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ABSTRACT 

In this project the internal material transport processes of wet low-intensity magnetic 
separation (LIMS) is studied. The aim is to use results from experiments combined 
with published results to create a base for further research and development. During 
the initial work, presented here, the focus has been to develop an experimental 
platform and verify that ultrasound is a viable tool for flow measurement in 
suspensions with solids concentrations realistic for wet magnetic separation processes. 
The experiments have been carried out in a purpose built flow cell equipped with 
ultrasonic transducers and supported by a pump, mixer and necessary data accusation 
electronics. 

In the first conference paper, ultrasonic velocity profiling is used to estimate flow velocity 
profiles, and initial results are presented. When applied to flows of mineral suspensions 
of high solids concentration, similar to those in wet LIMS, the method is unique in 
combining: 

 Non-intrusive measurements. 
 Operation by a single transducer element. 
 Relatively good spatial resolution. 
 Operation in opaque suspensions. 
 Fast sampling rate. 

In a second conference paper the signal processing behind the measurement method is 
investigated more thoroughly and focus is on robust profile estimation. The 
connection between solids concentration, ultrasonic transducer centre frequency and 
penetration depth is also investigated. In a publication the measurements are put in 
relation to the application of interest. It is shown that the methods are generally 
applicable and can be used in situations where variations in suspension flow velocity 
through narrow geometries are of interest. 

The novelty shown is that it is possible to measure flow velocity profiles through 
suspensions carrying at least 10 vol% solids. For solids concentrations of 5 vol% or 
less it is possible to get a velocity profile through at least 50 mm of suspension. 
Results from measurements in suspensions of such high solids concentration 
combined with such long penetration depth have not been published before. The 
measurement method has gained attention from industry since it is generally 
applicable to narrow channel flows reachable from only one access point. 

Keywords: Ultrasonics, ultrasonic velocity profiling, wet low intensity magnetic 
separation, magnetite beneficiation, signal processing. 
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CHAPTER 1 - INTRODUCTION 

1 Wet low-intensity magnetic separation 

Wet low-intensity magnetic separation (LIMS) is used to separate ferromagnetic particles 
from non-magnetic particles. The particles, typically between 10 μm and 10 mm, are fed 
to the separators in suspension with water. The feed is then separated into a thick 
magnetic concentrate and a dilute tailings stream. 

Wet LIMS is mainly used for concentration of magnetite from ore pulps or for recovery 
of dense medium, such as magnetite or ferrosilicon, during dense medium separation. 
Since these are the two most common processes where wet LIMS is used they are also 
the two processes most reported in literature. The designs of the separators are slightly 
different for the two applications, with the ore concentrator being more rugged in 
construction and subject to more detailed specifications, Morgan and Bronkala (1993). 
This work is focused on separators used for concentration of magnetite ores, but since 
the processes are similar in many aspects literature from both areas is sourced. 

Wet LIMS is the workhorse for winning of fine ferromagnetic particles from ore pulps; 
despite this, the internal workings of the machine are poorly understood. Also, as 
experienced by the industry, when pushed to higher capacities and with higher 
concentrate quality demands, it has started to show some limitations. According to 
Sundberg (1998) the wet magnetic separation process is largely understood to a great 
extent but a number of factors require further study. 

To increase the understanding of the LIMS process the use of computer simulations were 
attempted by Lejon Isaksson (2008). One conclusion was that simulations, to be 
trustworthy, need measurements for validation. Increased understanding of the process, 
by for example internal flow measurements, will give a more solid base for separator 
development, optimization, green field production plant dimensioning and also 
production plant control. 

2 Scope of the present work 

The aim of this work has been to create an experimental platform for development and 
evaluation of flow measurement methods, and also mineral sample extraction. This 
platform should be used to select a measurement method suitable for measurements in 
flows in narrow geometries. The measurement method should be able to handle flows of 
opaque suspensions with high solids concentration, consisting of ferromagnetic particles. 
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The experimental platform should also be used to verify that the selected method is 
viable in realistic conditions, meaning that the measurements should have high enough 
quality to be usable as the validation tool for planned simulations and other research. 

Another aim has been to use experience from experiments together with the available 
literature to understand the principles governing wet magnetic separation, with the 
ultimate goal of creating a basis for establishing better guidelines for operation of wet 
LIMS. 
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CHAPTER 2 - THEORY 

This chapter aims to summarize the relevant theory on a level of detail appropriate to the 
following topics. It is divided into three parts; the first part describes the physics related 
to flow of suspensions of fine magnetite particles in water. The second part describes wet 
magnetic separation in general and also some aspects of the wet low-intensity magnetic 
drum separators. The third part adds theory regarding flow measurements in suspensions 
using backscattered ultrasound. 

1 Suspensions of ferromagnetic particles 

Wet LIMS is used to divide suspensions of ferromagnetic particles into two products. 
Separation is based on the physical properties of the particles, thus an understanding of 
the underlying physics is important. The following parts cover e.g. solids concentration, 
magnetic ordering and magnetic flocculation, focused on particle sizes finer than 
0.5 mm. 

1.1 Aqueous suspensions of fine particles 

In wet magnetic separation the feed material is mixed with water; the wet process 
eliminates problems associated with fine dust and also simplifies transportation. In 
suspensions solids concentration is usually, for convenience, calculated on weight basis. 
However, when dealing with particle interactions and concentration limits the 
corresponding volumetric concentration is more meaningful. Figure 1 shows the relation 
between volumetric and mass solids concentration. Solids concentrations recommended 
for LIMS feed ranges between 20 wt% and 55 wt% solids, Salmi (1985). The solids 
concentration of the concentrate is in practise often between 65 wt% and 75 wt% solids, 
Rayner and Napier-Munn (2003a). The maximum solids concentration is affected by 
particle size distribution and shape. Also, in sedimentation, filtration, and similar 
processes the magnetization of the particles affects the maximum possible solids 
concentration, Eichholz et al. (2012). 

1.1 Turbulent flow 

Turbulence is a flow regime characterized by chaotic property changes, e.g. rapid 
variation of pressure and velocity in space and time. The mean flow velocity profile has a 
controlled shape, but locally and for short periods of time the direction of flow can have 
any direction and a large variation in magnitude. 
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Figure 1. Relation between volumetric and mass solids concentration, calculated for solids 
density of 5.0 kg/dm3 and liquid density of 1.0 kg/dm3 (water). * Salmi (1985). ** Rayner and 
Napier-Munn (2003a). *** Eichholz et al. (2012). 

Turbulence can be described by the Navier-Stokes equations, but these equations can 
never be solved directly, Southard (2006). It is also extremely difficult, due to the 
significantly different mixing-length scales that are involved in turbulent flow, to find a 
numerical solution to the Navier–Stokes equations for turbulent flow. However, for 
well-defined single phase fluids there are good models, see e.g. Figure 2. For suspensions 
modelling gets increasingly difficult with increasing solids content and such models 
usually need to be calibrated against experiments. 

In Figure 2 (a) a typical fluid turbulent flow velocity profile is shown together with 
(b) the corresponding distribution of streamwise velocity fluctuations. In (c) a definition 
of mean velocity and the root mean square of velocity fluctuations are included. In 
laminar flow uRMS would be zero. 

a) b) c) 

  
 

 

Figure 2. (a) Mean streamwise velocity distribution (U) along wall bisector (y), comparing 
different models and experimental data at similar Reynolds numbers. (b) Distribution of root 
mean square (RMS) streamwise velocity fluctuations (uRMS). After Breuer and Rodi (1994). 
(c) Explanation of U and uRMS. After Southard (2006). 
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1.2 Magnetic ordering 

The magnetic properties of materials originate from the motion of electrons and the spin 
of the electrons and the nuclei. All materials have magnetic moments, but it is the ordering 
of the magnetic moments that control the net magnetization. All materials will always 
strive to minimize their magnetic potential energy; in principle this means that the 
magnetic moments in a particle will be ordered to minimize the net magnetization of the 
material. In most materials the magnetic moments are free to align in various directions 
to create very low net magnetization. These materials are generally called non-magnetic. 

Exceptions exist where the structure and composition of molecules and crystal lattices 
forces the magnetic moments to align. Figure 3 shows four types of strong magnetic 
ordering. 

 

Figure 3. Schematic diagram of four types of magnetic ordering, with arrows indicating the 
strength and alignment of magnetic moments. After Svoboda (2004). Examples of a material 
belonging to each class (at temperatures relevant to wet processing) are included. 

A material is ferromagnetic if all of its magnetic moments add a positive contribution to the 
net magnetization (of each domain). If some proportion of the magnetic moments is 
aligned but antiparallel then the material is ferrimagnetic. If the parallel and antiparallel 
moments balance out completely then the material is antiferromagnetic, and the material 
will have a zero net magnetization. Generally ferromagnetic materials have the strongest 
saturation magnetization and ferrimagnetic materials have the second strongest saturation 
magnetization. When magnetic materials are discussed more generally the term 
ferromagnetic is often used referring to all materials exhibiting spontaneous magnetization, 
Svoboda (2004). 

1.3 Magnetic domains 

A magnetic domain is a volume of homogeneous magnetization. Without any external 
magnetic field the magnetic ordering inside a particle will only be homogeneous if the 
particle is very small; only magnetite particles smaller than 0.1 μm are normally single-
domain particles (Dunlop, 1990). Larger magnetite particles will consist of more than one 
magnetic domain. The shape and number of magnetic domains are generally not fixed, but 
depends on the current external magnetic field together with the magnetic history of the 
particle. 

As with magnetic ordering the system will strive to minimize it magnetic potential 
energy. Domains primarily form as a balance between a minimal net magnetization and a 
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minimal internal domain wall area. This leads to the creation of ordered magnetic 
domains and a small net magnetization of the particle, see Figure 4. 

 

Figure 4. Three different magnetic domain structures. External field strength and domain walls 
add to the total magnetic potential energy. Depending on e.g. particle size any of the three states 
can correspond to potential energy minima. 

When particles are subjected to external fields, domains with magnetization parallel to 
the external field begin to grow, on the expense of other domains, see Figure 5. If the 
external field is strong enough the particle magnetization will become homogeneous, this 
is called magnetic saturation. Even when the external magnetic field is removed the particle 
will not become completely demagnetized, this is called remnant magnetization, Lantto 
(1977b).

Pseudo-single-domain particles are particles too large to have only one domain, but show 
high values of remnant magnetization typical of single domain particles. Limited size 
(< 20 μm), geometric properties and defects common in natural materials will prevent 
these particles from reaching zero net magnetization. In bigger particles the freedom to 
form domains is larger, and domains can form patterns giving the particle very low net 
magnetization, Hopstock (2000). 

a) b) c) 

 
 

  

d) e) f)

 
 

 
 

Figure 5. (a)-(d) Magnetic domains and partial hysteresis behaviour in a titanomagnetite grain and 
(e) the pattern after weak field cycling about H = 0 (demagnetization). (f) Shows the magnetic 
field direction and spatial scale. After Halgedahl and Fuller (1983). 
 
 



9 
 

Defects, such as; inclusions, voids, dislocations, grain boundaries and surface flaws are 
common in natural minerals. The defects provide energy barriers that pin the domain 
walls and require significant reverse magnetic fields to move them to locations which 
result in zero net magnetization of the particle, Hopstock (2000). In theory this limits 
both the minimum and the maximum magnetization compared to large ideal crystals. In 
practise very fine magnetite is impossible to demagnetize completely and the saturation 
magnetization will differ between samples. 

1.4 Magnetism and magnetic potential energy 

Calculating the attractive or repulsive force between two magnetic materials is, in the 
general case, a complex operation. It depends on the shape, magnetization, orientation 
and separation of the magnets together with surrounding materials. However, by 
applying some approximations at least some general trends can be estimated. 

The magnetic field strength (H), magnetic flux density (B) and material magnetization 
(M), see Table 1, are related as: 

 
(1) 

where μ0 is the permeability of free space, Nordling and Österman (2006). In vacuum 
M = 0 and Eq. (1) reduces to 

 
(2) 

Eq. (2) can also be used to convert between field strength and flux density in vacuum. It 
is, however, commonly misused in media other than vacuum. 

Table 1. Magnetic quantises used and their corresponding symbols and units. 

Quantity Symbol Unit (SI) Alt. unit 

Magnetic flux density B Tesla (T) Wb / m2 

Magnetic field strength H A/m A·m2 / m3 

Magnetization M A/m A·m2 / m3 

Permeability of free space μ0 V·s/(A·m)  

Magnetic dipole moment m A·m2  

 

In Figure 6 a typical hysteresis loop for natural magnetite is shown. Magnetite is typically 
saturated by 300-500 mT and the saturation magnetization of magnetite at room 
temperature ranges from 550 mT to 610 mT, Svoboda (2004). 
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Figure 6. Major hysteresis loop for natural magnetite powder of 5 μm average particle size 
(100 kA/m corresponds to 126 mT in vacuum). After Hopstock (2000). 

