nm to 3 µm.

Recent advances have been published that tackle in detail some of dynamic light
scattering shortcomings and improvements [29,32,33].

2.2. Particle Shape

Historically, the effect of particle size effect on slurry flow parameters is well doc-
umented in the literature, however, the same cannot be said about the effect of particle
shape. Pipe surface abrasion rate is intrinsically linked to particle shape, with spherical
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particles causing less wear than angular particles. Contact load, transition to elastic to
plastic contact, and maximum concentration of a settled deposit are other factors dictated
by particle shape.

Circularity, aspect ratio, and elongation are the three frequently used shape factors
used to characterize a particle: Circularity measures how similar a particle shape is to a
perfect circle, which is expressed as 4πA/P2 (A is the particle area and P is its perimeter);
Elongation, another quantification of the shape factor, checks the shape symmetrically in
all axes, i.e., shapes such as a circle or square will have an elongation value of zero whereas
shapes with large aspect ratios will have an elongation closer to 1.

The shape factors, the form factor, roundness, elongation, and aspect ratio are the
measures typically associated with particle shape. The shape factors describe the tendency
of a particle to deviate from an ideal geometrical prototype often a sphere. This reasoning
promotes the impression that shape factors are suitable measures of abrasive potential [34–36].

Scanning Electron Microscopy

Optical microscopy (OM) and scanning electron microscopy (SEM) are the predomi-
nant two types of microscopy. The simplest and oldest one, OM, also called light microscopy,
has been used widely for the last few centuries even though it has limited capabilities.
The functioning principle of OM is based on light using one or two compound lenses
reaching a magnification between 400× to 1000× times the original sizes. Scanning electron
microscopy (SEM), which is also recognized as SEM analysis or SEM technique, conversely,
depends upon electron emission and can reach magnifications up to 300,000× and even
1,000,000× (in some modern models), thus allowing access to details and complexity
unachievable by light microscopy [37,38].

A typical SEM apparatus (Figure 8) entails the following components: a high-energy
electron generator, called electron gun; a column with two or more electromagnetic lenses
for electrons to travel through; a deflection system composed of scan coils. An electron
detector for backscattered and secondary electron and finally a chamber for the sample.
Visualization of the scanned images and control of the electron beam are performed through
a computer system.
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Analysis of images attained from SEM enables both the characterization of particle
shape and size descriptors from the 2D particles image (e.g., circularity, convexity, equiv-
alent diameters, projected areas, perimeters, etc.). For particle size characterization an
adequate number of SEM images must be processed by using appropriate software.

Furthermore, the knowledge gathered using SEM imaging, in conjunction with PSD
characterization, about particle morphology provides data that enables the advancement
of numerical modelling [35,39–41].
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2.3. Density (Concentration)

From all solid-liquid slurry physical properties, online characterization of density is,
arguably, the most sought after. Density and concentration are intrinsically connected,
and often considered equivalent properties, through knowledge of the solids and liquid
densities, and the volume or weight fraction of the solids in the slurry.

A wide range of density meters (or densitometers) are available commercially and
providing an exhaustive list is beyond the scope of this review, nonetheless the most known
variations for solid-liquid slurry flow are presented below [16]:

2.3.1. Gravimetric Methods

Gravimetric methods involve the continuous weighing of a section of pipework con-
nected by a flexible cartridge. The material flows through the pipe inducing a slight bend
in the cartridge, which is measured by high precision, caused by the weight of the media.
This deflection is equated to a measurement of mass, effectively acting as a scale. Ear-
lier equipment leveraging gravimetric methods have now been discontinued but more
advanced versions are now commercially available. One such example is Red Meters
equipment (Figure 9), which hold a variety of additional sensors, beyond gravimetric,
measuring parameters such as pressure, temperature, wear, and even velocity in the line to
establish direct measurements of the essential statistical process control variables. One key
advantage of the Red Meter is that the entire volume of pipe is measured, as opposed to
a sample. Available in pipe diameters from 2′′ to 60′′, a Red Meter can withstand highly
abrasive slurries as well as high percent solids [42].
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2.3.2. Ultrasonic Densitometers

Ultrasonic densitometers use a known distance between transmitter and receiver as
well as the measured transit time to calculate the sonic velocity. The measuring instrument
can now calculate the density, as it is dependent on the sound velocity. A broad number of
commercial options for ultrasonic densitometer are available such as the Rhosonics SDM
model (Figure 10) [43].
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2.3.3. Coriolis Mass Flowmeters

All Coriolis force mass flowmeters provide both density and mass flowrate readout
(Figure 11). Additional details on working principle of this equipment are presented in
Section 3.2.1.

Processes 2022, 10, x FOR PEER REVIEW 12 of 46 
 

 

 
Figure 9. Redmeter Rugged picture (taken from [42]). 

2.3.2. Ultrasonic Densitometers 
Ultrasonic densitometers use a known distance between transmitter and receiver as 

well as the measured transit time to calculate the sonic velocity. The measuring 
instrument can now calculate the density, as it is dependent on the sound velocity. A 
broad number of commercial options for ultrasonic densitometer are available such as the 
Rhosonics SDM model (Figure 10) [43]. 

 
Figure 10. Rhosonics SDM-1 model spool installation picture (taken from [43]). 

2.3.3. Coriolis Mass Flowmeters 
All Coriolis force mass flowmeters provide both density and mass flowrate readout 

(Figure 11). Additional details on working principle of this equipment are presented in 
Section 3.2.1. 

 
Figure 11. Proline Promass F 300 Coriolis flowmeter model from Endress+Hauser for mass flowrate 
and density online measurements (taken from [44]). 

3. Characterization of Bulk-Flow (Global) Parameters 
3.1. Slurry Viscosity 

Figure 11. Proline Promass F 300 Coriolis flowmeter model from Endress+Hauser for mass flowrate
and density online measurements (taken from [44]).

3. Characterization of Bulk-Flow (Global) Parameters
3.1. Slurry Viscosity
Viscosimeter

Slurry viscometry’s working principle is on generating a deformation or motion in the
slurry and observing the resultant stresses or vice versa. Typically driven by simple shear
the motion in viscometers, as result the velocity gradient, or the shear rate

( .
γ
)

assumes
importance along with shear stress (τ). For Newtonian behaving fluids, observed for dilute
and non-aggregating suspensions, τ is independent of time and directly proportional to
.
γ alone, where the slope of τ vs.

.
γ is the viscosity µ which is a material constant and is

a function of temperature and pressure. For non-dilute slurry systems, however, the τ
vs.

.
γ plot presents a curved line with concavity or convexity, indicating shear-thinning or

shear-thickening behavior. For such fluids, the τ vs.
.
γ plot is not a constant ratio, but a

function of
.
γ, and is called the apparent viscosity µap. For non-aggregate forming slurries

and suspensions, µap is independent of time and is a function of τ vs.
.
γ [45].

Characteristically, the increase in viscosity of a suspension is directly proportional
to the solids concentration, which is affected by operating shear rate ranges and physical
particle interactions. This latter factor can be subdivided into the following categories [46]:

1. Formation of flocs and aggregates because of interparticle attraction. This phe-
nomenon is more prevalent in fine particle suspensions.

2. Hydrodynamic interactions give rise to viscous dissipation in the liquid.
3. Particle-particle contact brings into play frictional interactions.

Viscosity correlated behavior with solids concentration is as follows: there is a lin-
ear proportional increase between viscosity values and the presence of solids at lower
concentrations, while at low to medium solids concentration the effect of hydrodynamic
interactions dominates. Upon reaching a certain threshold for solids concentration a surge
in viscosity value is observed even with small concentration increments and from medium
to high solids concentration, particle frictional contact becomes more dominant and at very
high solids concentration the particle effect prevails over the hydrodynamic effects [46,47].

Slurry viscosity is measured both as a primary measurement, which is an indication
of flowability, as well as a secondary characteristic of the slurry used to determine solids
concentration, size, and shape. Online characterization of slurry viscosity is of great impor-
tance in industrial processes such as printing inks, coatings, fertilizers, food production,
and pipe transport, to name a few [16].

A wide variety of on-line viscometers geometries are already commercially available
and can be grouped into the following general subdivision:

1. Drag on blade viscometers
2. Moving blade viscometers
3. Moving cylinder viscometers
4. Rotational viscometers
5. Squeeze flow viscometers
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6. Tube viscometers
7. Vibrational viscometers

The viscometer’s geometry selection is usually dictated by factors that include ma-
terial of construction, installation requirements, types of control, operating temperature,
operating pressure, flow condition at the required measuring point, and shear rate range to
be covered by the instrument [48].

The most prevalent types of viscometers found in industrial environments are ro-
tational and tube geometries (Figure 12). For slurry measurements the most common
viscometers are the either a tube or coaxial cylinder [47]. Tube viscometers are generally
once-through batch devices consisting of either a horizontal or vertical length of straight
tube through which the test fluid is passed at varying rates from a reservoir. However, recir-
culating pilot-scale pipeline viscometers can also be used. The coaxial cylinder viscometer
consists of a bob (the inner cylinder) located in a cup (the outer cylinder). The sample is
contained in the annular gap between the bob and cup. This viscometer can be operated
in the controlled-rate or controlled-stress mode. There are two types of controlled-rate
instruments—Couette and Searle. With a Couette, the cup is rotated, and the torque exerted
on the bob by the test sample is measured. With a Searle, the cup is stationary, and the bob
is both the rotating element and the torque driver. In controlled-rate instruments, the bob
or cup is rotated at a constant speed that can be sequentially stepped or controlled by a
steadily changing speed ramp. The resultant torque on the bob is measured by a torsion
spring. In controlled-stress instruments, torque is applied to the bob either in sequential
constant torque steps or by a steadily changing torque ramp, and the resultant speeds
are measured.

Processes 2022, 10, x FOR PEER REVIEW 14 of 46 
 

 

sample is contained in the annular gap between the bob and cup. This viscometer can be 
operated in the controlled-rate or controlled-stress mode. There are two types of 
controlled-rate instruments—Couette and Searle. With a Couette, the cup is rotated, and 
the torque exerted on the bob by the test sample is measured. With a Searle, the cup is 
stationary, and the bob is both the rotating element and the torque driver. In controlled-
rate instruments, the bob or cup is rotated at a constant speed that can be sequentially 
stepped or controlled by a steadily changing speed ramp. The resultant torque on the bob 
is measured by a torsion spring. In controlled-stress instruments, torque is applied to the 
bob either in sequential constant torque steps or by a steadily changing torque ramp, and 
the resultant speeds are measured. 

  
Figure 12. Rotational (left) and tube (right) viscometer geometries (adapted from [47]). 