All magnetized material in a magnetic field possesses some potential magnetic energy, 
and all systems strive to minimize this energy. In a system the total potential energy 

 
(3) 

For a small volume of ferromagnetic material a reasonable approximation is to treat it as a 
magnetic dipole, King (2012). For a magnetic dipole of a volume (V), or a particle of 
volume (V), having average magnetization M the magnetic moment 

 
(4) 

In an external field the potential energy of such a dipole (Nordling and Österman, 2006) 

(5) 

where  is the angle between the two fields m and B. 

If the magnetic potential energy of the system can be decreased by rotating or moving a 
particle in some way, then the magnetic field will generate a torque and/or a force on 
that particle. As can be seen from Eq. (5) the potential energy is minimized when the 
two fields are aligned (cos  = 1). This results in a torque striving to align the 
magnetization of the particle with the ambient field, Nordling and Österman (2006): 

 
(6) 

As long as the particle magnetization is perpendicular to the magnetic field there will be 
no translating force on the particle. But if the particle is free to rotate it will align with 
the surrounding field, and then start to move in the direction of increasing magnetic field 
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strength. If the external magnetic field is homogeneous the particle will still rotate, but 
not translate, since the translating force is related to the magnetic field gradient; 

 
(7)

  
Figure 7 gives a simplified description of how a small permanent magnet (dipole) is 
affected by an ambient magnetic field (produced by a large fixed permanent magnet). If 
the particle magnetization is anti-aligned to the surrounding magnetic field, as in Figure 
7 (a), the particle will experience a net repulsive force and a net torque. If the particle 
magnetization is perpendicular to the surrounding magnetic field (b) the particle will be 
affected by a net torque but no net force. These effects will, if possible, align the particle 
field with the surrounding magnetic field. When aligned in the field (c) the particle will 
experience a net force in the direction of increasing field strength. 

a) b) c) 

 
 

  

Figure 7. Forces on a small magnetic dipole in a magnetic field if the dipole is (a) antiparallel to 
field, (b) perpendicular to field and (c) parallel to external field. 
 

1.5 Suspension magnetization 

Particles in suspension can easily move and rotate relative each other and an external 
magnetic field. As discussed above the magnetization in a particle strive to align with the 
surrounding field. In suspensions of ferromagnetic particles there are several ways the 
particle magnetization can be aligned with the surrounding field: 

 Domain structure change (domains aligned with the external field grows). 
 Particles rotate to align magnetization with the ambient field. 

 Groups of particles align with the external magnetic field. 

Particles are affected by the ambient magnetic field, but the particles also affect the 
magnetic field. When a ferromagnetic particle is introduced in a homogeneous magnetic 
field the particle will distort (concentrate) the magnetic field, King (2012). This can also be 
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seen from Eq. (1); flux density increase with increasing material magnetization for a 
constant magnetic field strength. 

1.6 Magnetic flocculation 

For suspensions of ferromagnetic particles in water, magnetic flux density is higher in the 
particles, compared to the surrounding media. This creates gradients in the field, and as 
discussed above, gradients attract ferromagnetic particle. This particle concentration 
creates even stronger gradients in the field and even more concentration. Because of this 
ferromagnetic particles chain together and form flocs or clusters. This is called magnetic 
flocculation. 

Magnetic flocculation can be visualized, see Figure 8, by introducing ferromagnetic 
particles mixed with water in a magnetic field. The formation of elongated flocs can be 
associated to the occurrence of a number of physical phenomena, e.g.; the local magnetic 
force, the viscous forces and the three-dimensional thinning effects, Chen et al. (2009). 

 

Figure 8. Example of magnetic flocculation, a formation of approximate 25 mm created by a 
concentrated magnetic pole behind the centre of the image. Material is ground magnetite 
particles, 80 wt% < 45 μm, in water. 

This means that particles will not always travel in a predictable direction, instead particles 
will move in the direction where the local magnetic field increases the most. If the 
magnetic field is concentrated locally by a floc of magnetite particles (or by a steel matrix, 
as in HGMS) particles might travel to that location instead because of the created field 
gradient. The magnetic particle-particle interaction force is inversely proportional to 
particle distance cubed, and therefore is a short range force, Murariu (2013). 

Svoboda (2004) describes three stages of magnetic flocculation. Which is active is 
determined mainly by the surrounding magnetic field strength and the local solids 
concentration: 

1. At a relatively low magnetic field strength the particles are flocculated in a 
controlled manner. The degree of flocculation is controlled by a balance between 
the magnetic force and other competing forces. In this stage flocculation is 
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selective and mostly ferromagnetic particles are captured. Field strength between 
8 mT and 80 mT can be sufficient to initiate magnetic flocculation. 

2. If the magnetic field strength is increased above some critical limit the magnetic 
interaction becomes dominant and the flocculation escalates. The flocculation 
process proceeds non-selectively at a high rate and more non-magnetic material is 
captured. 

3. Increasing the magnetic field strength even further has little effect since most of 
the material is already flocculated and the remaining have low magnetization 
and/or long distance to nearest neighbouring particle. 

Magnetic flocculation often has pronounced effects on the characteristics of pulps and on 
the degree of packing. It usually increases the apparent viscosity of the suspension, 
increases the settling rate of the magnetic flocs and increases the porosity of the settled 
material, Laurila (1985). Also Yang and Aldrich (2008) did experiments where the 
apparent mean particle diameter increased by over 50% in a field of 18 mT. 

1.7 Solids concentration of flocculated suspensions 

In non-spherical particles the magnetic forces are concentrated to the corners and edges 
of the particles, this means that particles adhere to each other mainly at these points and 
the flocs, therefore, acquire a porous structure, Lantto (1977b). Also the maximum solids 
concentration achievable by sedimentation or filtration is affected by the ambient 
magnetic field. Eichholz et al. (2012) made discrete element method (DEM) simulations 
of filtration. During their simulations the filter cake solids concentration varied between 
67 vol% solid for demagnetized particles and 38 vol% solids for particles in a magnetic 
field (B = 70 mT). Magnetic ordering of particles prevented sedimentation, see  
Figure 9. 

a) b) c) d) 

 
 

   

Figure 9. DEM-simulation (700 particles, 5 μm) of filter cakes at four different magnetic flux 
densities. After Eichholz et al. (2012). 
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1.8 Entrainment of gangue particles 

Garcia-Martinez et al. (2011) defined three different mechanisms by which gangue 
particles can get entrained into magnetite flocs in an external magnetic field: 

a. Magnetic flocculation of locked gangue-magnetite particles with free magnetite 
particles. 

b. Free gangue particles being a link of magnetite chain. 
c. Magnetite chains wrapping around free or locked gangue particles. 

The experiments were performed using sediment particles on a flat surface, but the types 
of entrainment will be similar for the three-dimensional case. However, case (c) will be 
less likely since more chains of magnetic particles are needed to wrap around a gangue 
particle in suspension; a particle in a 3D-system has more freedom to move than one in a 
2D-system. 

a) 
B = 6 mT 

b) 
B = 5 mT 

c) 
B = 7 mT 

   
Figure 10. Three types of magnetic entrainment of gangue particles. (a) Liberated magnetic 
particles attract locked magnetic/gangue particles. (b) Gangue particle trapped between several 
magnetic particles. (c) Gangue particles wrapped in by chains of magnetic particles. After Garcia-
Martinez et al. (2011). 
 

2 Wet LIMS used for magnetite concentration 

In beneficiation of magnetite ores, wet low-intensity magnetic separation (LIMS) is the 
standard equipment when the material top-size has been reduced below 10 mm. 
Magnetic separation is commonly alternated with grinding, see Figure 11. Ideally, all 
ferromagnetic particles together with a small portion of the water end up in the 
concentrate and all non-magnetic particles together with most of the water ends up in 
the tailings. This separation is based on differences in magnetic properties of the 
separated material. 

This following part will only briefly cover some of the operational parameters relevant to 
operation of wet LIMS, a topic covered in some more detail by e.g. Lantto (1977a, b), 
Sealy and Howell (1977), Hopstock (1985), Dardis (1989), Morgan and Bronkala (1993), 
Sundberg (1998) and Rayner and Napier-Munn (2000, 2003a, b). 
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Figure 11. Flow sheet showing part of a magnetite beneficiation process. Wet LIMS are 
commonly operated with 2-4 drums in series to achieve increased concentrate grade. 

2.1 Separation theory 

There has not been a successful explanation from first principles of the behaviour of 
ferromagnetic ores in wet LIMS. To achieve separation a sufficiently strong magnetic 
field, and field gradient, is needed. Also feed rate, tank design, flow conditions and 
interactions between particles are of great importance, Hopstock (1985). 

Separation is the result of competing forces having different effect on different classes of 
particles. In a magnetic separator several competing forces acts on the particles, most 
significant are the magnetic force, the force of gravity, the inertial force, the 
hydrodynamic drag force, and surface and inter-particle forces, Oberteuffer (1974) and 
Svoboda and Fujita (2003). The following list contains these forces together with some 
of their dependencies: 

 Magnetic force 
o Magnetic field gradient 

 Ambient magnetic field 
 Local field distortions by magnetic material 

o Particle magnetization 
 Magnetic field strength 
 Particle composition 
 Particle shape 

o Volume of particle or magnetic floc 
 Hydrodynamic drag force 

o Velocity of the particle (relative to the surrounding fluid) 
o Particle size and shape 
o Viscosity of the surrounding fluid 

 Local solids concentration 
 Local particle size distribution 

 Force of gravity (buoyancy) and inertia 
o Particle size 
o Density of the particle and the suspending media 

 Interparticle contact forces 
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Since magnetic flocculation is a secondary effect it cannot be included in the above list. 
Nonetheless, magnetic flocculation will increase magnetic forces due to increased 
gradients caused by the flocs. Also, the hydrodynamic drag force on the individual 
particles will decrease. The forces of gravity and inertia are unchanged. Together these 
flocculation effects will make magnetic forces on small particles much stronger than if the 
flocculation effect did not exist.  

Theoretical calculations for recovery of individual magnetite particles in wet LIMS made 
by Sundberg (1998) shows that the recovery of 10 μm particles is only about 10% and 
for 50 μm particles it is about 70%. He concludes that magnetic flocculation has a great 
influence on the performance and capacity of wet LIMS. 

According to Rayner (2003b) the flocculation process can be defined by a flocculation 
rate and a flocculation time; the latter being defined by the volumetric flow rate and the 
volume within the separation zone. 

Fine particle sizes require a higher magnetic field strength for recovery than coarser 
particles with the same magnetic properties. Decreased pulp velocity, increased magnetic 
flux gradient, and/or decreased suspension viscosity can increase recovery of fine 
particles. Because of magnetic saturation, magnetic flux density is only important up to a 
certain level. After saturation the magnetic force can only be increased by increasing the 
magnetic field gradient, Sundberg (1998). 

When the feed becomes fine and pure enough the LIMS process shows similarities with 
a dewatering process. Almost all fine magnetic material is flocculated and brought to the 
concentrate. Most of the water exit through the tailings stream. The very fine gangue 
particles tend to act as part of the fluid medium. The misplacement of gangue to the 
concentrate becomes equal to the fraction of water reporting to concentrate, Hopstock 
(1985). 

2.2 Separator types 

A wet LIMS generally consists of a cylindrical drum containing a number of fixed 
magnets. The drum surrounding the magnets has to be non-magnetic, typically of 
stainless steel. The drum is partially submerged in a tank into which the ore pulp is fed. 
The ferromagnetic fraction is carried across the face of the magnetic poles and removed 
from the tank, Parker (1977). Today the standard drum diameter is 1200 mm, older 
installations use smaller diameters, and also 1500 mm drums have been tested, Sundberg 
(1998). 

Figure 12 shows schematic drawings of three different wet LIMS tank designs. The 
magnetic arc has been divided into zones using the concepts of Davis and Lyman (1983). 
The shaded area indicates approximated pulp level as in Forciea et al. (1958). The actual 
pulp level depends on e.g. feed rate and suspension viscosity. Table 2 contains a summary 
of general properties of the three main types of wet LIMS. 
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Figure 12. Schematic drawings of three different wet LIMS tank designs. (a) Con-current. 
(b) Counter-current. (c) Counter-rotation type separator. 

Table 2. Summary of general properties of the three main types of wet LIMS. 

Type Concurrent Counter-current Counter-rotation 

Main use Cobbing Roughing or finishing Cobbing or roughing 

Particle size Up to 8 mm Up to 0.8 mm Up to 8 mm 

Grade/recovery High grade 
upgrade 

High recovery 
(Scavenger stage) 

Very high recovery 
(Scavenger stage) 

Throughput High Low Medium 

Dewatering Yes Yes No 

Self-levelling Optional Yes Yes 

 

The various separator types available differ mainly in tank and magnetic assembly design. 
The type of separator most suited is determined by demands of the application; 

 Maximum feed particle size 
 Feed throughput 

 Demands on concentrate grade and recovery 

The concurrent type separator is capable of handling large particles, since it is designed 
without zones where the material could sediment. It can handle suspensions with particle 
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size up to 10 mm. This type is commonly used as primary separators. The counter-
current type separator is mainly used to treat very fine particles when high grade and 
recovery is desired. It cannot handle large particles since they will sediment in the feed 
channel, Sealy and Howell (1977). 

2.3 Separator zones 

The separator tank (and magnetic arc) can be divided into zones; this has been done in 
Figure 12 above. The pick-up zone is here defined as the part of the magnetic arc where 
the feed is introduced. The scavenger zone is defined as a shallow zone where part of the 
feed is transported close to the drum flowing against the drum rotation. The dewatering 
zone is defined as a zone where the concentrate moves towards the discharge and water 
is drained by gravity. 

2.3.1 Feed section 

The purpose of the feed section is to present an even feed to the drum. Before or during 
the introduction of the feed to the separator it is usually diluted. The use of water 
recirculated from the process has proved to be very suitable for feed dilution. Only in the 
last stage of separation there is a reason to use fresh water, and then only for the final 
separators, Lantto (1977a). 

In counter-current separators the feed rate is kept high to avoid sedimentation of larger 
magnetite particles in the bottom of the tank. For magnetite materials with particles size 
finer than 0.5 mm Gustafsson et al. (2005) measured settling rates between 8 mm/s and 
31 mm/s, the slower sedimentation rates being for materials of finer particle size 
distributions. 

2.3.2 Pick-up zone 

The dominant capture mechanism in the pick-up zone, particularly at high feed solids 
content, is through the formation of elongate flocs. These flocs are of sufficient size and 
length to either form in contact with the drum or to migrate towards it at a high rate, 
Rayner and Napier-Munn (2000). In Figure 13 the material capture of a wet LIMS has 
been simulated. 

In the pick-up zone the particle feed path, together with the force balance described 
above, will determine whether a particle attaches to a magnetic floc. Lantto (1977b) 
describes the behaviour of ferromagnetic particles in the field of a magnetic separator as a 
three-step process: 

1. Particles in a relatively weak magnetic field become magnetized and align with 
the ambient magnetic field. 

2. The ambient field grows stronger, making the individual grains act as secondary 
magnets and the particles begin to gather into groups and flocculation occurs. 

3. When the magnetic force acting on the flocs exceeds the sum of the forces 
opposing it the floc start to move and attaches to the surface of the drum. 
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Figure 13. State-of-the-art simulation showing pick-up zone of counter-current separator and 
magnetic particle distribution in low solids concentration feed. After Murariu (2013). 

2.3.3 Dewatering and cleaning zone

As flocculated particles containing non-magnetic material move along the drum surface 
towards the discharge outlet they will experience a magnetic field of rotating direction. 
The rotating field direction agitates the flocs and contributes to the cleaning of the 
concentrate, Murariu (2013). In the end of the dewatering zone the magnetic field 
strength and field gradient decline sharply in order to allow removal of the concentrate, 
Davis and Lyman (1983). 

The suspension level should be kept below the concentrate discharge, so that water and 
fine non-magnetic material can drain away, Lantto (1977a). The process controlling 
concentrate density can be described as a drainage process. This drainage process can be 
defined by suspension initial moisture, a drainage rate and a drainage time. The drainage 
time can then be defined by the volumetric flow rate and the volume within the 
dewatering zone, Rayner and Napier-Munn (2003a). 

In practice there is a relatively small variation in the concentrate solids content observed. 
The concentration is normally between 65 wt% and 75 wt% solids, Rayner and 
Napier-Munn (2003a). This is in the same range as Eichholz et al. (2012) measured for 
filter cakes produced from filtration in a magnetic field of 70 mT. 

2.3.4 Transport and cleaning zone 

The transport zone is only present in con-current type separators and has a similar 
purpose as the dewatering and cleaning zone described above, except for the dewatering 
function. The magnetic field strength and field gradient can be lower in the 
transportation zone, where the recovered magnetic material is cleaned as it is agitated by 
the alternating magnetic poles, Davis and Lyman (1983). 
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2.3.5 Scavenger zone 

In the scavenger zone, pulp of low solids concentration is forced close to the drum, 
flowing against the drum rotation. The purpose is to catch magnetic material not directly 
brought to the concentrate in the pick-up zone, thus increasing recovery of magnetic 
material. This zone is present in counter-current and counter-rotation separators. 

The depth of the scavenger zone is an important factor controlling separator capacity. 
The minimum distance between the drum and the bottom of the tank in the scavenger 
zone is normally around 25 mm. Increasing the depth reduces the magnetic force in the 
bottom of the zone, but on the other hand, the speed of flow of the slurry is reduced. In 
some cases this has a positive effect on the process, Lantto (1977a). 

2.4 Magnet assembly 

Magnet assemblies come in two basic types, radial and axial pole configurations. The 
axial configuration is preferred when the quality of the magnetic product is of 
importance. The tumbling motion of particles over the rows of the magnets with 
alternating polarity facilitates the release of entrained non-magnetic particles and thus 
improves the grade of the magnetic concentrate, Svoboda and Fujita (2003). 

Axial magnet assemblies, Figure 14, normally consists of five to twelve magnetic blocks 
of alternating polarity and covers an angle ranging from 90° to 120°, Svoboda (2004). 
The main magnets are ferrite (BaFe) or neodymium (NdFeB) permanent magnets. 
Adjacent magnets are separated by air, steel, or by additional perpendicularly orientated 
permanent magnets, Murariu and Svoboda (2003). 

a) b) 

 

 
 

Figure 14. Two axial magnet assembly configurations. (a) Full size magnet assembly featuring 
seven magnetic poles and five intermediate poles. (b) Laboratory scale magnet assembly featuring 
three magnetic poles. A photo of maximum magnetic loading is also included. 
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A high attractive force is desirable in the area where the feed is introduced to the 
magnetic separator. Once the magnetics are attracted to the drum surface, a weaker force 
will suffice to hold the material to the surface and will facilitate rejection of non-
magnetic materials. Near the discharge a weak field is desired so that material is easily 
discharged, Salmi (1985). Garcia-Martinez et al. (2011) suggests that the magnetic 
flocculation and separation of magnetite fines should be realized in a very low-intensity 
field, in order to remove gangue minerals trapped in magnetite concentrates. 

Specification of magnetic assembly field strength is commonly based on measurements at 
a distance of 50 mm from the drum surface and then an average between the centre of 
each gap and the centre of each pole. Magnetic flux densities between 50 mT and 
120 mT are available, Morgan and Bronkala (1993). This single value is probably 
oversimplified, as the magnetic field gradient and the pole pitch is also of great 
importance to separation result, Sundberg (1998). Also the position of the poles relative 
to the different separator zones has a major influence on the separator performance, 
Dardis (1989). 

2.5 Premagnetization 

Magnetizing coils are used prior to magnetic separation where premagnetization can 
create magnetic flocs and reduce the loss of -10 μm ferromagnetic particles, Laurila 
(1985). Even in low concentration suspensions magnetic flocculation in a field of 60 mT 
and a residence time of less than 0.1 s can be effective, Benson et al. (1968). 

The effect of premagnetization is stronger for feed material containing smaller amounts 
of magnetite, since the average distance between each magnetite grain is longer. 
Premagnetization also has more effect if the feed rate is high, if the feed rate is 
sufficiently low the material has sufficient time to flocculate inside the separator, Lantto 
(1977b). Premagnetization can be assumed to have a similar effect as increasing the 
residence time of the material in the separator. The effect of premagnetization depends 
on the material treated. 

2.6 Demagnetization 

Ferromagnetic materials exposed to the magnetic field of a magnetic separator become 
magnetised. For demagnetization a time-varying magnetizing field of gradually 
decreasing amplitude can be used. The result will be that the particle magnetization go 
through a series of hysteresis loops with decreasing amplitude, and ultimately converge 
towards zero net magnetization. For this to be effective the magnetic field must be strong 
enough to overcome the material coercivity. In practise the initial magnetic field strength 
should be approximately five times the material coercivity and the decrease should be 
about 10% per cycle, Svoboda (2004). 

Suspensions of magnetized and flocculated particles are generally more viscous and have 
a higher rate of sedimentation. Demagnetization is applied to achieve deflocculation and 
better dispersion of the magnetic particles in suspension, Hopstock (2000). Demagnet-
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ization can be used between stages of magnetic separation to release non-magnetic 
particles that are trapped in flocs, thus improving separation result, Laurila (1985). 
Without demagnetization, flocs can endure substantially unchanged throughout 
complicated concentration processes, Lantto (1977a). 

As for magnetization, the result of demagnetization depends on the material treated. 
Demagnetization is most efficient when the magnetic material has low coercivity, the 
alternating magnetic field has high frequency, the fluid has high viscosity, and the 
particles are irregularly shaped, Laurila (1985). Measurements have shown that the 
coercivity and remanent magnetization increase markedly as the particle size decreases 
below 10 μm, Hopstock (2000). 

Hopstock (2000) made experiments on magnetite particles between 5 μm and 50 μm 
where he measured equivalent Stokes diameter during sedimentation vs. actual diameter. 
The equivalent diameter decreased to approximately half by demagnetization in a 60 Hz 
or 790 Hz alternating magnetic field. 

2.7 Difficulties in process optimization 

When processing natural heterogeneous materials it is difficult to make general 
statements about properties and parameters of the process. In production plants, some 
parameter changes can have little effect on the process while in another, seemingly alike, 
application they can have a significant effect. The uncertainties arise from the fact that all 
ore bodies have individual characteristics and large variations of these characteristics exist 
throughout each ore body. Properties like magnetic susceptibility, degree of liberation, 
particle shape and the rheology of the slurry affects the process to a largely unknown 
extent, Sundberg (1998). 

Both research and operation of wet LIMS is made more difficult by the fact that more 
than one sub process is affected by each of the controllable process parameters. In 
production the following independent process control parameters can be changed: 

 Feed rate 
 Feed dilution 
 Magnetic assembly position (angle) 
 Scavenger zone depth (distance) 
 Concentrate overflow weir distance 

 Drum rotational speed 

Each of these control parameters affects more than one of the sub processes of a wet 
LIMS, like throughput, material pick-up, scavenging and concentrate dewatering. Result 
also depends heavily on material properties like particle size, liberation and grade, 
together with machine properties like magnet assembly and tank design. 
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3 Ultrasound based measurement methods 

An ultrasonic flow meter measure the velocity of a fluid or particles in suspension using 
information carried in ultrasound pressure waves. The velocity is normally measured 
along the path of an emitted ultrasound pulse. The pulse is emitted using an ultrasonic 
transducer excited with a short electric pulse. The ultrasound pulse propagates through the 
flow and is then detected by the same (or another) transducer. 

Lynnworth and Liu (2006) have made a review covering development of ultrasonic flow 
meters during the second half of the 20th century. According to them the most 
compelling reasons to select ultrasonic flow measurement methods are: 

 High accuracy (relative uncertainty below 0.5% in good conditions) 
 Fast response (response time less than 1 ms) 
 Low price 

 In many cases installation can be convenient through the use of clamp-on sensors 

These methods are especially well suited for situations where light based methods cannot 
be used due to opaque suspensions and where nuclear magnetic resonance based methods 
cannot be used due to the presence of ferromagnetic material. Ultrasonic methods can 
also be used to measure speed of sound and pulse attenuation. From these measurements 
other flow properties may also be determined: 

 Relative concentrations in a binary mixture 
 Gas average molecular weight 
 Temperature and density of pure liquids 
 Void fraction in aerated liquid 
 Liquid viscosity 

3.1 Ultrasound 

Ultrasound is an oscillating pressure wave with a frequency higher than the upper limit 
of the human hearing range; ultrasonic devices operate with frequencies from 20 kHz 
up to several gigahertz. 

The speed of sound in pure water is 1482 m/s and 1509 m/s at 20 °C and 30 °C, 
respectively. Speed of sound is, apart from temperature, also affected by the particles in 
suspension, but if the solids concentration of the suspension used is low enough, the 
difference in speed of sound compared with pure water at the same temperature can be 
assumed to be negligible. Speed of sound can also be measured separately and then used 
to calibrate measurements. 