Widespread adoption of on-line industrial viscometer for process control and 
monitoring has been lacking, even though there are a multitude of viscometer geometries 
and brands. Unsurprisingly, this can be attributed to the viscometer choice, which cannot 
really be made unless one knows which rheological property is meaningful in terms of 
product quality and exactly what is to be measured and within which ranges. Some recent 
studies have been focused on the tacking such issues [45–47]. 

Viscometer geometries and working principles are a very extensive topic and have 
been discussed in detail in literature [48,49]. 

3.2. Mass and Volumetric Flow Rates of Individual Phases and Mixture 
3.2.1. Coriolis Mass Flowmeter 

Beyond its usage in slurry density characterization (Section 2.3.), mass and 
volumetric flowrates of slurry flowing in a pipe can be characterized using a Coriolis Mass 
Flowmeter (CMF) through the measurement of the Coriolis force. The volumetric flowrate 
can be calculated from the measured mass flow rate if the fluid density is known. These 
flowmeters physical working principle is the Coriolis force and given locally by Equation 
(2) where u is the fluid velocity and ω the fluid vorticity [5,6,50,51]. ܨ ൌ 	ݑ	ߩ	 ൈ 	߱ (1) 

The basic application of this principle in pipe flow is shown in Figure 13 where the 
inlet pipe with its L-BEND and short exit section rotate at fixed angular velocity ω. 
Assuming a uniform fluid speed u in the rotating pipe arm of length R, the torque on the 
pipe will be 1/2	߱ܯ	ܽଶ  where ܯ ൌ ଶܦ	ݑ	ߩ	ߨ	1/4  is the mass flow rate. A rotating 
element flowmeter, one of the earliest applications of the Coriolis force flowmeter, which 
was both complex and intrusive in nature, is also depicted in Figure 13 [51]. 

Figure 12. Rotational (left) and tube (right) viscometer geometries (adapted from [47]).

Widespread adoption of on-line industrial viscometer for process control and moni-
toring has been lacking, even though there are a multitude of viscometer geometries and
brands. Unsurprisingly, this can be attributed to the viscometer choice, which cannot really
be made unless one knows which rheological property is meaningful in terms of product
quality and exactly what is to be measured and within which ranges. Some recent studies
have been focused on the tacking such issues [45–47].

Viscometer geometries and working principles are a very extensive topic and have
been discussed in detail in literature [48,49].

3.2. Mass and Volumetric Flow Rates of Individual Phases and Mixture
3.2.1. Coriolis Mass Flowmeter

Beyond its usage in slurry density characterization (Section 2.3.), mass and volumetric
flowrates of slurry flowing in a pipe can be characterized using a Coriolis Mass Flowmeter
(CMF) through the measurement of the Coriolis force. The volumetric flowrate can be
calculated from the measured mass flow rate if the fluid density is known. These flowmeters
physical working principle is the Coriolis force and given locally by Equation (1) where u is
the fluid velocity and ω the fluid vorticity [5,6,50,51].

F = ρ u×ω (1)
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The basic application of this principle in pipe flow is shown in Figure 13 where the inlet
pipe with its L-BEND and short exit section rotate at fixed angular velocity ω. Assuming a
uniform fluid speed u in the rotating pipe arm of length R, the torque on the pipe will be
1/2 Mω a2 where M = 1/4 π ρ u D2 is the mass flow rate. A rotating element flowmeter,
one of the earliest applications of the Coriolis force flowmeter, which was both complex
and intrusive in nature, is also depicted in Figure 13 [51].
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the system since vibration from harmonic resonance in the system and not from the 
electromagnetic drives themselves, adds to the force, altering the results. Moreover, if 
particles deposit in the CMF tube, due to flow velocity below the critical deposition 
velocity, or air is introduced into the system this will cause a variation of the mass flowrate 
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Figure 13. Coriolis force working principle (left) applied for a rotating element flowmeter (right)
(adapted from [51]).

Recent flowmeters based on the Coriolis force are now nonintrusive with small elec-
trically imposed periodic displacements of chosen sections of the flow pipe. The Coriolis
force provides a direct measure of mass flow if the frequency of the displacement is held
constant. Typical geometries are tubes shaped either as U, Z or straight.

A U-shaped Coriolis mass flowmeter, a design most often used in industry settings,
consists of a U-tube with a vibrating electromagnetic drive clamped at each end, and electro-
magnetic sensors to measure the relative phase of the limb vibration. The electromagnetic
drive causes the tube to undergo an oscillatory rotation about the y-axis as indicated in
Figure 14. The rotation induces a Coriolis force in the straight sections of the U-tube when
the slurry flows through the tube. Since the slurry flows in opposite directions in the
straight limbs, the Coriolis force causes oscillatory twisting of the tube about the x-axis.
The Coriolis flowmeter is sensitive to time lag, which is the time difference for detectors
on either side of the driver to measure the same Coriolis meter output signal and pipe
geometry, but is unaffected by changes in slurry temperature, pressure, density, and flow
profile [5,51].
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To function properly this equipment requires isolation from mechanical vibration of
the system since vibration from harmonic resonance in the system and not from the electro-
magnetic drives themselves, adds to the force, altering the results. Moreover, if particles
deposit in the CMF tube, due to flow velocity below the critical deposition velocity, or air is
introduced into the system this will cause a variation of the mass flowrate measurement.
This type of flowmeter is not suited for solid-gas or gas-liquid flows since the assumption
that the flow remains uniform across the pipe cross-section and there is no slip between
phases or compressibility may not hold.
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Coriolis flow meters are commercially available and are used on both academic and
industrial systems and has become a standard due to the advantage to take two measure-
ments of density and mass flow rate, respectively, and can be viewed as true two-phase
meters [5,51].

3.2.2. Magnetic Flux Flowmeter

The simplest implementations of a magnetic flux flowmeter, also known as electro-
magnetic flowmeter, is shown in Figure 15 where an insulating pipe is used as a measuring
section to capture slurry volumetric flowrate by sensing the electric field through two elec-
trodes positioned diametrically opposite one another in the insulated pipe and in contact
with the continuous liquid phase, assumed to be conductive [5,51].
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In a magnetic flux flowmeter, a perpendicular low-frequency magnetic field is gen-
erated to the direction of the slurry flow inducing an electrical potential difference the in
the third (orthogonal) direction, also normal to the pipe, that is quantified by opposing
electrodes in the pipe wall. Any material that is flowing through a magnetic field B, with a
velocity u, will experience an electromotive force E∗ = u× B.

Magnetic flux flowmeters are ideal for measuring conductive liquids as well as slurries
of corrosive and abrasive materials, and most acids, bases, and aqueous solutions and their
measurements are not sensitive to the slurry viscosity, density, or flow disturbances.

Ideally, the slurry volumetric flowrate can be measured in either direction through
the pipe, however, mounting this equipment in a vertical section is preferred where a
uniform solids concentration is observed as opposed to a horizontal location where particles
gradients and settling may occur. In addition, they should be mounted away from elbows
which can result in swirling slurry flow leading to inaccurate measurements and only work
for slurries that are electrically conductive. Measurements using magnetic flux flowmeters
are typically non-intrusive but can be intrusive if the pipeline is operational and installation
of the flowmeter requires stoppage of the system.

These flowmeters are available commercially for academic as well as industrial
slurry pipelines.

3.2.3. Venturi Flowmeters

Venturi flowmeters are simple, inexpensive, remarkably adaptable to wide range of
conditions, which operation results in a small permanent pressure drop and are used for
measuring volumetric flowrate of homogeneous slurries. Venturi meters can be used to
measure the flow of slurries, liquids, gases, and steam through the pressure difference
before and at a pipe constriction.

A gradual constriction in the pipe causes a pressure drop between the converging and
diverging sections due to the increase in velocity as the slurry flows through the constriction
(Figure 16).
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Studies on homogeneous and heterogeneous slurry flow in venturi meters located in
horizontal and vertical pipelines were conducted to determine discharge coefficients. It was
determined that heterogeneous slurries resulted in lower discharge coefficients compared
to homogeneous slurry flow due to wall friction effects, and that discharge coefficients for
vertical flows were similar to horizontal flows [5,51,52].

Although this equipment offers several advantages over similar apparatus, it does
suffer from the drawback that to calculate the slurry velocity, the density of the slurry must
be known. Moreover, the discharge coefficient (CDv) will change due to erosion of the
meter, caused by increased velocity in the constricted area and, typically, the meter will
wear faster than the pipeline. Furthermore, Venturi meters require calibration if they will be
used to measure the velocity of laminar flows, non-Newtonian flows or slurries containing
very large or dense particles. Care must also be taken to ensure the pressure taps do not
become plugged with the solid material of the slurry.

Venturi meters are available commercially and can be used on both academic and
industrial systems.

3.2.4. Capacitance Sensors

The presence of solids inside a medium introduces a variation in the effective dielectric
constant (or permittivity) of the slurry mixture, and this is the basis for the working princi-
ple behind capacitance sensors. These sensors have been widely used to characterize mass
flowrate for non-conducting liquid phases and level control in tanks and are commercially
available in both academic and industrial environments. They are typically mounted either
flush in the pipe wall in direct contact with the flowing slurry or embedded in the pipe
wall, but studies have shown that flush-mounted electrodes have increased sensitivity.
The drawback of flush mounted sensors is that can only be used with solids having a
low conductivity, while embedded electrodes are less sensitive but have a more uniform
sensing field. Capacitance readings are converted into a voltage signal that are a function
of the average flow, flow instabilities, and solids mass flowrate. For solids mass flow
measurements, ring shaped electrodes were used, while for solid velocity measurements,
ring, quarter ring, or pin electrodes were used [12].

Non-invasive capacitance probes embedded in the pipe wall have been used to study
flow rates of non-conductive slurries. It was found that instantaneous permittivity varia-
tions occurred due to movement of the solid particles, and these variations were directly
proportional to the mass flowrate of solids at a constant conveying velocity [53].

More advanced application of capacitance sensors was in the form of an eight-electrode
capacitance sensor capacitance tomography imaging system (Section 5.1.2) to reconstruct
the flow within a pipe. Electrodes were mounted on the outer surface of an insulated
pipe, and data was collected through the measurement of the capacitance between all
combinations of the electrode pairs to generate an image, using a linear back-projection
algorithm, of the dielectric distribution of the pipe cross-section [54].

A major drawback of capacitance sensors lies in their limited application to slurries
with a non-conductive liquid phase which reduces their scope to various processes. Another
issue with capacitance sensors is their sensitivity to electrical noise, which requires filtering
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of the acquired signal. Flush mounted electrodes are subject to erosion from slurry flow
and require frequent and costly replacement. Capacitance sensors are better suited for
gas-solid flows than for liquid-solid flows due to the conductivity of the carrying phase,
and pneumatic transport provides this sensor with a greater range of applications [5].