3.1.1 Ultrasound scattering 

When a sound wave travels in a suspension and interacts with a solid particle, the wave 
will lose energy; most of the energy will be lost through scattering. The distance 
travelled in pure water has very low loss compared to the particle interactions. If the 
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solids concentration of the suspension is low it can be assumed that any part of a 
transmitted pulse only interacts with one particle, this is called single scattering. 

x, relative to the 

0 is estimated, based on the theory of Urick (1948); 

  
(8) 

where the coefficient of excess attenuation 

  
(9) 

where cm is the solids concentration, A is a constant, r is the particle radius,  is the 
ultrasonic wave length, l is the liquid density and s is the solids density. As can be seen 
from Eq. (9), the signal attenuation is estimated to have: 

a) a quartic dependency on ultrasound frequency f; high frequencies are attenuated 
faster. 

b) a cubic dependency of the particle radius, small particles create less attenuation. 
c) a linear dependency on the solids concentration, signal is attenuated faster in 

thick suspensions. 

In these estimations single scattering, a constant particle radius and constant wavelength 
of the sound is assumed. There are other, more complex models, but here this simple 
model suffices to give approximate relations between the most important ultrasound 
properties and signal excess attenuation. 

As the solids concentration increases or the number of particles increases (particle size 
decreases), the distance between each particle is reduced. In a suspension with high 
enough solids concentration the single scattering assumption will no longer hold. In 
some cases, e.g. when long measurement distance (> 1 m) and high transmitter 
frequency (5 MHz) is needed this limit can be as low as 0.1 vol% solids, Hunter et al. 
(2012). 

According to the continuum scattering theory particles separated by less than one half 
wavelengths ( /2) cannot be resolved by a transducer. However, scattering of ultrasonic 
pulses can also arise from local fluctuations in the compressibility and the mass density of 
the suspension, Angelsen (1980). Table 3 contains four commonly used ultrasound 
transmitting frequencies together with wavelength and this particle separation limit. In 
Figure 15 concentration gradients in turbulent flow is illustrated. 

3.1.2 Backscattered signal strength and signal attenuation 

To get a sufficiently strong backscatter throughout the flow volume of interest there has 
to be a balanced degree of backscatter. Too strong backscatter means high signal 
attenuation and low penetration depth. Too weak backscatters means weak signal (bad  
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Table 3. Typical transducer frequencies and corresponding wavelengths and minimum particle 
separation limits. Data calculated for a speed of sound in water at 20 °C. 

Manufacturer specified 
centre frequency (f) 

Wavelength ( ) Particle separation limit ( /2) 

1.0 MHz 1.50 mm 0.75 mm 

2.25 MHz 0.67 mm 0.33 mm 

3.5 MHz 0.43 mm 0.22 mm 

5.0 MHz 0.30 mm 0.15 mm

 

 

Figure 15. Image of 2 μm glass beads in homogeneous isotropic turbulence. After Wood et al. 
(2005). 

contrast) and low measurement accuracy. Important factors for backscatter strength and 
signal attenuation are ultrasound frequency, solids concentration and particle size 
distribution. Figure 16 shows an example of how these parameters relate; the amplitude 
of the backscattered signal increases with solids concentration and without particles both 
the backscatter strength and signal attenuation are close to zero. 

a) b) 

 
  

Figure 16. Example of relation between (a) acoustic backscatter amplitude and (b) attenuation, 
vs. ultrasound centre frequency and suspension solids concentration. The backscattered signal is 
measured in a suspension of particles with 195 μm mean diameter in a 25 mm pipe. After 
Furlan et al. (2012). 
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3.2 Ultrasonic flow velocity measurement methods 

Ultrasonic flow velocity measurement methods are (almost) non-invasive quantitative 
methods capable of operating in opaque suspensions. These methods can be divided into 
four main categories; transit time, Doppler-based, speckle correlation and passive 
methods. 

3.2.1 Transit time based methods 

Transit time methods measure the difference in transit time of ultrasonic pulses 
propagating with and against the flow direction. This time difference is a measure of the 
average velocity of the fluid along the path of the ultrasonic beam. By using the absolute 
transit times and the geometry of the setup both the averaged fluid velocity and the 
speed of sound can be calculated. In variants of this method the pulse propagates through 
the flow between one and four times. Generally, a higher number of passes through the 
flow gives better accuracy, given that the pulse is not attenuated too much. 

3.2.2 Doppler based methods 

In Doppler based ultrasonic flow meters, short ultrasound pulses are transmitted into the 
suspension flow. The pulses interact with the suspension and create backscatter waves 
which are detected by the same, or another transducer. The transducer response is 
sampled and the signal is then analysed for a frequency shift. The frequency shift (the 
Doppler Effect) happens when the ultrasonic pulse is reflected by suspended particles or 
gas bubbles in motion. Doppler based methods measure the velocity of the particles in 
suspension. 

3.2.3 Speckle correlation based methods 

The speckle correlation based methods operate in a similar manner as the Doppler based 
methods. The main difference is how the sampled signal is processed. Instead of analysing 
for a frequency shift, a cross-correlation process is used to calculate a time delay. From 
this time delay the particle displacement and velocity can be calculated. 

Already Dotti et al. (1976) used an ultrasonic cross-correlation method to measure blood 
flow and Carlson and Ing (2003) used a similar method to measure in flow of magnetite 
suspensions. Variants of this method have been given several different names, e.g. 
Ultrasonic Velocity Profiling (UVP), Ultrasonic Speckle Correlation Velocimetry and Acoustic 
Backscatter System. Compared to Doppler based methods these methods are more 
computationally demanding, but as the price on computing power is decreasing these 
methods find more and more applications. 

3.2.4 Passive methods 

In passive methods no signal is generated, instead ultrasonic information is collected by 
and array of sensors externally mounted to a pipe. The flow velocity is calculated by 
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tracking vibration patterns from vortices or other disturbances travelling with the flow, 
O’Keefe et al. (2010). 

3.3 Transducers 

An ultrasonic transducer converts electrical energy to mechanical energy, in the form of 
sound, and vice versa. The main component in a transducer is the piezoelectric element, 
which can be excited with a high voltage (several hundred volts) during a short period of 
time (a few microseconds). Figure 17 describes how the ultrasonic pulse propagates from 
the transducer into a homogeneous liquid. An estimation of the near field distance 

 

(10) 

where d is the transducer element diameter and  is the ultrasound wave length. 

Ultrasonic pulses propagating through fluids will always diverge. An estimation of the 
angle where the signal is at half strength (-6 dB) compared to the beam axis, the 
divergence angle ( ); 

 
(11) 

 

Figure 17. Simplified view of a sound beam from a flat transducer. In the near field, the beam has 
a complex shape and in the far field (N > 1) the beam diverges. After Olympus NDT (2011). 

3.4 Interaction volume 

Most ultrasonic flow measurement devices transmit an ultrasound pulse into the flow. 
During signal processing it is assumed that the volume responsible for the sampled 
backscatters at each time, the interaction volume, is of negligible size. In reality the 
interaction volume has a small, but not negligible size. The size and shape of this 
interaction volume determines the flow meter sensitivity and accuracy. The velocity 
measurements obtained can be shown to be a weighted average of the ultrasonic 
intensity and the flow field velocity over the interaction volume, Jorgensen et al. (1973). 

The dimensions of interaction volume can be approximated as a flat cylinder with radius 
equal to the transducer radius, length depending on the electrical pulse length (tb) and the 
speed of sound in the suspension. In this cylindrical volume the sound intensity, resulting 
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from the excitation by the electrical pulse in Figure 18 (a), will be distributed according 
to Figure 18 (b). 

 

Figure 18. (a) The driving electrical pulse. (b) The acoustic pulse, rotationally symmetric around 
the horizontal axis. After Jorgensen et al. (1973). 
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CHAPTER 3 - EXPERIMENTAL 

This chapter describes the experimental setup, the material used, the measurement 
method and the signal processing methods evaluated. A flow cell was built and fitted to 
the necessary support equipment. The measurement method chosen is an ultrasonic 
speckle correlation technique, called Ultrasonic Velocity Profiling (UVP). UVP monitors 
movements of local density differences in the flow. Some of the design parameters of the 
experimental setup were: 

 Vertical measurement depth of 50 mm 
 Average flow speed of up to 1 m/s 
 Non fluctuating flow speed 
 Controllable solids concentration 

 1D flow velocity measurements 

1 Experimental setup 

The experimental setup (Figure 19) consists of a closed loop made of rubber hosing with 
an internal diameter of 50 mm. The flow is driven by a progressing cavity pump 
(Netzsch NM053BY01L06B, www.netzsch.com) capable of supplying a flow of up to 
14 m3/h. This corresponds to a flow of above 1 m/s in the flow cell. The pump motor 
is controlled with an AC drive (Emotron VFX48-010, www.emotron.com) and the 
suspension temperature is stabilized by a heat exchanger fed with cold tap water. 

 

Figure 19. Experimental setup consisting of mixer (M), pump (P), heat exchanger (HE), flow cell 
(FC). Also sampling position (S) and data acquisition equipment is shown; pulser-receiver (PR), 
digitizer (DAQ) and computer (PC). 

The flow cell (FC, Figure 20) has a depth of 50 mm, width of 75 mm and length of 
1 m. The dimensions of the flow cell were selected as a balance between pump capacity, 
realistic measurement depth, achievable flow speed, and system volume. The walls are 
made from 12 mm clear polycarbonate. 
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The ultrasonic transducer is fitted at a 45° inclination angle ( ) in one end of the section. 
The transducer needs to be mounted at an angle because the flow speed is measured in 
the axial direction of the transducer and then projected onto the main flow direction. A 
smaller inclination angle ( ) gives more accurate measurements on the expense of shorter 
(vertical) penetration depth. 

To evacuate entrained air from the recess by the transducer a small peristaltic pump 
(Watson-Marlow 503S, www.watson-marlow.com) is used. The flow rate (through a 
1.5 mm hole) is negligible compared to the main flow. 

In Figure 20, and also following figures showing flow profiles, (red) dashed lines mark a 
distance (approximately 5 mm from the walls) where the walls of the flow cell interfere 
with the ultrasonic interaction volume. 

 

Figure 20. Cross section of a flow cell showing transducer (TDX) inclined at an angle , 
ultrasonic pulse path and the concept of interaction volume with diameter d and length l. 
A typical turbulent flow velocity profile is included to the right. 

1.1 Measurement equipment 

The measurements are made using the immersion transducers listed in Table 4. The 
transducers are operated by a computer controlled pulser-receiver (Panametrics 5800PR, 
www.olympus-ims.com). The received backscatter signal is processed by a digitizer 
(ADQ214, www.spdevices.com) featuring 400 MHz sample rate at 14 bit resolution. 
Before each ultrasonic measurement the suspension temperature in the mixer (M) is 
measured using a digital thermometer (ASL F250 MKII, www.aslltd.co.uk). 

Table 4. Ultrasonic transducers (Olympus, www.olympus-ims.com). 

Manuf. 

Part No. 

Manufacturer specified 

centre frequency 

Approximate 

wavelength 

Divergence 

half angle 

(Eq. (11)) 

Near field 

 

(Eq. (10)) 

V303 1.0 MHz 1.50 mm 3.5° 27 mm 

V306 2.25 MHz 0.67 mm 1.5° 61 mm 

V382 3.5 MHz 0.43 mm 1.0° 94 mm 

V309 5.0 MHz 0.30 mm 0.7° 135 mm 
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2 Material 

The magnetite material (approx. 69% Fe) used was supplied by LKAB (www.lkab.com) 
from the KA1 concentrator in Kiruna, Sweden. It was sampled from the feed stream 
(overflow hydrocyclone) to the second stage of wet LIMS. The material density is 
5.0 kg/dm3, as measured with a pycnometer (Micromeritics 1305, www.micro-
meritics.com). Particle size analysis, see Figure 21, by laser diffraction (Cilas 1064, 
www.cilas.com) showed that the mean diameter is 34 μm and mechanical sieving 
showed that approx. 85 wt% of the material is finer than 45 μm. 

The dry magnetite powder is mixed with water to reach desired concentrations. The 
stated concentrations are measured by sampling the stream, at (S) in Figure 19, and then 
drying the sample and calculating its solids content. 

 

Figure 21. Particle size distribution of magnetite material. 

3 Experimental conditions 

Since the suspension flow consists of at least 90% water by volume it is assumed that the 
theory for turbulent flow in water is applicable. Then Reynolds number 

 
(12) 

where  is the fluid density (1000 kg/m3 for water), v is the mean fluid velocity, DH is 
the hydraulic diameter (0.06 m) and μ is the dynamic viscosity (0.001 Pas for water at 
20 °C). To avoid sedimentation a bulk flow velocity in both the hoses and the 
measurement section of 0.75 m/s or higher is used during all experiments. The 
Reynolds number for a flow of 0.75 m/s would be 45 000, which is well above the 
transition limit to turbulent flow (Re = 4000). The length of straight duct in front of 
the transducer is 0.85 m, corresponding to 14 hydraulic diameters. 
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4 Ultrasonic velocity profiling 

The ultrasonic speckle correlation method used is called ultrasonic velocity profiling (UVP). 
In this method a transducer first transmit a short pulse and is then used as a receiver to 
record the backscattered wave (echo). This backscattered wave contains information 
about the particles in the flow. By acquiring two backscattered signals closely spaced in 
time and then cross-correlating them it is possible to follow the movement of the 
particles in suspension. By dividing the backscatter signals into short segments and cross-
correlating them piecewise it is possible to obtain information on how this movement 
varies with position. 