3.2.5. Acoustic Sensors

Industrial processes possess an abundance of characteristic sounds across a broad
range of frequencies. The technique of monitoring industrial processes using acoustics
is a demonstrated and capable measurement technique. Sound propagates as a wave
a through air and most liquids, and its velocity is dependent on the medium. Another
factor affecting sound propagation is the presence of particles which induces differences
in sound transmission. Acoustic sensors have seen wide application in solid-liquid slurry
flows through either active or passive monitoring, depending on how sound is transmitted
and received. This monitoring technique is non-invasive and regardless of the type of
monitoring, active or passive, requires transducers to be flush mounted on the pipe with
receivers required for active acoustic methods [5,55].

Passive Acoustic Sensors
Passive acoustic measurements are acquired using noise is generated by flow in a

pipeline as a source of information. This noise, or acoustic signal, is a result of solid particles
colliding with the inner surface of the wall where the kinetic energy of particles is dissipated
as sound wave, is then transformed into an electrical signal by the mounted transducer
through the piezoelectric effect. The acoustic signal amplitude is sensitive to variations
in solid concentration, density, flowrate, and viscosity. Studies in the literature have used
passive acoustic sensors to identify flow patterns at specific frequencies. Passive acoustic
sensors are available commercially and these sensors have been used mainly in academic
settings, with limited use in industrial setting due to issues with sound attenuation that
induces scattering of the sound and reduces quality of received signal [55,56].

A case study of the use of a non-intrusive passive acoustic sensor for on-line monitor-
ing of mass and volume flowrates profiles in solid-liquid slurry flows was advanced by
Hou et al. (1999) [55]. Trials employing silica flour particles with an average size (d50) of 13
µm and solids volume fraction between 10 to 40 wt.% were performed in steel pipping with
an internal diameter of 44.5 mm and mass flowrates between 0.7 and 4.3 kg/s and volume
flowrates ranging from 6.6 to 8.4 L/s. A successful quantitative relationship between signal
characteristics and flow conditions was achieved by using multivariate stepwise regression
analysis technique. A less than 5% typical average predicting error was attained for all the
experiment conditions analyzed.

4. Pressures and Pressure Drop

Research in solid-liquid slurry transport in pipelines considers the effect of solids
properties and concentration on the flow velocity profiles and subsequent effects on both
radial and axial pressure gradients. Liquid and solid phases effect on the pressure gradient
are correlated since the liquid flow patterns are affected by the particles. Different flow
regimes can be identified (Section 1.2) through changes in the measured pressure gradients
resulting from different flow velocities. For a specific solids concentrations value there is a
flow velocity where the pressure gradient is minimum, indicating the transition value, for
flow velocity, between stationary bed, and suspended flow [4,5].

As demonstrated in the literature, experimental data for flows with water and sand
particles, correlates the degree of solids settling, or stratification, with pressure drop
measurements. In a study found in the literature three different particles were used for
velocities higher than the critical deposition velocity: all fine sand particles are transported
in suspension; medium-sized sand flow was partially stratified at velocities slightly above
the critical deposition velocity, while at high velocities the flow is not stratified. Medium-
sized sand particles resulted in a higher frictional pressure drop than fine sand at slurry
velocities between 1–4 m/s. The medium-sized sand particles also experienced a larger
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increase in the frictional pressure drop than the fine sand with an increase in concentration;
the flow of coarse sand is fully stratified at a broad range of mixture velocities. The coarse
sand experiences a greater frictional pressure drop compared to the medium and fine
particle slurries, however, the frictional pressure drop was insensitive to the concentration
of coarse particles [57].

Another published study measured pressured drops to ascertain the effect of two
different particle characteristics using silica and zircon sands transported in water. The
sands have different densities but the same particle size range. Pressure drop measurements
were recorded in horizontal pipe sections with solid volume concentrations of 6.5–30.0%
and mean flow velocities of 0.8–2.5 m/s. The authors found that although the pressure
gradient curve for double-species slurry always falls between the curves for individual
components, its location is not equidistant to the single-species curves but exhibit complex
behavior depending on mean particle diameters of individual components [58].

Pressure drop profile measurement enables detection of more complex phenomena
such as turbulence attenuation, which has been very challenging to predict and is of
considerable interest for design engineers, since this would allow slurry flows in pipelines
at energy expenditures similar to those of single-phase flows [59,60]. Extensive work on
turbulence modification can be found on the literature, but mainly for gas-liquid and
gas-solid flows with the following conclusion “small particles will attenuate the turbulence
while large particles will generate turbulence” [61–64]. While this seems to hold true for gas-
solid and gas-liquid flows, recent studies seem to contradict this statement slurry flows [65–67].
In fact, quite the opposite seems to be the case but only for highly concentrated solids
volumetric fractions.

Pressure measurements are attained through taps, or transducers, which are widely
implemented industrial environments. Pressure drop measurement made using pressure
taps are subject to blockage from fluctuating solids concentration, particularly if taps are
located on the bottom of horizontal pipes. Once a pressure tap becomes blocked, pressure
measurements become inaccurate and are not representative of fluctuations within the pipe.
Alternatively, mounting the transducers flush with the pipe wall minimizes or eliminates
completely the blockage issue. Although pressure transducers are commercially available
and quite inexpensive, they have a limited measurement range, and the specific transducer
type used should be tailored to the precise conditions of the application.

Pressure drop measurements are a widely used technique to monitor flow charac-
teristics, although precautions need to be considered as to the location of pressure taps
and the measuring range of the transducer required [5]. Beyond enabling data for pro-
cess control, flow regime recognition, and mathematical model development/validation,
having accurate pressure drops measurements are critical for an energy efficient design
of any solid-liquid slurry flow system. Furthermore, pressure drop data is required to
calculate wall shear stress, a key flow parameter in turbulence modeling to quantify the
fluid–structure interaction [68].

5. Characterization of Distributed (Local) Flow Properties

The subdivision of the following section was based on the number of publications
found in the literature for each technique and how it pertained to their ability to capture
either concentration or velocity profiles. This simplification, with regards to the structural
arrangement, was chosen by the authors to facilitate the act of reading this manuscript.
Nevertheless, as documented on several papers, when a technique is used capture either
both solids distribution and velocities, or other profiles such as turbulence intensity, it is
pointed out in the text.

5.1. Concentration Maps/Profiles
5.1.1. Conductivity Probes

Conductivity probes work on the principle of resistivity, i.e., in a conducting liquid
a potential is applied across electrode pairs establishing a small current correlated with
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the total resistance of the liquid. The presence of non-conductive particles diminishes the
mixture conductivity and, consequently, the current between electrodes [5].

A well-known published work, by Nasr-El-Din et al. (1987), successfully demonstrated
the application of conductivity probes in the characterization of vertical solids concentration
of glass and polystyrene particles, with particle size ranging from 0.19 to 5.5 mm and both
irregular and spherical morphology, flowing in tap water with average velocities up to
4 m/s. As shown in Figure 17 the probe was still large, by comparison to the pipe diameter,
and to help minimize the flow disturbance a conical stainless-steel tip was used possessing
two field electrodes, and two sensor electrodes flush with the surface of the sensor. The
experimental results were validated by other sampling methods and demonstrated the
presence of a high solids concentration at the bottom of the pipe and scattered at the top,
where there is a low solids concentration [69].
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The scope of conductivity probes was extended, from the previous work, to measure
both local solids concentration and local solids axial velocity in solids–water pipe flows
in a study were a plastic probe having six-electrode ring electrodes flush mounted. The
probe design was purposedly chosen to minimize interference to the flow and possessed a
rounded tip to provide ‘streamlining’ (Figure 17) [70].

Conductivity probes are a simple and economical way to acquire data on solid-liquid
slurry flow as shown above, however, they are prone to probe damage requiring constant
replacement, due to the abrasive conditions of slurry flows. Additionally, as most intrusive
techniques, the probe introduces disruptions in the slurry flow and add skewness to the
measured data since the flow is diverted around the probe and does not reflect steady flow
conditions [5].

5.1.2. Electrical Tomography

Electrical Capacitance Tomography (ECT), Electrical Impedance Tomography (EIT),
and Electrical Resistance Tomography (ERT) are the prevalent three modalities of electrical
tomography that are found in the literature. Electrical Resistance Tomography (ERT), a
subset of EIT, is ideal for purely resistive mediums and has seen the broadest application
by virtue of a less complex equipment design. ECT and EIT produce images based upon
variations in permittivity and conductivity, respectively [71].

Comparatively to other tomographic techniques all modalities are low-cost builds,
viable to be portable, and allow for relatively fast data acquisition with simple operation,
increased handling safety (because no harmful radiation is used) and their robust construc-
tion is a good match with most industrial environments [72–75]. A schematic representation
of the main components in an electrical tomographic system is shown in Figure 18.



Processes 2022, 10, 597 20 of 44

Processes 2022, 10, x FOR PEER REVIEW 21 of 46 
 

 

Comparatively to other tomographic techniques all modalities are low-cost builds, viable 
to be portable, and allow for relatively fast data acquisition with simple operation, increased 
handling safety (because no harmful radiation is used) and their robust construction is a good 
match with most industrial environments [72–75]. A schematic representation of the main 
components in an electrical tomographic system is shown in Figure 18. 

 
Figure 18. Electrical capacitance tomography system schematics (adapted from [76]). 

The main apparent drawback with electrical tomography modalities its low spatial 
resolution, which is a commonplace for soft field tomography, usually confined to 
between 3 and 10% of the pipe radius [77–79]. The sensitivity of the spatial resolution is 
intricately linked with the development of more advanced algorithms for inverse problem 
resolution [80–82]. With electrical based tomographic techniques, quantitative and 
qualitative data for cross-sectional profiles can be acquired in a fast and non-invasive 
approach in pipelines or provide information about transient phenomena in a flow. 
Furthermore, information from tomographic measurements is key in the 
development/validation of numerical models and for process control/monitoring [83]. 

Electrical Capacitance Tomography (ECT) 
The characterization of the permittivity within a domain based on its dielectric 

properties is the basis that supports ECT. To that effect the measurement variations of 
capacitance between electrode pairs is used to generate a cross-sectional image 
representing the permittivity distribution. 

Amongst electrical tomographic techniques ECT sensors design is typically more 
complex, allowing for electrodes to be placed externally or internally, if the domain is 
made of an insulating or conducting material, respectively. Typically, external electrodes 
offer the advantage of an easier design and maintenance as they remain unaltered for 
longer periods of time, since no contact occurs with the materials within the domain, 
hence not being subjected to extreme temperatures, pressure, or turbulence. Conversely, 
their main inconvenience is the non-linearity in the characteristics, thus enforcing the need 
for correction factors [84]. Design complexity is a drawback of internal electrodes since 
they are typically flush mounted and may have to withstand contact and wear due to 
extreme conditions within the domain. The added benefit of this configuration is that 
changes in capacitance can be assumed to be directly proportional to the changes in 
permittivity inside the domain. 