The distance travelled by the particles are related to the time delay (lag) corresponding to 
the strongest correlation. Since the time between the two backscatter signals is known it 
is possible to calculate the particle velocity. The transducer inclination angle ( ) is used 
to project the measurements on the main direction of flow. 

4.1 Signal processing 

Signal acquisition control and signal processing is carried out in MATLAB 
(www.mathworks.com) running custom code. Assume that two backscatter signals 
(echoes), p1[n] and p2[n] are acquired by sampling N samples twice from the received 
analogue signal pa at a sampling rate Ts=1/fs so that 

 
(13) 

The two signals are acquired at a pulse-repetition frequency (PRF) so that the time 
between the two acquisitions is TPRF=1/PRF. If the PRF is sufficiently high, we can 
assume that the particles in the interaction volume have translated like an entity, so that 
the backscatter signatures differ only by a time delay (n0) proportional to the movement 
of the suspension during the time TPRF. 

The vertical spatial distance between each sample p1,2[n] is calculated using the vertical 
spatial resolution 

 
(14) 

where c is the speed of sound in the medium (calculated using measured temperature and 
standard data for water),  is the angle between the ultrasonic transducer and the main 
direction of flow ,see Figure 20, and the factor 2 is introduced since the pulse travels 
back and forth through the suspension. 

The time for a pulse to travel from the transducer to a particular interaction volume and 
back varies only with the position of the interaction volume; this means that each sample 
p1,2[n] will carry information from different depths in the flow. By dividing the sampled 
signal into short segments 
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(15) 

the displacement of the flow can be calculated as a function of depth. The windows are 
M samples long taken from p1 and p2, respectively, and window index 
k = 0, 1, …, N-M-1. 

The first step towards finding this time delay between each of these windows is to 
calculate the cross correlation strength between all corresponding windows and a 
sufficiently large span of lags; e.g. m = -256, -255, ..., 0, …, 255, 256: 

 

(16) 

From XC the number of lags n0 corresponding to the strongest correlation can easily be 
calculated: 

 
(17) 

The horizontal flow speed corresponding to a certain lag m is calculated using the 
horizontal flow velocity resolution: 

 
(18) 

Figure 22 (a) shows the cross-correlation strength XC as a function of windows index 
converted to depth using Eq. (14) and lags converted to flow velocity using Eq. (18).  

a) b) 

 
 

 

Figure 22. Example flow velocity profile. (a) Cross-correlation strength, colouring indicates 
how the correlation strength between the two windows (x1 and x2) varies with lag (m) and 
vertical window position (k). Dark colours indicate strong correlation. (b) Corresponding 
flow velocity profile calculated as the velocity corresponding to the strongest correlation at 
each depth. 
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The cross-correlation strength map can also be interpreted as a probability density 
function (PDF) where a high value means high probability of the flow having that 
velocity at that position in space, as in Murakawa et al. (2005). In Figure 22 (b) the 
maximum n0 of the correlation strength map XC has been converted into flow velocity 
using Eq. (18). 

4.2 Different averaging methods 

To obtain better estimates of the particle velocity profile, the above procedure can be 
repeated, e.g. i = 100 times, resulting in 100 estimated velocity profiles 

 
(19) 

These are then to be combined. Below five different methods are described. 

4.2.1 Average of flow profiles 

The most obvious method to combine the velocity profiles is to compute the arithmetic 
mean at all depths of all estimated velocity profiles; 

 

(20) 

One problem is, however, that sometimes velocity estimates fail, because the two 
backscattered echoes have decorrelated. Some method of suppressing these outliers is 
therefore needed. Here two such methods for supressing outliers among velocity profiles 
are evaluated. The first one is a weighted mean 

 

(21) 

where wi are the weights, chosen to be proportional to the correlation peak between x1 
and x2, meaning that the average is weighted so that signals exhibiting more correlation 
are assigned a higher weight than signals that are weakly correlated. 

A second alternative to the arithmetic mean is to determine the median flow velocity at 
each depth of the velocity profiles. The median is known to be good at suppressing 
outliers, meaning that this should also efficiently discard estimates where the two signals 
have decorrelated. 
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4.2.2 Flow profiles calculated from average correlation strength 

As stated above, XCi can be seen as a probability density function describing the relative 
probability of flow at a certain depth having a certain average flow velocity. Using this 
assumption, all XCi from repeated measurements is used to calculated a mean correlation 
strength map 

 

(22) 

Eq. (22) and Eq. (17) can then be used to produce a velocity flow profile. Alternatively 
median filtering can be used instead of Eq. (22) before applying Eq. (17). 

4.2.3 Profile smoothing 

After the measurements are combined, as described above, all flow profiles are filtered 
with a moving average smoothing filter 

 
(23) 

to make the figures easier to interpret. 

4.3 Wall effects 

Due to the finite volume of the interaction volume, velocity profiles measured using 
UVP can become distorted in the vicinity of flow cell walls. With the setup described 
above approximately 5 mm from each wall is affected. For the top wall (transducer side) 
this means that the flow might be underestimated since the interaction volume is only 
partly in the main flow. For the bottom wall this means that a signal reflected twice from 
the bottom wall influences the measurement. To some extent it would be possible to 
compensate for these effects during signal processing, see e.g. Kotzé et al. (2013), but this 
was not done in these experiments. 

Apart from the ultrasonic interaction volume beeing affected by the walls also the actual 
flow is to some extent affected by the recess close to the ultrasonic transducer. The 
principal effect on the flow profile is included close to the transducer in Figure 20. This 
effect is asumed to have a negligable effect on the final flow profiles, especially as they 
already are distorted close to walls as discussed above. 
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CHAPTER 4 - RESULTS AND DISCUSSION 

In the first part of this chapter the results from the appended papers are summarized. In 
the following parts measured profiles are compared to experiments in literature and 
simulation, measurement method usability is evaluated and different methods for 
combining repeated measurements for improved accuracy are discussed. 

In paper I measurements are made on flow of magnetite suspension with a solids 
concentration of 4.7 vol% solids. Four transducers, with centre frequencies between 
1 MHz and 5 MHz, are compared at two different mean flow speeds, 0.75 m/s and 
1 m/s. It was found that the 2.25 MHz transducer produces the most reliable 
measurements, producing measurements through the whole 50 mm cell. For the 
3.5 MHz transducer the penetration depth was approximately 30 mm and 20 mm for 
the 5 MHz transducer. The pulses from the 1 MHz transducer did not interact enough 
with the suspension to create backscattered signals of high enough contrast. This resulted 
in increased uncertainty in the flow velocity profile estimation. 

In paper II similar conditions as in paper I are used to compare three different methods 
of combining repeated flow profile measurements. These are arithmetic mean, weighted 
mean and median filtering. It was found that as long as the strength of the backscattered 
signal is high enough all averaging methods produce similar results. The arithmetic mean 
starts to deviate from the expected profile first. To some extent this is avoided by placing 
more trust in strong correlating measurements using the weighted mean. During the 
experimental conditions used in paper II the median filtering is the least sensitive to low 
signal strength. 

In paper III measurements are made in flow of magnetite suspension with solids 
concentration of both 4.7 vol% and 9.0 vol% and the performance of four different 
transducers are evaluated. When the solids concentration is increased to 9.0 vol% 
(33 wt%) the 2.25 MHz transducer still produces the most reliable results and it is 
possible to reach a depth of almost 30 mm. 

1 Methods for combining measurements 

In this part the different methods of increasing the measurement accuracy, described in 
chapter 3, are evaluated. Flow profiles for a number of conditions are shown in  
Figure 23. As already concluded in paper II; if a number of flow profiles are first 
calculated and then combined, the median filtering is the most robust method. If each 
point of the correlation strength maps is combined as a first step, then both mean 
averaging and median filtering produces similar results. Also compared to the median 
profile filtering the results are similar. 
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The mean correlation strength method tends to overestimate the flow velocity after the 
signals have decorrelated. Median filtering of flow profiles, on the other hand, 
underestimates the flow velocity after the signals has decorrelated. If further modelling is 
planned, like error estimations, median filtering should be avoided, since it is non-linear 
filter. 

a) 
 < 0.5 vol%, 5 MHz transducer 

b) 
 4.7 vol%, 2.25 MHz transducer 

  
 

c) 
 4.7 vol%, 1 MHz transducer 

d) 
 4.7 vol%, 3.5 MHz transducer 

  
 

e) 
 9.0 vol%, 1 MHz transducer 

f) 
 9.0 vol%, 2.25 MHz transducer 

  
 

Figure 23. Flow velocity profiles comparing profile median filtering ( ), mean correlation 
strength method ( ) and median correlation strength method (- -). Average flow speed is 
1 m/s. Suspension average solids concentration and transducer centre frequency as specified by 
the manufacturer is stated above each subfigure. 
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2 Measurement performance 

If the performance of the measurements presented in paper I-III are compared to other 
results in the literature, see Table 5, other researchers have done deeper measurements 
and also in thicker suspensions, but not both at the same time. Also the majority of these 
measurements use transducers on both sides of the flow, which cuts the effective 
ultrasound path in half. 

Table 5. Ultrasonic flow profile measurements in literature. 

Reference Solid  
Material 

Avg.  
particle dia. 

Max. solids  
conc. 

Max.  
depth 

US centre  
frequency 

Takeda (1986) Al2O3 5 μm Low 12 mm 4.2 MHz 

Carlson and Ing (2002) Magnetite 54 μm Low 34 mm 3.5 MHz 

Wiklund et al. (2006) Wood fibre 2.4 mm * 8 wt% 40 mm 2 MHz 

Wiklund et al. (2008) Mineral 11-90 μm 20 wt% 36 mm 4 MHz 

Chemloul et al. (2009) Glass 270 μm 2 vol% 20 mm 8 MHz 

Hunter et al. (2011) Glass 10 μm 5 wt% ** 300 mm 1 MHz 

Furlan et al. (2012) *** Glass 195 μm 8 vol% 25 mm 2.25 MHz 

Kotzé et al. (2013) Kaolin N/A 17 vol% 16 mm 4 MHz 

* Fibre length. ** Sedimenting suspension. *** Concentration profiles. 

3 Source of backscatter signal 

In the signal processing described above, no assumptions are made regarding the origin 
of the backscatters. The only assumptions made are that the interaction volume is 
sufficiently small to make the fingerprint representative for the corresponding depth. It is 
also assumed that the interaction volume moves like an entity between the capture of the 
two consecutive ultrasound pulses (during TPRF). 

According to continuum scattering theory ultrasonic waves cannot resolve particles 
smaller than /2. Due to the large number of particles in the suspension the interparticle 
distance is generally smaller than this limit. However, even if single particles cannot be 
resolved they still interact with the ultrasonic pulse. The source of the backscattered 
signal is likely one, or a combination of; 

 Local solid concentration gradients (created by e.g. turbulence) 
 Large particles 

 Air bubbles 

4 Measurement accuracy 

For the method used in these experiments the estimation of measurement uncertainty is 
problematic. As described above a flow profile can successfully be estimated in various 
ways, but the standard deviation of the associated data is large. This is mainly because the 
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standard deviation has two sources, both measurement error and the random fluctuations 
of turbulence. As discussed in chapter 2 models exist for turbulent flow of well-defined 
liquids, but for suspensions it is more difficult. One possibility would be to make 
measurements in laminar downward flow. In such a flow there is no sedimentation and 
no turbulence. However, such estimations would then only be valid for non-turbulent 
flow, and thus, of limited value. 

Apart from this measurement uncertainty the measurements are also subject to a bias due 
to the assumption made about the speed of sound in the suspension. An error in the 
estimation of the speed of sound has a linear effect on the measurement error. In these 
experiments the speed of sound is assumed to be the same as in water of equal 
temperature. However, apart from temperature, the speed of sound also depends on 
solids concentration and particle size distribution. For example Wiklund and Stading 
(2008) use a speed of sound of 1530 m/s for mineral slurry at 20°C. Since the measured 
flow speed depends linearly on the estimation of speed of sound the practical effect is 
small; the error resulting from using 1482 m/s instead of 1530 m/s is 3%. 

4.1 Measurements compared to simulation 

To assess the quality of the measurements the results are compared to numerical 
simulations. A basic computational fluid dynamics (CFD) simulation have been carried out 
in Comsol Multiphysics 4.3 (www.comsol.com), see Figure 24. The model consists of a 
duct with the same dimensions as the flow cell where water (at 20°C) flows with an 
average velocity of 1.0 m/s. The software-generated physics controlled mesh consists of 
535·103 elements. The k–  turbulence model is used and all other settings are left at their 
defaults. It was found that the measurements and the simulation were in good 
agreement. 

 

Figure 24. Measured (and median averaged) particle velocity profiles where suspensions with low 
solid content is used; < 0.5 vol% solids (- -) and approximately 2 vol% solids ( ). CFD 
simulation ( ). 

Also Lahiri and Ghanta (2010) have made numerical simulations of similar cases. They 
used a two-fluid CFD model along with the standard k-  turbulence model with mixture 
properties to simulate the turbulent solid-liquid flow in a pipeline. The simulation results 
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in Figure 25 can be compared to the UVP measurements in Figure 24. It can then be 
seen that the flow with finer particle size distribution (in Figure 25 (a)) has a profile more 
similar to the UVP measurements than the flow of coarser particles (in Figure 25 (b)). 
This is as expected since the UVP measurements are made in suspensions of particles 
even finer than in Figure 25 (a). 

 

 

 

  

a) b) 

 
 

 

Figure 25. Solid phase vertical velocity profile as predicted by CFD for flow of suspensions with 
mean flow velocity of 1 m/s in a 54.9 mm pipe. (a) solids concentration of 9.4 vol% of 
125 μm glass beads. (b) solids concentration of 9.8 vol% of 440 μm glass beads. After Lahiri and 
Ghanta (2010). 
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CHAPTER 5 - CONCLUSIONS 

An experimental platform for development and evaluation of flow measurement 
methods, and also for mineral sample extraction, has been created. This platform has 
been used to select a measurement method suitable for measurements in flow of highly 
concentrated magnetic and opaque suspensions in narrow geometries. This method has 
then been evaluated under relevant conditions. 

1 Measurement depth in magnetite suspensions 

UVP has been used to capture flow velocity profiles in magnetite suspensions of varying 
solids concentration. In the presented experiments the 2.25 MHz transducer produces 
the most reliable results. At 2, 5 and 9 vol% solids concentration the vertical penetration 
depth is 50, 35 and 25 mm respectively (at a 45° transducer inclination angle). Factors 
affecting penetration depth and measurement accuracy are listed in Table 6. 

Table 6. Factors affecting penetration depth and measurement accuracy. 

Penetration depth increase with … Comment 

decreasing TXD frequency Decreased frequency reduces accuracy 

decreasing suspension particle size distribution  

decreasing suspension solids concentration  

increasing TXD Inclination angle Increased angle reduces accuracy 

increasing TXD Pulse energy Limited by transducer and pulser-receiver 

increasing TXD Pulse repetition frequency (PRF) Has to be slow enough for signal to return 

 

2 Applicability of UVP in mineral processing 

This technique has great potential in the field of minerals engineering, wherever there is 
a need to measure mineral suspension flow in narrow geometries. When applied to 
typical flows of mineral suspensions UVP is unique in combining: 

 Non-intrusive measurements. 
 Operation using a single transducer element is sufficient. 
 Relatively good spatial resolution. 
 Operation in opaque suspensions. 
 Fast sampling rate. 
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The opportunity to measure particle flow velocity, if only a short distance, inside a 
process unit will give a much deeper understanding of the process. UVP could be used 
for validation of simulations, increased process understanding or process control in 
application where opaque suspension flow in narrow channels, e.g.: 

 Wet LIMS 
 Hydrocyclones 
 Inclined plate separators 

 Thickeners 
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CHAPTER 6 - FUTURE WORK 

In the future work the ultrasonic method will be extended and evaluated further. The 
first step will be to extend the signal processing to also estimate solids concentration 
profiles, based on signal attenuation of different ultrasonic frequencies. This extended 
method will be evaluated in the described flow cell, and strong artificial concentration 
gradients will be created using electrical or permanent magnets. It is also planned to do 
measurements in wet LIMS, both lab scale and pilot scale or production scale equipment. 

Further on the microstructure of magnetic flocs of magnetite captured in magnetic fields 
will be studied. Samples will be extracted using magnets and then studied for gangue 
entrainment in flocs and the influence of magnetic volume in mixed particles. 

The measurements carried out in this work, together with future data, will be used to 
validate simulations of systems related to wet LIMS. Here there are great challenges: the 
large number of particles present in relevant suspensions, particle interaction effects and 
the effect of particles on the magnetic field. 
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ABSTRACT

The internal workings of wet low-intensity magnetic separators (LIMS) are poorly understood. 
In this work an ultrasonic velocity profiling (UVP) technique for measuring material flow speed 
at varying depth is developed. A measurement depth of just a couple of centimetres will greatly 
improve our understanding of the separation process.

When applied to flows of mineral suspensions of high solids concentration, similar to those in 
wet LIMS, UVP is unique in combining:

Non-intrusive measurements.
A single transducer element is sufficient.
Relatively good spatial resolution.
Penetrates opaque suspensions.
Fast sampling rate.

Here, flows are studied in a simple rectangular geometry (50x75 mm). When using dilute 
magnetite suspensions measurement through the whole depth of 50 mm is made with good 
accuracy. Velocity profiles are presented for different sensors at solids concentrations of 5 vol% 
solids.

1 Introduction

The wet low-intensity magnetic separator (LIMS) is the workhorse for winning of fine 
ferromagnetic particles from ore pulps; despite this the internal workings of the machine are 
poorly understood. To increase this understanding the use of computer simulations has been 
attempted by Lejon Isaksson (2008). One conclusion was that to be able to trust the simulations 
measurements are needed for validation. The maximum depth of a full size separator tank is 
about 100 mm, but to verify simulations a measurement depth of just a couple of centimetres
would suffice, especially when studying the concentrator lip and tailings channel areas.



1.1 Magnetic separation

The LIMS (Fig. 1) has a rotating drum normally having three to seven internally fixed magnets 
arranged with alternating polarity in an arc shaped segment The drum surrounding the magnets 
is non-magnetic, typically of stainless steel, and is protected from wear by a rubber layer. This 
rotating shell is partially submerged in a tank into which the ground magnetite suspension is 
fed. The magnetic portion of the feed material is attracted towards the drum surface and then 
carried past the magnetic poles and removed from the tank. Parker (1977) described the physics 
of magnetic separation.

Fig. 1: Cross section of wet LIMS of counter-current type (design by Metso, www.metso.com). 
Section of interest for flow speed measurements is highlighted in red.

The amount of research done on LIMS is limited, and neither the machines nor the way they are 
operated have changed much since the ‘70s. But some work can be found, for example Lantto 
(1977a and 1977b) investigated the factors affecting wet LIMS and the effect of magnetic 
flocculation. Rayner et al. (1999 and 2003) worked on developing a process model for wet drum 
magnetic separators. Recently Dworzanowski (2010) published a background to the principles 
governing the design and operation of wet LIMS and states that the design aspects that have the 
most influence on performance relate to the tank and magnet assembly configuration.

Generally one of the challenges of running a LIMS is the balance between attracting to much 
magnetic material, and thus getting mixed grains of very low grade in the concentrate, and using 
too week a field and losing the fine magnetic fraction to the tailings. More selective separation 
could significantly improve the overall energy efficiency of a concentrating plant, not in the 
separators themselves, but by not grinding material later discarded, Fig. 2 shows approximate 
distribution of energy use in a concentrator. Separating mixed grains into a separate fraction, for 
the purpose of regrinding, is a possibility for energy saving in grinding (Karmazin et al., 2002).

Fig. 2: Distribution of energy use among unit operations (Karmazin et al., 2002).

Magnetic 
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Grinding
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1.2 Flow measurements

To better understand the internal workings of the separators the idea is to measure internal 
particle flow, in Fig. 1 a volume of special interest is marked. To get good quality data the 
following requirements have been identified:

1. Physical access to the internal flow is only possible from one side, from underneath in 
Fig. 1, which means that the technique has to operate from only one direction.

2. Dense mineral slurries (up to 10 vol% solids) require a technique capable of penetrating 
opaque suspensions.

3. Some degree of spatial resolution is needed to interpret the results.
4. The internal environment is a very tough on equipment, and also the best results are 

obtained if the flow is not disturbed. This means a non-intrusive technique is preferable.
5. Information about both flow speed and suspension concentration is desirable.

1.3 Ultrasonic measurement techniques

Ultrasonic techniques are (almost) non-invasive quantitative techniques capable to characterize 
opaque fluids. There are three main ultrasonic methods: Transit time, Doppler based and 
speckle correlation techniques.

In transit-time flow measurement systems two ultrasonic transducers operate by alternately
transmitting and receiving bursts of sound energy between them. The difference in the measured 
transit time is directly related to the velocity of the liquid in the pipe. Transit-time techniques 
measure the bulk flow velocity.

Ultrasonic Doppler flow meters employ the frequency shift (Doppler Effect) of an ultrasonic 
signal when it is reflected by suspended particles (or gas bubbles) in motion. This technique is 
used by for example Takeda (1986, 1991 and 1995), Wang et al. (2003), Wiklund et al. (2006) 
and Chemloul (2009). Doppler based methods measure motion of the particles.

To measure in the demanding environment of a wet LIMS tank a variation of the third method, 
here called Ultrasonic Velocity Profiling (UVP), is selected. UVP is closely related to the 
Doppler based method, but instead of frequency shift this method tracks the movement of local 
density differences in the suspension. Short ultrasonic pulses create backscatter signals which 
are run through a cross-correlation process to extract a time delay, which in turn gives the 
particle displacement and velocity. A detailed description of the method has been done by 
Chinaud et al. (2010).

In this work a single transducer is used to acquire a 1D profile of the flow, but it is also possible 
to use an array of sensors to get a 2D image, see for example Sandrin (2001), Carlson et al. 
(2002) and Chun et al. (2011). Bamberger (2004) and Furlan (2012) also used ultrasonic 
methods to measuring slurry density and solids concentration.

2 Ultrasonic Velocity Profiling

To track the particle motion in the flow an ultrasound transducer is used. The transducer first 
transmits a short pulse and is then used as a receiver to record the backscattered signal (echo).
Each of these backscattered signals contains information about local concentration variations
(for a visualisation see for example Wood, 2005). By acquiring two backscatter signals closely 
spaced in time and then cross-correlating them it is possible to follow how groups of particles 
have moved. By dividing the backscatters into short segments and cross-correlate them 
piecewise it is possible to get information about how this movement varies with depth. The time 



delay (lag) corresponding to the maximum of the cross-correlation function can be converted to 
distance travelled. Since the time between the two backscatter signals is known it is possible to 
calculate the particle velocity.

3 Experimental setup

The experimental setup (Fig. 3) consists of a closed loop made of rubber hosing with an internal 
diameter of 50 mm. The flow is driven by a progressing cavity pump (Netzsch 
NM053BY01L06B, www.netzsch.com) capable of supplying up to 14 m3/h, corresponding to a 
flow >1 m/s, in the measurement section. The pump motor is controlled with an AC drive 
(Emotron VFX48-010, www.emotron.com) and the suspension temperature is stabilized by a 
heat exchanger fed with cold tap water.

Fig. 3: Experimental setup comprising mixer (M), pump (P), heat exchanger (HE), measurement 
section (MS). Also sampling position (S) and data acquisition equipment is shown; 
pulser-receiver (PR), digitizer (ADQ) and computer (PC).

The walls of the measurement section (Fig. 4) are made from 12 mm clear polycarbonate and 
the ultrasonic transducer is fitted at a 45° inclination in the end of the section. To evacuate 
entrained air from the volume closest to the transducer a small peristaltic pump (Watson-
Marlow 503S, www.watson-marlow.com) is used. The flow (through a 1.5 mm hole) is 
negligible small compared to the main flow.

Fig. 4: Measurement section, depth 0.050 m, width 0.075 m and length 1 m. The length of 
straight pipe in front of the transducer is 0.85 m, corresponding to 14 hydraulic diameters.

3.1 Material and suspension properties

The magnetite material comes from one of the LKAB (www.lkab.com) concentrators (KA1) at
Kiruna, Sweden. The material was sampled from the feed stream to the second stage of wet 
LIMS (overflow hydrocyclone). The density is measured to 5.0 kg/dm3 with a pycnometer 
(Micromeritics 1305, www.micromeritics.com). A particle size analysis (Cilas 1064, 
www.cilas.com) showed that the mean diameter is 34 μm and mechanical sieving showed that 
approx. 85 wt% of the material is smaller than 45 μm.

The dry magnetite powder is mixed with water to reach different concentrations. The stated 
concentrations are checked by sampling the stream, at (S) in Fig. 3, and then drying the sample 



and calculating solids content. In these measurements the solid content has been about 4.7% by 
volume, corresponding to 20% by mass. To prevent sedimentation a high average flow rate is 
kept during all experiments. The practical lower limit to avoid sedimentation is approx. 0.6 m/s.