Beyond the added sensor complexity added difficulties arise when dealing with 
conductive materials for electrical capacitance tomographic systems, although some 
efforts to overcome the latter limitation are present in the literature [85]. Thus, it is more 
suited for processes dealing with insulating mixtures of different permittivity. ECT is a 
fairly low-resolution imaging technique but possesses a good overall accuracy for volume 
fraction estimation in flows of disperse systems [86] or supply information on the particle 
velocity via cross-correlation of the cross-sectional averaged time series [87]. The images 
can be used in deciding on the adequate control actions to be taken. 

Electrical Impedance Tomography (EIT) 

Figure 18. Electrical capacitance tomography system schematics (adapted from [76]).

The main apparent drawback with electrical tomography modalities its low spatial
resolution, which is a commonplace for soft field tomography, usually confined to be-
tween 3 and 10% of the pipe radius [77–79]. The sensitivity of the spatial resolution is
intricately linked with the development of more advanced algorithms for inverse problem
resolution [80–82]. With electrical based tomographic techniques, quantitative and qualita-
tive data for cross-sectional profiles can be acquired in a fast and non-invasive approach
in pipelines or provide information about transient phenomena in a flow. Furthermore,
information from tomographic measurements is key in the development/validation of
numerical models and for process control/monitoring [83].

Electrical Capacitance Tomography (ECT)
The characterization of the permittivity within a domain based on its dielectric proper-

ties is the basis that supports ECT. To that effect the measurement variations of capacitance
between electrode pairs is used to generate a cross-sectional image representing the permit-
tivity distribution.

Amongst electrical tomographic techniques ECT sensors design is typically more
complex, allowing for electrodes to be placed externally or internally, if the domain is
made of an insulating or conducting material, respectively. Typically, external electrodes
offer the advantage of an easier design and maintenance as they remain unaltered for
longer periods of time, since no contact occurs with the materials within the domain, hence
not being subjected to extreme temperatures, pressure, or turbulence. Conversely, their
main inconvenience is the non-linearity in the characteristics, thus enforcing the need for
correction factors [84]. Design complexity is a drawback of internal electrodes since they
are typically flush mounted and may have to withstand contact and wear due to extreme
conditions within the domain. The added benefit of this configuration is that changes in
capacitance can be assumed to be directly proportional to the changes in permittivity inside
the domain.

Beyond the added sensor complexity added difficulties arise when dealing with
conductive materials for electrical capacitance tomographic systems, although some efforts
to overcome the latter limitation are present in the literature [85]. Thus, it is more suited for
processes dealing with insulating mixtures of different permittivity. ECT is a fairly low-
resolution imaging technique but possesses a good overall accuracy for volume fraction
estimation in flows of disperse systems [86] or supply information on the particle velocity
via cross-correlation of the cross-sectional averaged time series [87]. The images can be
used in deciding on the adequate control actions to be taken.

Electrical Impedance Tomography (EIT)
The first recorded application of EIT as a visualization technique was in the geological

field around 80 years ago and its inception is ascribed to John G. Webster as published in
1978 [88]. The first practical application, dubbed Applied Potential Tomography, occurred
in 1984 by Barber & Brown [89] for the imaging of a human forearm and, subsequently, EIT
has seen various applications in the medical field ranging from breast cancer detection to
monitoring brain function and strokes [90–92].
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The application use of EIT in industrial environments is somewhat recent with a
wide array of potential applications detect air bubbles in process pipes to monitor mixing
processes, amongst other applications.

The main difference between Electrical Impedance Tomography and Electrical Re-
sistance Tomography (a particular case of EIT) is that for the latter only the resistive
component, detected by the in-phase measurement, is measured. For EIT beyond the
resistive component, the capacitive component is also quantified, by the quadrature phase
measurement [77], i.e., both the differences in real and imaginary parts of the impedance
are captured [93–95]. Both EIT and ERT are adequate to characterize processes where the
continuous phase is electrically conducting.

In EIT, the characterization of the distribution of the electrical field is used to infer
information on the materials within the domain. To that effect, an electrical field is generated
by imposing an electrical current through a set of electrodes placed in the boundary of
the domain under study [96]. The resulting electrical potentials at the domain perimeter,
conditioned by the material distribution within said domain, can be measured using
the remaining electrodes, and those values are fed to an inverse algorithm to attain the
previously unknown conductivity/resistivity distribution.

Electromagnetic Tomography (EMT)/Magnetic Induction Tomography (MIT)
Electromagnetic tomography (EMT) is also known by the following designations in

the literature: magnetic induction tomography (MIT), eddy current tomography, and eddy
current testing. It is a non-destructive imaging technique that maps the electromagnetic
properties of an object by using the eddy current effect [97].

EMT does not require direct contact with the medium being examined, which is one
of its several advantages, making it particularly useful for industrial environments, since
in some applications the placing of contact electrodes is cumbersome, if not impossible.
Another advantage is the possibility to characterize fully metallic materials or mediums,
i.e., with a very high conductivity; in ECT and EIT, the trans-impedances and permittivities,
respectively, would be very small indeed and difficult to be measured [97–99].

There are some drawbacks when using EMT, namely, the capacitive coupling excitation
coil and a receiving coil that contaminates the measured value at the receiver. To get the
actual magnetically induced value eliminating the capacitive coupling is needed. Typical
techniques to reduce the effect of capacitive coupling are physical magnetic screening,
differential amplification or by phase-sensitive detection. Also, the information about the
conductivity profile of the medium is carried in the EMT secondary signal and it steadily
weakens and becomes superimposed by the primary signal from the EMT transmitter.
Improving the measurement sensitivity can be achieved by the subtraction method, i.e., a
method of overlapping the excitation and sensing coils to reduce the primary signal (this
is only effective for the sensing coils immediately adjacent to the excitation coil) or using
a separate sensing coil, but this method is unlikely to be practical in a multipolar MIT
system [97].

The development of EMT, in tandem with ECT and EIT, provides three fundamental
electrical tomography techniques based on the measurement of inductance, capacitance
and impedance, respectively. Collectively these techniques are able to map magnetic per-
meability (µ), electrical permittivity (ε), and electrical conductivity (σ) [100]. A comparative
synopsis of ECT, ERT, and EMT techniques is shown in Table 1.

Electrical tomography applications in solid-liquid slurry flow
The great majority of electrical tomography publications present in the literature

pertain to applications in an academic environment, a gradual transition to industrial
plants is slowly occurring.
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Table 1. Comparison of electrical tomography techniques: ECT, EMT, and EIT (adapted from
[100,101]).

Tomographic
Technique

Type of
Sensor

Sensor
Configuration

Electrical Properties
Measured Target Materials

Potential
Industrial

Application

Capacitance
Capacitive plates
(non-intrusive and
non-invasive)
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Electrical capacitance tomography (ECT) application spans several industrial fields,
such as characterizing the hydrodynamics of gas-liquid packed beds [102], measuring
solids concentration in a cyclone separator [103], monitor flow regimes during hydraulic
and pneumatic conveying [86,104,105], study low water fraction foams [106], to combustion
phenomena in an internal combustion engine [107], just to name a few. An example of ECT
application in slurry flow is found in the literature depicting the characterization of both
Newtonian and non-Newtonian dense solid-liquid settling slurries in a 3-in stainless steel
straight horizontal pipeline. Experiments on critical deposition velocity were performed
with a relatively high superficial velocity of 3−4 m/s with glass, alumina, and stainless-
steel particles having densities of 2500, 3770, and 7950 kg/m3, respectively, and PSDs
ranging from 1 to 200 µm recording the solids distribution over the cross section, including
observation of the deposited bed layer [108].

Similarly to ECT, ERT has seen diverse applications in the visualization of swirling
flows [96], in the improvement of a differential pressure flow meter (Venturi type) in
two-phase measurements [109], 3D imaging of concrete [110], controlling the emulsion
process of a sunflower oil/water mixture [111], investigation of the influence of the reactor
geometry on multiphase processes typical of pharmaceutical industries [112] amongst
others. In a more indirect way, this technique was also used to provide valuable data for the
refinement of Computational Fluid Dynamics (CFD) models in slurry mixing [113]. Several
studies have demonstrated the potential and benefits of incorporating ERT in slurry flow
characterization: namely, combining the image reconstruction and the direct interpretation
of ERT measurements, allows analyzing the slurry flow regimes and transitions for slurry
concentrations up to 20% v/v and velocities up to 2.2 m/s. A mixture of tap water and
non-conductive glass beads of 100 µm diameter and with a density of 2500 kg/m3 was
used for the experiments in a 3-in. diameter and is 10-m long horizontal pipe [114]; in-situ
measurements to study the flow rates of individual phases carried out with a 50 mm vertical
flow rig using sand slurries with median particle size from 212 µm to 355 µm. The solid
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concentration by volume covered was 5% and 15%, and the corresponding density of 5%
was 1078 kg/m3 and of 15% was 1238 kg/m3 with flow velocities between 1.5 m/s and
3.0 m/s [115]; electrical resistance tomography (ERT) was used to confirm flow patterns
to validate numerical models in a study about damage by erosion in a 78 mm bore pipe
loop using a mixture of water and 2 mm sand particles with a relative density of 1.45 and a
nominal in situ concentration 5% (v/v).

EIT has been employed, for instance, in the study of paste extrusion [116], in the
mixing of two miscible liquids in a turbulent flow in a papermaking trump-jet system [117],
in the monitoring of 3D drug release as a function of time [118] and for the visualization of
conductivity in a cell culture [119]. For solid-liquid slurry flows EIT was used in a study
to successfully characterize particle distribution profiles, against a sampling probe, in a
0.1 mm horizontal pipe cross-section with two average particle sizes, 0.15 and 0.5 mm,
volumetric flowrates of 28, 56 and 84 m3/h and increasing volumetric concentration up
until 11.0% (v/v) [83]. Although no publications applying EMT to solid-liquid slurry flow
characterization were found in the literature by the authors at this time, nevertheless this
technique has shown great promise in detecting damages in metallic pipelines, which is
a subject of great concern in solid-liquid slurry flow with a settling nature [120,121] and
tracking volumetric fractions in multiphase flows [122].

More comprehensive depictions of electrical tomography applications in the scope of
industrial chemical engineering can be found in the literature [18,79,91,101].

5.1.3. Microwave Sensors

Microwave sensors development occurred circa 1950s as a result from the need to
develop superior methods to quantify permittivity and its relation to physical properties of
materials and mixtures. However, due to limitations concerned with availability, processing
power, space, and high price microwave sensors application was circumspect to only a few
fields of study. Recently, with the increasingly growing interest, and benefits, in automati-
zation of industrial processes, allied with the development of solids state components in
recent decades, have paved the way to produce sophisticated, yet simple and inexpensive,
microwave sensors as measuring devices resulting in a significant proliferation of industrial
and commercial applications. As a result, microwave sensors have seen application in
many of the measurements issues such as distance, movement, shape, particle size, and
material properties [123].

Microwave sensors working principle is centered around the interaction between
microwaves and particles which can be as refection, refraction, scattering, emission, ab-
sorption, or change of speed and phase. Sensor’s classification is dependent on how their
arrangement and which phenomenon is being characterized, however, the most important
group consists of resonators, transmission sensors, reflection and radar sensors, radiome-
ters, holographic and tomographic sensors, and special sensors. Their working principle
lies on the interaction between microwaves and the medium of propagation which is
ultimately determined by the relative permittivity of the medium, i.e., different materials
have different permittivities, and mixture permittivity depends on the permittivity of each
component, and based on this information can be obtained regarding the composition of
the slurry [123].

A number of advantages distinguishes microwave sensors from other application,
namely: they don’t need physical contact with the object/medium enabling online non-
intrusive measurements from a distance; microwaves penetrate all materials except for
metals, allowing for volume characterization rather than just the surface; are specifically
well suited for measurements of systems with water and other materials suspended due to
the high contrast between materials; they are insensitive to environmental conditions such
as vapors and dust or high temperatures; the power levels involved of no-ionizing radiation
makes them safe to use; they are fast, when compared to other sensors; and finally, they
do not affect the object/medium being characterized. This technique offers the advantage
of applicability in situations where conventional electrical techniques for measuring the
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solids content of slurries fall short, such as for slurries with a high salt content where
large electrical conductivity masks result. There are, however, some drawbacks associated,
such as the correlation between cost and frequency, i.e., the higher the frequency the
higher the cost of the sensor, although values have been decreasing over time; specificity is
another downside of microwave sensors, i.e., these sensors require adaptation for specific
applications, such as calibration for each material tested. Moreover, microwaves utilize long
wavelengths and as such spatial resolution of the flow is limited. Also, because microwave
sensors cannot penetrate metal surfaces, pipeline modifications are required, which include
a non-metallic window to allow microwaves to penetrate the slurry [5,123].

Microwave sensors are commercially available for use in the laboratory or by industry
with applications in the determination of solid particle concentrations in the slurry and
level measurements. Microwave sensors operate best for slurries of liquids with small
particles having a dielectric constant greater than 10 [5]. In a study found in the litera-
ture, using a microwave sensor to quantification of solids in kaolin-in-water slurries and
demonstrated that the dielectric constant and the loss factor of slurries are strong functions
of the concentration of suspended solids, and typically, decrease with an increase in the
concentration of suspended solids [124].

5.1.4. Microwave Tomography

Microwave tomography (MWT) is an advanced iteration of microwave sensors and is
a technique for studying the typically used to study the structure of the flow in a pipe and
is particularly suited for multiphase flows producing various flow regimes, like annular
flow, bubble flow, mist flow, churn flow, and slug flow.

Industrial applications of microwave tomography systems have different requirements
from that for medical imaging systems, i.e., beyond the spatial resolution, high temporal
resolution or real-time imaging are also important for high-speed flows. Depending on the
specific application, both quantitative imaging (displaying phase distributions, patterns, or
shapes) and qualitative imaging (quantifying dielectric or permittivity values from which
other physical parameters, such as density, moisture content, and phase fraction, may
be attained).

The purpose of a microwave tomographic system is quantifying the dielectric proper-
ties of an object, such as dielectric constant εr or dielectric contrast s, through data from
the scattered microwave field measured around the object/medium which is then recon-
structed into an image. Typically, the hardware for a microwave tomography system is
comprised of circuits for microwave signal generation and detection, antennas for mi-
crowave signal transmitting and receiving, and a personal computer from data processing
and image reconstruction. An example of schematics for a microwave tomography system
in shown in Figure 19.
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Several applications of the microwave tomography are documented in the literature for
mass flow measurement of bulk solids flow [126], imaging flow patterns, and quantification
of amount of ice floating in water during a phase transition study [125], and coupling of
MWT with Augmented Reality (AR) to develop a complete data processing and visualizing
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workflow for a microwave tomography (MWT) controlled industrial microwave drying
system [127]. To the best of the authors knowledge no publications on the application of
MWT for solid-liquid slurry flow are present in the literature.

5.1.5. Acoustic Sensors

Passive Acoustic Sensors
Beyond flowrate characterization as depicted previously (Section 3.2.5) the use of

passive acoustic sensors was also extended by Hou et al., (1999) to online monitoring of
solids concentration profiles in solid-liquid slurry flows using the same trials and conditions
depicted in Section 3.2.5 [55].

Active Acoustic Sensors
Active acoustic sensors use ultrasonic signals to peer optically opaque fluids and

solid-liquid slurries with the advantage of not being meaningfully impacted by process
conditions. The types of sensors have a dual nature, i.e., they are both transmitters and
receivers of acoustic waves: electrical signals are converted into ultrasonic waves, intro-
duced in the medium being characterized and interact with particles present, and finally
the received the reflected ultrasonic waves are converted again into electrical signals to
be read. Typically, with these active acoustic systems transducers are mounted flush on
the pipe at a specified spacing, and at different angles to the pipe wall. Fluid velocity is
measured by transmitting alternating ultrasonic signals between the two transducers, first
in the opposing direction of flow and then in the direction of flow; the difference in signal
transit times due to the Doppler Effect is proportional to fluid velocity [128]. An example
of the transducer and receiver set-up for a slurry is shown in Figure 20.
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Active acoustic sensors are available commercially and have been applied in industrial
systems with such applications as: characterizing the properties of the particles in a solid-
liquid slurry flow [129]. In a horizontal test section of a recirculating pipe loop with an inner
diameter of 42.6 mm concentration profiles were accurately and successfully measured for
glass spheres and plastic beads with 3 and 1% (w/w) particle concentration, respectively,
and an average particle size (d50) of 77 µm and Re = 25,000 in both cases. Moreover, active
acoustic sensors also have been deployed in detecting oversized materials in pipeline slurry
flow [130] and real-time process monitoring of viscosity for water-based solutions and
slurries [131].

Ultrasonic Velocity Profiling
The first application of ultrasonics for velocity measurements occurred in the 1970s

with the purpose of measuring the average blood velocity flowing in small diameter pipes.
The works of Fox [132] have been credited by different authors as the first to implement
UPV theoretically and experimentally to form a velocity profile [17,133].

Ultrasonic Velocity Profiling (UVP) also known as Ultrasonic Pulse Doppler Velocime-
try (UPDV), Ultrasonic Pulse Velocimetry (UPV), or even designated Ultrasound Doppler
Velocimetry Profiling (UVP), is based on the Doppler shift in the frequency of an ultrasonic
wave by interacting with a moving particle. The Doppler shift of scattered transmitted
ultrasonic pulse through the suspensions is converted to the relative velocity of the dis-
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persion particles [17,134,135]. UVP is non-invasive and inexpensive, when compared with
other existing techniques, portable and easy to implement, contrarily to other velocity
profile measuring techniques [136].

In a recent UVP application in solid-liquid slurry flows the authors modified a com-
mercial UVP system correcting the ultrasound refraction accounting for the presence of
solids in a homogeneous solid-liquid suspension. The experiments were conducted for
mass concentrations up to 0.045 kg/L using 60 µm Fluid Catalytic Cracking (FCC) particles
in water flowing in a 30 mm diameter vertical tube and Reynolds number up to 4500.
An increase in the attenuation coefficient of the received echo energy is observed with
increasing solid concentration and a calibration curve can be inferred by this relationship,
resulting in a proposed model that relates solid holdup and the received echo energy [137].

In another publication ultrasonic studies were performed to recognize attenuations
peaks and to distinguish between flow regime transitions. For these studies glass beads
with diameters of 43, 110 and 168 µm suspended in distilled water inside a plexiglass
column of 0.102 m inside diameter. Settling experiments were also conducted with a total
suspension height of 0.528 m and the concentration of solids in the suspended slurry was 28
vol.%. It was observed that the viscous absorption losses caused dissipation of the acoustic
signal when the flow regime changed from suspended to settled bed. With these results,
the potential of UVP was demonstrated as an on-line monitoring technique for suspensions
flow regimes and particle distribution [138].

5.1.6. Surface-Plasmon-Resonance Sensor

Surface-Plasmon-Resonance Sensor (SPRS) is fairly recent technique [139] based on
light-induced surface plasma wave oscillations, was used to detect particle loading and
the effective refractive index (Figure 21) [140]. Reflectance occurs when the angle of
incidence exceeds the critical angle of reflection, and only the evanescent component of the
p-polarized light wave penetrates the medium, and decays exponentially perpendicular to
the metal film-slurry interface of the prism. The reflectance intensity is expressed as:
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Minimum reflectance occurs at angleϕsp, caused by the generation of surface plasmon
resonance. From resonance, a surface plasmon, which is a collective oscillation of a charge
cloud along the metal film surface, is generated and the incoming energy from the light
beam is transferred to the generation of the plasma oscillation of the charges, resulting
in reflectance from the film-slurry interface that decreases at an angle of incidence that
corresponds to the resonance condition.

Jaaskelainen et al. (2002) [140] determined that for a calcium carbonate slurry, the
surface plasmon resonance angle increases towards a higher angle of incidence with an
increase in solids loading. The reflectance minimum is also dependent on solids loading,
with a non-linear relationship. The authors surmised that, in principle, SPRS can provide
a sensor that is to monitor the quality of a slurry either in the process line of pigment
manufacturing or in the process slurry quality inspection in paper making.

The advantages of the SPRS over other optical techniques are: relatively high load-
ings can be measured (beyond the concentration limit where normal Attenuated Total
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Reflectance (ATR) reflectometer is no more reliable); simultaneous information of the ab-
sorption and refractive index of the slurry is obtained; the light beam can be focused on
the metal film–slurry surface which simplifies the system; the sensor is simple, easy to
construct and relatively cheap.

Nevertheless, despite the promising application of this newer technique, there are
some drawbacks, namely, the resonance sensor requires calibration prior to, as well as after
measurements. This is due to the erosion/stability of the silver/metal film on the prism
face by the slurry. A more durable film requires investigation before future developments
involving this technique can be made [139,141].