3.2 Electronic equipment

The measurements are made using the immersion transducers in Table 1. The transducers are 
controlled by a computer controlled pulser-receiver (Panametrics 5800PR, www.olympus-
ims.com). The received backscatter signal is processed by a digitizer (ADQ214, 
www.spdevices.com) featuring 400 MS/s at 14 bit resolution. Before each ultrasonic 
measurement the suspension temperature in the mixer (M) is measured using a digital
thermometer (ASL F250 MKII, www.aslltd.co.uk).

Table 1: Ultrasonic transducers (Olympus, www.olympus-ims.com).

Manufacturer specified
centre frequency

Approximate 
wavelength

Divergence 
half angle

Near field Part No.

1.0 MHz 1.50 mm 8.1° 27 mm V303
2.25 MHz 0.67 mm 3.6° 61 mm V306
3.5 MHz 0.43 mm 2.3° 94 mm V382
5.0 MHz 0.30 mm 1.6° 135 mm V309

Table 2: Experimental parameters.

Property Value Equation
Vertical measurement (channel) depth 50 mm
Transducer inclination 45°
Transducer nominal diameter 13 mm  
Measurements per flow profile (for averaging) 100-200
Sample frequency (fs) 200-400 MHz
Pulse repetition frequency (PRF) 5-8 kHz
Sound velocity in suspension (cw) 1480-1510 m/s
Vertical spatial resolution (sample duration) y) 3-5 μm (1)
Horizontal velocity resolution v) 13-42 mm/s (2)

3.3 Signal processing

Signal acquisition control and signal processing is done by Matlab (www.mathworks.com) 
running custom code. Measured temperature and standard data for water is used to calculate 
speed of sound (cw) in the suspension. The spatial resolution in m/sample, in the vertical 
direction in Fig. 4, is calculated as:=   , (1) 
where is the angle between the ultrasonic beam and the direction of flow and is the sample 
frequency. The flow speed resolution in m/s/sample is calculated as:= , (2) 
where PRF (pulse repetition frequency) describes the time between the two ultrasonic pulses.

The flow profile is then calculated using sliding-window cross-correlation between two 
backscattered signals; see Chinaud et al. (2010). Fig. 5 contains an example of how the 
cross-correlation function is related to flow speed.



a) b)

Fig. 5a: Raw cross-correlation data, vertical distance from the top wall on the vertical axis and 
particle velocity on the horizontal axis. Colouring indicates correlation strength, black is high 
correlation. Fig. 5b: Flow profile calculated by evaluating maximum correlation strength at each 
vertical position. See Fig. 6 for description of the dashed (red) lines.

4 Experimental result

The penetration depth of an ultrasonic pulse is mainly dependent upon ultrasound frequency 
(quadratic dependency), particle radius (cubic dependency) and mass fraction solids (linear 
dependency) (Carlson, 2010). Fig. 6 compares the penetration depth of four different 
transducers in Table 1 at two different average flow speeds.

The transducer is placed in the top of the figures. Coordinates and velocity have been projected 
on the vertical respective the horizontal axis. The red line at 0 mm is the approx. position of the 
top wall and the line at 50 mm is the bottom wall. The dashed red lines mark a surrounding 
distance where wall effects influence the measurements. Each profile has been measured 
100 times; the grey shadow indicates the median measured flow speed at each depth. The black 
line is a floating average.

In these experiments the 2.25 MHz transducer produces the most reliable measurements. When 
the transmitting frequency is increased the signal is attenuated faster and does not penetrate the 
whole 50 mm; about 30 mm for 3.5 MHz and 20 mm for 5 MHz transducer. With the 1 MHz 
transducer a problem of using too low frequency is shown; this long wavelength (1.5 mm) does 
not create enough contrast for the cross-correlation process to produce an equally good result.

a) 1 MHz transducer (5 kHz PRF). b) 1 MHz transducer (5 kHz PRF).



c) 2.25 MHz transducer (5 kHz PRF). d) 2.25 MHz transducer (5 kHz PRF).

e) 3.5 MHz transducer (8 kHz PRF). f) 3.5 MHz transducer (8 kHz PRF).

g) 5 MHz transducer (8 kHz PRF). h) 5 MHz transducer (8 kHz PRF).

Fig. 6: Flow of magnetite suspension (approx. 4.7 vol% solids) at two different bulk flow 
speeds; left: approx. 0.75, right: approx. 1 m/s and four different transducers; 1, 2.25, 3.5 and 
5 MHz. Red solid lines indicate estimated wall positions. Red dashed lines marks the areas close 
to the walls where the interaction between the walls and the ultrasonic pulse distorts the 
profiles.



5 Discussion

Since the pipe flow consists of 95% water it is here assumed that the theory for turbulent flow in 
water can be used, then Reynolds number is:= , (3) 
where (1.0 kg/dm3 for water) is the fluid density, is the mean fluid velocity, is the 
hydraulic diameter (0.06 m) and is the dynamic viscosity (0.001 Pas for water @ 20°C). Then 
Reynolds number for the flow of 0.75 m/s would be 45 000, which is well above the transition 
limit to turbulent flow (Re = 4 000).

Thus it seems reasonable that the measured flow profiles look similar to the turbulent flow 
profile (T) in Fig. 7. The flow profiles in Fig. 6 are, as long as the signal is strong enough, in 
good agreement with the turbulent flow profile (T). If for example Fig. 6h) is compared to d) the 
5 MHz transducer captures a similar profile as the 2.25 MHz transducer down to a depth of 
approx. 20 mm. If the solids concentration is increased further the dynamic viscosity of the 
suspension should increase and the flow will transition towards plug flow (P in Fig. 7).

Fig. 7: Left half shows ultrasonic path and the concept of interaction volume (walls and 
transducer (TD) are approx. to scale). Right half shows a comparison between laminar (L), 
turbulent (T) and plug (P) velocity profiles in steady uniform pipe flow, after Southard (2006).

If these results are compared to other results in the literature (Table 3) others have done deeper 
measurements and also in thicker suspensions, but not both at the same time. Also the majority 
of these measurements use transducers on both sides of the flow, which cuts the ultrasonic path 
in half.

Table 3: Ultrasonic flow profiles in literature.

Reference Solid 
Material

Avg. 
particle dia.

Max. solids 
conc. 

Max. 
depth

US centre 
frequency

Takeda (1986) Al2O3 5 μm Low 12 mm 4.2 MHz
Carlson et al. (2002) Magnetite 54 μm Low 34 mm 3.5 MHz
Wiklund et al. (2005) Wood fibre 2.4 mm * 8 wt% 40 mm 2 MHz
Wiklund et al. (2008) Mineral 11-90 μm 20 wt% 36 mm 4 MHz
Chemloul et al. (2009) Glass 270 μm 2 vol% 20 mm 8 MHz
Hunter et al. (2010) Glass 10 μm 5 wt% ** 300 mm 1 MHz
Furlan et al. (2012) *** Glass 195 μm 8 vol% 25 mm 2.25 MHz
Kotzé et al. (2013) Kaolin N/A 17 vol% 16 mm 4 MHz
* Fibre length. ** Sedimenting suspension. *** Only concentration profiles.



Another thing to consider is what is actually measured. The ultrasonic transit time methods 
mentioned earlier measures the bulk flow of the liquid phase, while the Doppler based methods 
only account for the solid phase velocity. With the current method the velocity of “particle 
clouds” are estimated, which means the velocity of the solid phase.

5.1 Interaction volume

Velocity profiles measured using UVP always becomes distorted close to walls due to the effect 
of finite sample volume. During signal processing it is assumed that the volume responsible for 
measured scatters at each time, interaction volume (IV), has a volume of negligible size. This 
assumption is a source of error; in reality it has a finite volume and it is possible that part of the 
IV is in the flow while another part is not; see left half of Fig. 7. Jorgensen et al. (1973) describe 
the IV as flat drop shape, but for this discussion it suffices to regard it as a flat cylinder. The 
diameter of the cylinder (d) is the same as the transducer diameter close to the transducer and 
increases as the pulse diverges, with divergence angle . The height (h) of the cylinder is related 
to the pulse length and the speed of sound.

A good example of the effect is in Fig. 6c), between -3 and 0 mm, where the measured flow 
speed increases gradually even though the point of measurement lies outside of the flow. (It is 
also possible that part of this effect is due to actual particle flow in the recess).

With the current setup approximately ±5 mm from each wall is affected by wall effects, see 
Fig. 8. For the top wall (transducer side) this means that the flow is underestimated and for the 
bottom side this means that an echo from the wall might influence the measurement. To some 
extent it would be possible to compensate for these effects during signal processing, see for 
example Kotzé et al. (2013).

Note that the interaction volume is a theoretical concept used to understand interaction effects 
and spatial resolution. In reality there is no fine border between affected and unaffected 
suspension. The lines in Fig. 8 indicate where the sound pressure has decreased to one half 
(-6 dB) from the centre axis.

Fig. 8. Analytical estimation of the size of the interaction volume in contact with the flow. 
Vertical distance through the measurement section is on the vertical axis is. The 5, 3.5 and 
2.25 MHz transducers are operating in near field and thus have approx. the same interaction 
volume (black). The 1 MHz transducer has a larger divergence angle and because of that the 
interaction volume starts increasing with depth at about half way through the flow (blue). The 
pulse length is assumed to be 1 μs, corresponding to 1.5 mm, for all transducers.



5.2 Flow disturbance and speed of sound

Apart from the ultrasonic interaction volume beeing affected by the walls also the actual flow is 
to some extent affected by the recess close to the ultrasonic transducer. Raišutis (2006) did 
measurements on air flow. The principal effect on the flow profile is included close to the 
transducer in Fig. 7 (TD). This effect is asumed to have negligable effect on the final flow 
profiles, especially as they already are distorted close to walls as discussed above.

Another phenomenon affecting the measurements is the estimation of the speed of sound in the 
suspension. In Fig. 6 the speed of sound is assumed to be the same as for water of the same 
temperature. The speed of sound in water at 20°C and 30°C is 1482 m/s respective 1509 m/s. 
But the speed of sound also depends on solids concentration and particle distribution. For 
example Wiklund (2008) uses a value of 1530 m/s for mineral slurry at 20°C. Since the 
measured flow speed depends linearly on the estimation of speed of sound the practical effect is 
small; the error resulting from using 1482 m/s instead of 1530 m/s is only 3%.

6 Future work

In the near future the goal is measuring the full 50 mm in a suspension carrying 10 vol% of 
magnetite particles. To do this we will continue to improve the cross correlation process applied 
to measurement data; both in theory and practise. Also adjustments to transducer inclination 
angle and pulse energy could lead to better results.

Later experiments will be made with estimating solids concentration profiles from signal 
attenuation and also study magnetic capture from flow of magnetite suspension. The extracted 
samples will be further studied for entrainment and influence of magnetic volume in mixed 
particles.
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ABSTRACT: In the mining industry magnetite particles are transported in aqueous suspension 
through different stages of the process. In some stages it is of interest to monitor both the 
concentration and particle velocity profiles over a cross-section of the flow. In this paper an 
ultrasonic flow meter method based on cross-correlation of backscattered sound is presented. High 
solid particle content (e.g. 20-40 wt%) makes this challenging and therefore the emphasis lies on 
developing robust signal processing techniques for particle velocity estimation. The developed 
method is evaluated in laboratory experiments on flows in a rectangular duct. Transducers with 
centre frequency 1, 2, 4 and 5 MHz are evaluated in flows with a solid content of 20% by weight 
(4.7 vol% solids). Using the 2 MHz transducer a penetration depth of 50 mm is reached. 
 
INTRODUCTION 
 
In the mining industry, magnetite particles are transported in suspensions with water through 
different stages of the process. In some of these stages, it is of interest to monitor both the 
concentration and particle velocity profiles over a cross-section of the flow. In this paper a method 
is developed for applications in wet low-intensity magnetic separation, which is a process for 
winning of fine ferromagnetic particles from iron ore slurries. To obtain good quality data the 
following specification has been identified: 
 

1. The sensor is required to operate from one direction only, since the separator design 
allows physical access to the flow from only one side. 

2. A technique capable of penetrating opaque and attenuating suspensions is required. 
3. Some degree of spatial resolution is needed to interpret the results. 
4. A non-intrusive technique is preferred since the internal environment is a very tough on 

equipment and also the best results are obtained if the flow is not disturbed. 
5. Information about both flow speed and suspension concentration variations is desired. 
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METHOD 
 
Here a speckle correlation technique, called Ultrasonic Velocity Profiling (UVP), is used. UVP 
monitors movements of local density differences in the flow. The method is summarised in the 
Signal Processing section and is evaluated in laboratory experiments where we measure on 
turbulent flow in a straight rectangular duct. 
 