5.2. Velocity Maps/Profiles
5.2.1. Pitot Tube

A Pitot tube is a differential pressure anemometer that allows for the measurement of
a single, localized velocity component, when it is aligned streamwise to the flowing fluid.
They are an inexpensive option that is simple to operate, even under extreme pressure
and temperature conditions. This technique is commercially available and have been used
extensively in both industrial and academic studies [5,142].

The types of pitot tubes commercially available are (Figure 22): basic pitot tube which
consists of a tube pointing directly into the fluid flow; the static pitot tube which consists of 2
tubes that may be separate or concentric: the opening of the impact tube is perpendicular to
the slurry flow direction, and the opening of the static tube is parallel to the flow direction;
and averaging pitot tubes which are similar in principle to the static pitot tube which
span the cross-section of the pipe and contain multiple openings perpendicular to the flow
direction to provide a measurement of the average velocity [143,144].
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Pitot tubes equipment requires continuously purge to prevent plugging of the openings
with solid particles so accurate measurements of the fluid velocity of liquids, gases, and
steam can be performed. Furthermore, measurements are also affected by flow interferences,
obstructions, valves, and fittings which may result in velocity changes and turbulence. This
implies that they must be installed in a straight section of pipe away from elbows to ensure
that the flow has accelerated following the exit from the bend, and the tube openings must
be exactly perpendicular and parallel to the flow as misalignment can result in inaccurate
measurements.

In a study using sand-water suspension with an average particle size of 0.91 mm and
density of 2.65 velocity profiles were measured using Pitot-tube system. Experiments were
carried out with solids concentration up to 10% and an average velocity of up to 2.4 m/s in
an 18.35 m length and 33 mm horizontal pipeline [145].

5.2.2. Conductivity Sensors

Both intrusive and non-intrusive conductivity probes share the same working princi-
ples (Section 5.1.1) and are commercially available for use in academic and
industrial settings.
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Conductivity probes are quite capable measuring slurry velocities through conduc-
tivity fluctuations, resulting from difference in conductivity between the particles and the
water, as the particles travel in the pipe. This is achieved by using two conductivity probes
separated over a length of pipe that can detect conductivity fluctuations due to movement
of the solid particles; the measured signals will be similar for each sensor but (out of phase)
shifted in time due to the time required for the slurry to travel between the probes. The
slurry velocity, and therefore the slurry flowrate, can be determined using the distance
between the conductivity probes and the time required for the flow pattern to match on
each sensor [5].

Additionally, solids concentrations can also be attainable using these sensors as shown
in studies where tests were conducted correlating conductivity fluctuations in the solid’s
concentration. In a study by Klausner et al. (2000) [146] using silica sand and phosphoric
tails with 5 different size ranges, 0.1 mm to 15 mm, a conductivity sensor was to depict
the local variation of solids concentration in a 150 mm diameter sensor with flowrates
up to 2877 L/min and mean mass solids concentration of 58.8%. It was observed that
solids concentration fluctuated around a mean, for steady state, with the fluctuations
corresponding to a moving bed of sand along the pipe bottom. The sensor also detects
the loading and discharge of solids from the system, which served to further demonstrate
the sensor’s capability in capturing flow trends as well as sensitivity to small particle
concentration changes. For these tests forty-eight stainless steel electrodes were mounted
flush with the inner pipe wall, around the circumference of the horizontal pipe, with the
reference electrodes at the top and it was observed that for high density solids the slurry
concentration is typically uniform in a horizontal plane due to gravitational stratification,
and that the local concentration around the pipe periphery approximates the average pipe
concentration (Figure 23).
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In spite of the recognized advantages of these sensors, conductivity probes still suffer
from hindrances such as the need for calibration with the specific materials prior to their
use in the system. Furthermore, sensors are very sensitive to variations in the electrical
conductivity of slurry, i.e., the liquid must have a constant composition to regulate the con-
ductivity before it is altered with the addition of solid particles. Conversely to capacitance
sensors (Section 3.2.4), conductivity is difficult to apply to non-aqueous slurries due to
low liquid electrical conductivity. As a result, this is a useful method to determine solids
concentration based on the sensitivity of the sensor; however, its applicability is limited by
the requirement of an aqueous liquid.

5.2.3. Acoustic Sensors

Ultrasonic Velocity Profiling
UVP measurements convey quantitative spatial-temporal information about the ve-

locity field as a function of time which can be acquired without prior knowledge of the
flow. The instantaneous velocity profile is a fundamental quantity in fluid flow studies and
one of the most changelings to attain. Its applicable in opaque media and allows for flow
mapping, due to its inline measurement, which is important as a source for experimental
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that allows comparison with numerical data in Computational Fluid Dynamics (CFD)
code validation.

Harbottle et al. (2011) [147] worked with colloidal silica-water suspensions and used
UVP for the determination of the minimum transport velocity and velocity fluctuations
(turbulence). The study was conducted using a 26 mm N.B. horizontal pipe loop for
two different suspension concentrations (12% and 21% by mass in 10−4 and 1 M KNO3
electrolyte) showing that the critical transport velocity can be reduced when the suspension
is transformed from a dispersed (d50 1

4 0.8 mm) to an aggregated (d50 1
4 4.6 mm) state. Such

behavior is related to the introduction of inter-floc flow through aggregates, enhancing the
turbulence intensity of the fluid. Chemloul et al. (2009) [148] measured particle diameter
and volumetric concentration effects on the local velocity and concentration in a solid-
liquid suspension flow in a horizontal closed loop made of glass pipes with an internal
diameter D of 20 mm with the test section realized in a Plexiglas box which is 150 mm long,
100 mm wide, and 50 mm high, was located at 75D downstream of the pump where the
flow was fully-developed. The particles used in this study consisted of glass beads with
a density of 2640 kg/m3 and four diameters 0.27, 0.3, 0.4, and 0.7 mm. The volumetric
concentrations of the glass beads used in the suspension are 0.5%, 1%, 1.5%, and 2%; above
that concentration, attenuation of the ultrasonic integral occurred. For finer particles, the
suspension behaved as a homogeneous fluid. For larger particles different flow regimes,
such as saltation and heterogeneous flows, were observed. These regimes were dependent
on flow velocity, particle diameter, and concentration. The slip velocity, which is related
to the particle-fluid interaction, was also dependent on the flow regime. An important
observation for larger particles was the turbulence attenuation that occurred for increased
particle concentrations. By using two identical transducers for simultaneous measurements
of velocity and local concentration, was able to ascertain that the particles modified the
turbulent length scale of the continuous phase.

The use of UVP has been ubiquitous in a variety of fields of study and to review all
pertinent publications in every field is beyond the scope of this thesis. A more in-depth
analysis of UVP applications can be found in the literature by Powel [17] who dedicated a
section in his review where an assortment of examples is presented.

5.2.4. Laser Doppler Velocimetry

Laser Doppler velocimetry (LDV), also known as laser Doppler anemometry (LDA), is
a technique using the Doppler shift in a laser beam to measure the velocity in transparent
or semi-transparent fluid flows or the linear or vibratory motion of opaque, reflecting
surfaces [149]. This non-intrusive optical measurement technology, commercially avail-
able for both academic and industrial uses, is an optical sensing method for local, point
measurements which include flow velocities, volumetric flows, fluid direction, and solids
concentration. These measurements are independent of the ambient conditions of the flows
and are due to the light scattering of the solid particles.

In a LDV system (Figure 24), laser light scattered by moving particles is detected
and converted into velocity information and this technique works well with sufficiently
transparent flow where scattered light can reach the detector.
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Laser Doppler velocimetry offers unique advantages in comparison with other fluid
flow characterization techniques, such as non-contact measurements where the laser focus
on the flow without disturbing it, only requiring a transparent medium with a suitable
concentration of tracer particles (or seeding); no need for calibration since optical elec-
tromagnetic waves can be considered unaffected by temperature or pressure; and high
spatial and temporal resolution, since the laser can define a very small measuring volume
provides good spatial resolution and yields a local measurement of Eulerian velocity. This
small measuring volume, in tandem with fast signal processing electronics enables high
bandwidth, time-resolved measurements of fluctuating velocities, ultimately providing
excellent temporal resolution [150].

Optical techniques usually suffer from the same drawback, i.e., when the slurry
becomes opaque at high solid concentrations resulting in scattered light being restricted
or blocked from reaching the detector, with light significantly diffused in all directions
by reflection and refraction effects due to randomly distributed particles. Large particles
produce LDV signals with larger amplitudes. The laser beams create an unequal intensity
distribution in the measuring volume with the highest intensity in the center and decreasing
towards the edge. Due to the unequal distribution, the LDV signal from a small particle
passing through the center of a measuring volume may have the same or even larger
amplitude as the signal from a large particle passing through the edge of the measuring
volume. This “cross-talk” effect is a contributor to inaccurate measurements with the
signal amplitude discrimination method [151]. LDA measures large and small particle
velocities, with the small seed particles contributing to the solid volume fraction. When the
laser beam is interrupted by large particles, it is unable to measure, resulting in a reduced
sample time that requires correction factors. LDV and LDA are useful methods for velocity
measurements of dilute slurries, but their use is limited by the opaque natures of slurries,
and index matching may not be an option if the mixture specifications do not allow for the
addition of seed particles. However, use of the refractive index matching technique, where
the refractive indices of the fluid and particulate are nearly matched, may help overcome
the problem of limited transparency for high solid concentration slurry flows [151,152].

Chen and Kadambi (1995) [153] employed Laser Doppler Velocimetry (LDV) to dis-
criminate between individual solid and liquid phase local velocities in refractive index
matched slurry flow composed of a filtered 50% sodium iodide solution and silica gel parti-
cles of average size 40 µm. The liquid phase local velocities are obtained from the sodium
iodide seed particles (<5 µm) present in the solution which are presumed to follow the
liquid. Tests were conducted in stationary bed, saltation, heterogeneous, and homogeneous
slurry flows regimes with solids concentration up to 25% in a wide range of Reynolds
numbers from 800 to 14,000. LDV shown to be capable of providing the difference between
the solid and liquid phase velocities in the saltation and heterogeneous flow regimes for
low turbulence intensities (~<10%) and solid concentration as high as 25%. Representative
results showing the differences between the solid and the liquid velocities for 15% slurry
pipe flow in heterogeneous flow regime are presented.

Laser Doppler Anemometry (LDA) was used to examine the lateral phase distribution
and the velocity field of ceramic and expanded polystyrene particles with a 2.32 and 1.79
diameter, and having a specific gravity of 2.45 and 0.032, respectively [154]. The vertical test
section was constructed with an inside diameter of 36 mm using a material with the same
refraction index as water, optically clear transparent fluorinated ethylene propylene (FEP).
Phases distribution and turbulence structure were characterized for solid-liquid upflow
in a pipe, where the velocity, turbulence intensity, and Reynolds stresses were measured
using a two-dimensional LDA. The LDA system allowed for accurate measurements of
both the solid- and liquid-phase velocities.

5.2.5. Particle Tracking Velocimetry/Particle Image Velocimetry

Similarly, to Laser Doppler Velocimetry, Particle Tracking Velocimetry (PTV), and Par-
ticle Image Velocimetry (PIV) are laser-based velocity measurement techniques. The main
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difference lies in the way measurements are performed, where LDV measures velocities at
one point at a time, PTV and PIV provide a global view of instantaneous velocities in two
or three dimensions [150].

PTV is one of the oldest measuring techniques for flow characterization and it also
known as low particle number density PIV. Velocity measurements from the displacement
of particles in a moving fluid during a prescribed time interval is a commonality shared by
both methods, however, PTV tracks the trajectories of individual particles while PIV tracks
the mean displacement of a small group of particles. In PTV, the acquired data is a time
sequence of individual tracer particles in the flow. In order to be able to track individual
particles from frame to frame, the seeding density needs to be small [155].

A typical PTV/PIV system is composed by a laser light source, an optics module
to develop the sheet of light illuminating a plane in the medium being characterized.
Additionally, a recording device and image processing equipment/software (Figure 25).
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Figure 25. Particle Image Velocimetry (PIV) system schematics.

Two successive pulses of light only a fraction of a second apart are generated and
the positions of the particles are recorded using the camera, and then analyzing and
cross-correlating the two image frames fluid velocities are measured based on particle
displacements over the time interval. Accurate instantaneous flow velocity measurements
are affected by an important factor, the time between exposures, which should be small
compared to the time scales in the flow, and the spatial resolution of the PIV sensor should
be small compared to the length scales in the flow [149,150].

Particle image/tracking velocimetry (PIV/PTV) technique was used to evaluate mean
axial velocity profiles in a turbulent motion of both the liquid phase (water) and particles
(0.5, 1, and 2 mm glass beads) in an upward pipe flow with high Reynolds Number
(Re = 320,000). For of a dilute liquid-solid mixture flow (<1% by volume) the Eulerian mean
axial velocity of the glass beads was observed to be inferior in the central region but higher
in the near-wall region, when compared with the liquid phase, and that coarse particles
have an insignificant effect on the turbulence intensity of the liquid phase [156].

In a recent study an experimental investigation on the velocity fluctuations of the
solid and liquid phases in a horizontal turbulent channel flow was performed. The effect
of particle size, flow Reynolds number (Re) and the volumetric concentration of particles.
Glass beads with diameters ranging from 285 to 700 µm are used to produce suspensions
at particle volumetric concentrations between up to 0.18% and Reynolds Number ranging
from 50,000 until 125,000. Correlation-based particle tracking velocimetry (PTV) was used
to attain the instantaneous velocity of the glass beads while particle image velocimetry
(PIV) was applied simultaneously to obtain the liquid phase velocity, by using smaller
tracers. The solid phase velocity was observed to be larger than the liquid phase in the
near-wall region for the larger particles and higher flow Reynolds Number, and that the
turbulence intensity of the solid phase decreases with increase of Stokes number (i.e., larger
particles and higher flow Reynolds number) [157].
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5.2.6. Nuclear Magnetic Resonance Imaging

A few years later after 1995, the 50th anniversary of the invention of magnetic reso-
nance, one of its major sub-fields, Nuclear Magnetic Resonance (NMR), originated and
became a driving technique in such fields as physics and biology. In the chemistry field,
particularly in organic chemistry, NMR is a fundamental workhorse [158,159]. Even though
NMR was originally developed for the field of physics, most of its applications occur in
the medical field where it has a widespread presence, in the form of Magnetic Resonance
Imaging (MRI), and many believe that only 3D spatial information is attainable from this
technique. It is well known that most hospitals around the world possess MRI scanners
with dedicated and user-friendly interface that are used for medical diagnosis, but they
can be perfectly used for the measurement of 3D flow fields [158]. A search in literature for
“MRI and flow” results in a considerable number of hits but only a very small fraction of
these is for engineering applications.

NMR has the capability of distinguishing between atoms and molecules having differ-
ent amounts of translational or rotational diffusion (Relaxation), as well as being able to
distinguish between nuclei of atoms in chemically unequal sites (Spectroscopy). Apart from
Relaxation and Spectroscopy, there is Spatial Imaging that has added a third dimension to
NMR. Today, NMR is effectively used for flow studies by overlapping the aforementioned
three dimensions [159].

Amongst the advantages of NMR the following can be highlighted: lack of directional
preference, where micron scale resolution images can be obtained without the need of sensor
or probe to be placed in a specific position or angle; non-invasiveness, contrarily to other
tomographic techniques where sensor must be in contact with the medium; being able to
measure several parameters; immune to opaque media; and being able to provide accurate
measurements while acquiring a small number of points in several spatial dimensions
in a short amount of time [158]. Also, it presents itself as an optimum choice for flow
studies since it measures statistical averages of spatial and temporal scales comparable
to transport theories [159,160]. When compared with a proven high-resolution technique
as X-ray tomography a question arises about the spatial resolution. X-ray devices have
proven to provide 1 µm resolution images while MRI can provide a 10 µm resolution,
by comparison. However, MRI has superior behavior due to its high motion sensitivity,
where an apparatus with resolution in the millimeter order can still measure spatial and
velocities displacements in the micrometer order. This coupled with the aforementioned
insensitivity to opaque media supports MRI’s application in flow studies in detriment of
X-ray tomography [158].

The amount of NMR sensitive atomic nuclei is scarce, but protons are quite sensitive,
so it is more adequate to employ NMR studies on systems that have protons in abundance.
Nuclei that are fixed in a lattice give poor NMR signals when compared with nuclei that
are on molecules that possess translational and rotational degrees of freedom, which means
that liquids or gases are the easiest media to study using NMR. For solid-liquid suspension
flows it is straightforward to get liquid velocity profiles, as shown in Figure 26, or study the
concentration of solids/liquids, but it becomes cumbersome to measure the solids velocity
profile [159,160].

The main issue with NMR, when compared with other techniques, is its inability to
study ferromagnetic materials. Apart from the typical drawbacks from hard tomography
(for example non-portability), another significant NMR drawback is its specificity, in other
words, data obtained from NMR in solid-liquid suspensions is unintelligible for a biology
scientist and vice-versa. It also means that the instrumentation and software must be
different for each experiment. And this explains why the NMR apparatus has not become
widespread in engineering and other fields [158,159].
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Solids distribution is a fundamental piece of information for engineers and NMR
imaging can be a powerful tool for velocity and solids concentration profiles by inference
over the measured liquid concentration profile; however, few applications of this technique
on multiphase flows exist [158,160].

The first flow measurements with NMR published was in 1951 [162] and the first pub-
lications with hydrodynamic parameters of interest such as velocity, diffusion coefficient,
acceleration, and even parameters related to fluctuations such as turbulence measured with
NMR occurred between 1985 and 1990 [163–165].

Publications documenting the successful application of NMR imaging on the character-
ization of solid-liquid suspensions velocity and concentration profiles of a horizontal flow
containing spherical divinyl-benzene styrene copolymer particles suspended in viscous oil
with a density of 1.03 and 0.875 g/cm3, respectively. The particles had a mean diameter of
0.762 mm and were loaded into the viscous lubricant oil between 4 and 40% by volume,
flowing at an average velocity up to 25 cm/s. The evolution of the solids distribution as
a function of strain, shear rate, particle diameter, and liquid viscosity demonstrated that
particles migrate irreversibly from a high shear to low shear regions, also illustrated by the
velocity profile bluntness. The images obtained revealed the spatial distribution of both
liquid and solid phases and this data was used to develop constitutive equations and CFD
models describing the behavior of concentrated suspensions [166].

NMR imaging has also been employed in demonstration, and subsequent characteriza-
tion of shear-induce particle migration in a Couette suspension flow [167]. In this study two
highly concentrated suspensions consisting of polymethylmethacrylate (PMMA) spheres
were suspended in a Newtonian oil. The mean diameter of the first consisted of PMMA
sphere with 600 µm and the second suspension consisted of a bimodal size distribution
with 35% of the particles having 780 µm mean diameter and 65% were the larger spheres
with a mean diameter of 3.175 mm. Total solids contents of the two suspensions were 50 and
60 vol % for the suspensions with unimodal and bimodal size distributions, respectively.
The suspending liquid was a mixture of oil and alcohols with a viscosity of 4.95 Pa s at
21.5 ◦C. The motor was set on a slow speed, so the inner cylinder turned at approximately
48 rpm. These studies served to demonstrate that Stokes equations did not adequately
describe the observed hydrodynamic diffusion effects. Turbulence and turbulence intensity,
which are typically challenging to characterize, have been quantified by using NMR data
from velocity in a voxel to calculate the standard deviation and to exploit its relationship
with turbulence intensity [168].

A detailed review is provided in the literature focusing on NMR application for
suspension flows, including advantages and pitfalls. The efforts of several authors using
MRI for characterizing velocity and solid concentrations profiles in solid-liquid suspensions
and emulsions were also reviewed: in particular, studied sedimentation and concentration
of solid particles, shear-induced migration and also turbulence intensity using velocity
fluctuations [169]. Broader and more detail-oriented reviews for flow studies and NMR
theory are available in the literature [17,158–160].
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In summation, MRI has evolved considerably in the last two decades and has proven
to provide a considerable amount of data essential for either industrial or academic field.
Its versatility has been demonstrated by the vast number of publications in very different
fields of study. The potential of this technique is great and the transition from research lab
to industrial environment has only been slowed due to the cost and complexity of operating
the equipment.

6. Ionizing Radiation-Based Techniques

Hard-field electromagnetic techniques—such as X-ray or gamma-ray tomography—
are based on high-frequency electromagnetic waves propagating along straight lines
through the material in the measurement domain independent of its distribution. In
contrast, soft-field techniques—such as EIT or ECT—utilize low-frequency electromag-
netic fields or waves, which strongly interact with the material. The use of high energy
electromagnetic radiation is widespread in medical field tomography; however, these
tomographic systems have also found their way into engineering applications [170–172].

Radiometric sensors, in which X-ray or gamma-ray are used, biggest boon is their
ability to produce high resolution images that are yet not possible to match using soft-field
sensors. As such, these techniques enable accurate and absolute measurement of particle
velocity and thus can be used as calibration tools for other low-cost sensors. Radiometric
sensors are typically composed by a shielded radioactive source and a radiation detector
mounted diametrically on the pipe registering the radiation that has not been absorbed by
the pipe walls and by the material in the pipe. This degree of absorption of the radiation
is correlated with the density of the material, and thus, the mass absorption coefficient
of a slurry will be affected by composition changes. It is affected by both density and
hydrogen atoms which have an unusually high absorption coefficient, so that variations in
the proportion of this element in the sample, whatever its chemical form will cause errors
in density measurement. Figure 27 shows an example of a commercial clamp-on device.
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Figure 27. Gamma pilot M FMG60 model from Endress + Hauser for the radiometric measurement
of level and density (taken from [173]).

There are, however, several drawbacks employing sensors using ionizing radiation
that have led to the adoption of alternative techniques: they are expensive—equipment,
operation, and specialized facilities are costly, health safety raises several concerns leading
to precautions to limit personnel in the area of operation 5,17,92].

Comprehensive reviews, beyond the focus of this review paper, on ionizing radiation-
based techniques in multiphase characterization can be found in the literature for re-
searchers to get more acquainted [174–179] as well as newer applications such as Pulse
Neutron Activation (PNA) which allows a direct measurement of particle velocity by ap-
plying short bursts of neutrons to irradiate/tag the slurry effectively creating short-lived
radioactive tracers that emit gamma-rays and are detected by downstream detectors [5], [36]
allowing, for example, flowrate measurements [180] and rheological characterization [181].
A thorough examination of PNA can be found in the literature [182].
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7. Conclusions and Future Directions

Slurry flows can be monitored using intrusive or non-intrusive techniques to measure
mass flowrates, slurry velocity, solids concentration, and flow patterns within the pipeline.
Intrusive probes, although well-known and extensively used, are not ideal since they cause
disruptions to the slurry flow and have been steadily abandoned in favor of non-intrusive
alternatives, either as discrete sensors or as tomographic techniques.

Discrete sensors suffer from the limited information they can provide, and soft-field
tomographic techniques provide an excellent alternative allowing for 2D and/or 3D cross-
sectional analysis providing holistic view of processes in real-time. Soft-field tomographic
techniques, such as electrical or microwave tomography or laser doppler velocimetry, are
fast, economical, and safe, when compared to hard-field tomographic techniques such as
ϕ and X-ray but suffer from the common intrinsic trait of low resolution as result from
the non-linear and ill-posed numerical image reconstruction. Although the low resolution
gap has been the biggest roadblock in wide adoption of soft tomographic systems, when
compared with hard-field tomography and known classic discrete sensors strategy, with
the increasingly higher computational power at lower costs allied to the incorporation of
data science and machine learning powerful algorithms such as Multivariate Statistical
Analysis, Neural Networks (NN) or Particle Swarm Optimization (PSO), it seems likely
that this resolution gap issue is being slowly sidestepped.

Looking towards future research directions and trends, beyond assuring for higher reso-
lution and faster image reconstruction and data analysis, as shown by the increasingly higher
number of literature contributions demonstrating successful implementations of coupling
soft-field tomographic multi-sensor systems with advanced algorithms to [81,82,183], data
science will also allow for an integrated approach where data from various sensor arrays
in a manufacturing setting will allow for predictive control based on developed process
models as shown by Sacher et al. (2022) through an advanced control strategy in solid
dosage manufacturing [184].

In conclusion, reliable and accurate sensing methods are paramount for measurements
that reflect the state of the system. Ideally, sensors should be non-intrusive to not interfere
with the slurry flow allowing more precise flow representations and to minimize the
potential of damage as a result of wear. Monitoring is required to ensure that the slurry is
maintained at specific flow conditions for the process, and to prevent pipeline blockage or
erosion. Currently, available sensor technology depends on mechanical, acoustic, electrical,
laser, and ionizing radiation working principles. Table 2 is a summary of techniques used
to monitor slurry flow. Sensor operation is described, with advantages and disadvantages
of the technologies involved.

Table 2. Summary of advantages and disadvantages of characterization techniques for slurry flows
process parameters.

Measurement Method Measured Parameter Method of Operation Advantages

Active Acoustics
Ultrasonic Velocity Profiling

• Solid concentration
• Velocity

• Alternating ultrasonic
signals between transducers

• Non-intrusive
• Sensitive to all objects in
field
• Rapid response time
• Applicable to solid, liquid
and gas flow
• Directional sensitivity

Capacitance Sensor • Solid concentration • Solids cause variation of
slurry permittivity • Non-intrusive
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Table 2. Cont.

Measurement Method Measured Parameter Method of Operation Advantages

Conductivity Probe
Intrusive and Non-Intrusive

• Solid concentration
• Fluid velocity
• pH

• Potential applied across
electrodes and a small current
flow between electrodes
depending on resistivity of
slurry mixture

• Non-intrusive option
• Sensitive to changes in
conductivity

Coriolis Mass Flowmeter •Mass flowrate
• Volumetric flowrate

• Electromagnetic detectors
sense vibration from
electromagnetic drives on
tube, measured based on
Coriolis Force

• Unaffected by temperature,
pressure, density and flow
profile
• Used with liquids, slurries,
gases and two-phase liquid
flows

Differential Pressure Drop

• Pressure drop
• Velocity
• Solids concentration
• Flow patterns
• Flowrates

• Effect of pressure
fluctuations on velocity and
concentration gradients

• Inexpensive
•Well-known

Electrical Tomography
• Flow profiles
• Solid and liquid velocities
• Solids concentration

• Conductivity/permittivity
measured between electrodes
around pipe circumference

• Non-intrusive
• Visualize flow
• High speed imaging

Ionizing radiation-based
techniques
X-ray tomography
Gamma-ray tomography
Pulse Neutron Activation

• Velocity
• Solid concentration
• Rheological data

• Irradiation of sample using
high-frequency
electromagnetic waves, which
propagate along straight lines

• Non-intrusive
• High resolution images

Laser Doppler Velocimetry,
Laser Doppler Anemometry
Surface Plasmon Resonator

• Phase velocity
• Turbulence
• Particle loading

• Scattered laser light
detected; amount of scattering
based on solids in slurry
• Surface plasmon resonance
angle increases with an
increase in solids loading

• Non-intrusive
• Local velocity measurement
of each phase

Magnetic Flux Flowmeter • Volumetric flowrate
• Slurry velocity

•Magnetic field generated
perpendicular to flow, a
potential difference generated
by slurry flowing through the
field

•Measure velocities of highly
concentrated slurries

Microwave Sensor • Solid concentration

• Interaction between
microwaves and
particles caused by relative
permittivity

• Non-intrusive
• Low sensitivity to electrical
conductivity
• Insensitive to temperature

Microwave Tomography
• Solid concentration
•Mass flow measurements
• Flow patterns imaging

• Dielectric properties of an
object, such as dielectric
constant or dielectric contrast,
are measured through data
from the scattered microwave
field measured around the
object

• Non-intrusive
• Visualize flow• High speed
imaging
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Table 2. Cont.

Measurement Method Measured Parameter Method of Operation Advantages

Nuclear Magnetic Resonance
Imaging

• Phase velocity
• Solid concentration
• Rheological data

• Distinguishing between
atoms and molecules having
different amounts of
translational or rotational
diffusion (Relaxation)
• Distinguish between nuclei
of atoms in chemically
unequal sites (Spectroscopy)
•Measures statistical
averages of spatial and
temporal scales

• Non-intrusive
• Lack of directional
preference
•Micron scale resolution
images
• Immune to opaque media
• Accurate measurements
while acquiring a small
number of points in several
spatial dimensions in a short
amount of time

Particle Tracking Velocimetry
Particle Image Velocimetry

• Velocity
• Turbulence

• Velocity measurements from
the displacement of particles -
PTV tracks the trajectories of
individual particles while PIV
tracks the mean displacement
of a small group of particles.

• Non-intrusive
• High speed imaging

Passive Acoustics

• Flow patterns
• Velocity
• Solid concentration
• Presence of foreign objects

• Records sound generated by
slurry flow through the pipe

• Non-intrusive
• Penetrates opaque mixtures
• Directional sensitivity
• Rapid response time
• Applicable to solid, liquid
and gas flow

Pitot Tube • Fluid velocity

• Pressure drop measurement
between tube openings
parallel and perpendicular to
the flow

• Simple
• Reliable
• Inexpensive
•Withstand high
temperatures and a range of
pressures

Scanning Electron Microscopy • Particle shape
• Particle size characterization • Electron emission

• Quantification of particle
shape and size descriptors
from the 2D particles image
(e.g., circularity, convexity,
equivalent diameters,
projected areas, perimeters,
etc.)

Venturi Meter • Volumetric concentration
• Slurry velocity

• Constriction in pipe causes
pressure drop due to increase
in velocity

• Simple
• Inexpensive
• Ideal for homogeneous
slurries
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Nomenclature

Symbol Units Description
B T magnetic field
CDv - delivered solids discharge coefficient
d50 µm average particle size
E V electromotive force
M kg/h mass flowrate
R m length of pipe arm
Re - Reynolds number
u m/s fluid velocity
Greek Symbols
.
γ s−1 shear rate
ε F/m electrical permittivity
εr - dielectric constant
µ H/m magnetic permeability
µap Pa s apparent viscosity
σ - electrical conductivity
ϕsp º minimum reflectance angle
τ Pa shear stress
ω rad/s angular velocity/fluid vorticity
Acronyms
AR Augmented Reality
ATR Attenuated Total Reflectance
CFD Computational Fluid Dynamics
CMF Coriolis Mass Flowmeter
DLS Dynamic Light Scattering
ECT Electrical Capacitance Tomography
EIT Electrical Impedance Tomography
EMT Electromagnetic Tomography
ERT Electrical Resistance Tomography
FBRM Focused Beam Reflectance Measurement
FCC Fluid Catalytic Cracking
IFS Intensity Fluctuation Spectroscopy
LDA Laser Doppler Anemometry
LDV Laser Doppler Velocimetry
LS Light-Scattering
MIT Magnetic Induction Tomography
MRI Magnetic Resonance Imaging
MWT Microwave Tomography
NMR Nuclear Magnetic Resonance
NN Neural Networks
OM Optical Microscopy
PCS Photon-Correlation Spectroscopy
PIV Particle Image Velocimetry
PNA Pulse Neutron Activation
PSD Particle Size Distribution
PSO Particle Swarm Optimization
PTV Particle Tracking Velocimetry
QELS Quasi-Elastic Light Scattering
SEM Scanning Electron Microscopy
SPRS Surface-Plasmon-Resonance Sensor
UPDV Ultrasonic Pulse Doppler Velocimetry

UPV
Ultrasonic Pulse Velocimetry/Ultrasound Doppler
Velocimetry Profiling

UVP Ultrasonic Velocity Profiling
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