During signal processing it is assumed that the volume where the measured scatters originate, the 
interaction volume (IV), has a volume of negligible size. In reality this volume is finite, see 
Figure 1 and Jorgensen et al. (1973). As an approximation the IV can be seen as a cylinder shaped 
volume. Close to the transducer the diameter (d) is the same as the transducer diameter, further 
away the diameter increases as the pulse diverges (with divergence angle �). The height (h) of the 
IV is related to the ultrasonic pulse length and the speed of sound. Since the IV has a finite volume 
it will in some positions only partly be in the fluid flow, due to the inclined pulse path. This means 
that velocity profiles can become distorted close to walls; here approx. 5 mm from each wall. 
 

 

Figure 1.  Cross section of the measurement 
duct showing transducer (TD) inclined at an 
angle �, ultrasonic pulse path, the concept of 
interaction volume and typical flow velocity 
profiles; laminar (L), turbulent (T) and plug (P) 
velocity profiles in steady uniform pipe flow. 

 
EXPERIMENTAL SETUP 
 
The experimental setup has already been described by Stener et al. (2013) so only a short summary 
will follow. The setup consists of a closed loop made of rubber hosing with an internal diameter of 
50 mm. The flow is driven by a progressing cavity pump capable of supplying an average flow 
rate up to 1 m/s in a rectangular measurement duct. The suspension temperature is stabilized by a 
heat exchanger fed with cold tap water. 
 
The measurement section (height 0.050 m, depth 0.075 m and length 1 m) is made from 12 mm 
thick clear polycarbonate and the ultrasonic transducer is fitted at a 45° inclination at one end of 
the duct, see Figure 1. The length of straight duct in front of the transducer is 0.85 m (14 hydraulic 
diameters). The suspension consists of magnetite powder and tap water. The powder density is 
5.0 kg/dm3, mean particle diameter is 34 μm and 85 wt% of the particles are smaller than 45 μm. 
 
The measurements are made using four different immersion transducers from Olympus 
(www.olympus-ims.com) with centre frequencies 1.0 MHz (V303), 2.25 MHz (V306), 3.5 MHz 
(V382) and 5.0 MHz (V309). The transducers are controlled via a pulser-receiver (Panametrics 
5800PR, www.olympus-ims.com). The backscatter signal is processed by a digitizer (ADQ214, 
www.spdevices.com) featuring 400 MS/s at 14 bit resolution. Before each ultrasonic measurement 
the suspension temperature is measured using a digital thermometer (ASL F250 MKII, 
www.aslltd.co.uk). 
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SIGNAL PROCESSING 
 
Assume that two backscatter signatures (echoes), p1[n] and p2[n] are acquired by sampling the 
received analogue signals at a sampling rate Ts=1/fs so that 
 

(1) 
 
The two signals are acquired at a pulse-repetition frequency (PRF) so that the time between the 
two acquisitions is TPRF=1/PRF. If the PRF is high enough, we can assume that the particles in the 
interaction volume (IV) has moved like an entity, so that the backscatter signatures differ only by a 
time delay, n0, proportional to the movement of the suspension during the time TPRF. Finding this 
time delay can be done by a simple cross correlation of the two echoes, as 
 

 
(2) 

 
i.e. the time delay between the echoes is found at the lag m between the echoes that maximises the 
cross-correlation between them. Since the particle velocity varies throughout the flow this time 
delay will depend on the depth through the flow; displacement of the flow has to be considered a 
function of depth. Also, since the backscatter signatures will change slightly, the correlation 
between the entire waveforms will be rather weak. To overcome this, we therefore compute the 
cross-correlation between short segments of p1[n] and p2[n], thus resulting in one time delay 
estimate for each such pair of segments. In other words, let 
 

 
(3) 

 
be an M sample long window from p1[n] and p2[n], respectively, and let k=0, 1, …, N-M-1. For 
each value of k, the time delay is then found as the lag maximising the cross-correlation function 
between x1 and x2. Once these delays have been determined, the particle velocity is computed as 
 

 
(4) 

 
where n0[k] is the time delay for window position k, Ts is the sampling time, c is the speed of 
sound in the fluid. The velocity is here projected onto the horizontal axis of the flow duct, using 
the inclination angle between the transducer and the flow, in this case 45°. To obtain better 
estimates of the particle velocity profiles, the above procedure is repeated 100 times, each 
resulting in an estimated velocity profile. These are then to be combined; the most obvious choice 
is to simply compute the arithmetic mean of all estimated velocity profiles, as 
 

(5) 

 
One problem is, however, that sometimes the velocity estimates fail, since the two backscattered 
echoes have decorrelated. Some method of suppressing these outliers is therefore needed. In this 
paper we evaluate two such approaches, the first being a weighted average 
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(6) 

 
where wi are the weights. These are chosen to be proportional to the correlation peak between x1 
and x2, meaning that the average is weighted so that signals exhibiting more correlation are 
assigned a higher weight than signals that are weakly correlated. 
 
The second alternative to the arithmetic mean is to take the median of the 100 velocity profiles. 
The median is known to be good at suppressing outliers, meaning that this should also efficiently 
discard estimates where the two signals have decorrelated. After averaging all flow profiles have 
been filtered with a moving average smoothing filter: 
 

 
(7) 

 
RESULTS 
 
Particle velocity profiles have been measured in flow of dense magnetite suspensions. In Figure 2 
a selection of profiles are presented where a suspension carrying 20% solid particles by weight 
(4.7 vol% solids) have been used. The 2.25 MHz transducer produces the most reliable 
measurements. When the transmitting frequency is increased the signal is attenuated faster and 
does not penetrate the whole 50 mm; about 30 mm for 3.5 MHz and 20 mm for 5 MHz transducer. 
With the 1 MHz transducer a problem of using too low frequency is shown; this long wavelength 
(1.5 mm) does not create enough contrast for the cross-correlation process to produce a robust 
result. 
 
DISCUSSION  
 
As long as the strength of the backscattered signal is high enough all averaging methods produce 
similar results. The mean averaging (Eq. 5) starts to deviate from the expected profile first. To 
some extent this is avoided by placing more trust in strong correlating measurements using the 
weighted mean (Eq. 6). In these conditions the median averaging is the least sensitive to low signal 
strength and also produce results similar to simulation, see Figure 3. 
 
The penetration depth of an ultrasonic pulse is mainly dependent upon ultrasound frequency 
(quadratic dependency), particle radius (cubic dependency) and mass fraction solids (linear 
dependency) (Carlson, 2010). When compared to other results in the literature (Stener et al., 2013) 
others have done deeper measurements and also in thicker suspensions, but not both at the same 
time. Also the majority of these measurements use transducers on both sides of the flow, which 
cuts the ultrasonic path in half. 
 
During signal processing it is assumed that the speed of sound is the same as in water of the 
measured suspension temperature. Other investigators use different values; e.g. Wiklund (2008) 
uses 1530 m/s for mineral slurry at 20°C. But since the error in estimated flow velocity is 
proportional to the error in speed of sound the difference of using the speed of sound in water at 
20°C instead of this higher value is only 3%. 
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a) 0.75 m/s, 1 MHz transducer (5 kHz PRF) b) 1 m/s, 1 MHz transducer (5 kHz PRF) 
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c) 0.75 m/s, 2.25 MHz transducer (5 kHz PRF) d) 1 m/s, 2.25 MHz transducer (5 kHz PRF) 
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e) 0.75 m/s, 3.5 MHz transducer (8 kHz PRF) f) 1 m/s, 3.5 MHz transducer (8 kHz PRF) 
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Figure 1.  Flow of magnetite suspension (4.7 vol% solids) at two different bulk flow speeds 
comparing three different transducers and three different averaging methods; mean (�), weighted 
mean (·�·) and median (�). The transducer is placed above the figures. The lines at 0 and 50 mm 
on the vertical axis represent the top respective bottom of the measurement duct. The dashed red 
lines mark areas where wall effects might influence the measurements. 
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As a comparison basic Computational Fluid Dynamics (CFD) simulations have been done in 
Comsol Multiphysics 4.3 (www.comsol.com). The model consists of a duct with the same 
dimensions as the measurement duct where water (at 20°C) flows with an average velocity of 
1.0 m/s. The software generated “physics controlled” mesh consists of 535·103 elements. The k-� 
turbulence model is used and all other settings are left at their defaults. 
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Figure 3.  Left: Measured (and median averaged) particle velocity profiles where suspensions with 
low solid content is used; < 0.5 vol% solids (- -) and approximately 2 vol% solids (�). These are 
compared to a CFD simulation (�). Right: 2D cross-section from CFD simulation showing 
velocity contours [m/s]. 
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a b s t r a c t

The internal material transport and selection processes of the wet low-intensity magnetic separators
(LIMS) are poorly understood; this calls for improved measurement techniques. In this work an ultrasonic
velocity profiling (UVP) technique for measuring how material flow velocity varies with penetration
depth is presented. A measurement depth of just a couple of centimetres would greatly improve the
understanding of the separation process in a LIMS.
When applied to flows of mineral suspensions with high volumetric solids concentration, similar to

those in the separators, UVP is unique in combining:

� Non-intrusive measurements.
� Operates using just one sensor element (transducer).
� Relatively good spatial resolution.
� Penetrates opaque suspensions.
� Fast sampling rate.

Here, flows are studied in a rectangular duct (50 � 75 mm). Using magnetite suspensions, measure-
ment through the whole depth of 50 mm is made with good accuracy. Velocity profiles are presented
for solids concentrations of 5% and 9% solids by volume (20% and 36% by weight). Even at 9 vol% solids
it is possible to reach a penetration depth of more than 25 mm.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The wet low-intensity magnetic separator (LIMS) is the work-
horse for winning of fine ferromagnetic particles from ore pulps;
despite this the internal workings of the machine are poorly under-
stood. Also, as experienced by the industry, when pushed to higher
capacities and with higher concentrate quality demands, it has
started to show some limitations. To increase the understanding
of this problem the use of computer simulations were attempted
by Lejon Isaksson (2008). One conclusion was that trustworthy
simulations need measurements for validation. The maximum
depth of a full size separator tank is about 100 mm, but to verify
simulations a measurement depth of just a couple of centimetres
would suffice.

1.1. Magnetic separation

The wet LIMS (Fig. 1) consists of a rotating non-magnetic drum
with a number of internally fixedmagnets arrangedwith alternating

polarity. The rotating shell is partially submerged in a tank into
which the suspension of ferromagneticmaterial is fed. Themagnetic
portion of the feed material is attracted towards the drum surface
and then carried through the alternating magnetic field and out
through the concentrate discharge. The history and physics of wet
LIMS is described in more detail by Parker (1977).

The amount of research done on wet LIMS is limited, but some
has been published, for example Lantto (1977a,b) investigated how
various factors influenced the performance of wet LIMS for a titan-
iferrous magnetite ore. Some of the factors investigated were the
number of separation stages, the magnet assembly design, tank de-
sign, pulp density and magnetic flocculation. It was found that
magnetic flocculation had central significance for determining
the separation result. Rayner and Napier-Munn (2003) combined
empirical advice and experimental trials to develop process models
for wet drummagnetic separators. Also here, magnetic flocculation
was shown to play a central role. A model to predict loss of mag-
netic material was presented where the loss depended upon a first
order flocculation rate and the residence time within the separa-
tion zone. Even though this work was aimed at wet drummagnetic
separators used for dense medium recovery, much of the theory
should also be applicable to concentration of magnetite.
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⇑ Corresponding author. Address: Luleå University of Technology, SE-97187
Luleå, Sweden. Tel.: +46 (0) 920 491314.

E-mail address: Bertil.Palsson@ltu.se (B.I. Pålsson).

Minerals Engineering xxx (2013) xxx–xxx

Contents lists available at ScienceDirect

Minerals Engineering

journal homepage: www.elsevier .com/locate /mineng

Please cite this article in press as: Stener, J.F., et al. Evaluation of the applicability of ultrasonic velocity profiling in conditions related to wet low intensity
magnetic separation. Miner. Eng. (2013), http://dx.doi.org/10.1016/j.mineng.2013.08.005



Recently Dworzanowski (2010) described, from a general point
of view, how the various designs and operating variables interact,
how they affect performance and also provides guidelines on oper-
ation. Factors given high importance included tank design, magnet
assembly configuration, feed preparation, feed rate, level control
and drum/tank distance.

Generally, one of the challenges of optimizing LIMS is the bal-
ance between attracting too much material, and thus getting
mixed grains of low grade in the concentrate, and attracting too lit-
tle material and losing the very fine (liberated) magnetic fraction
to the tailings. This is where understanding the limitations of LIMS
and the mass transfer of material within a LIMS could help in cir-
cuit configuration and processing to maximize the overall magne-
tite recovery.

To gain a deeper understanding of the process of wet LIMS,
measurements of internal particle flow are needed. To obtain good
quality data the following specification was set up:

1. The sensor is required to operate from one direction only, this
since the separator design allows physical access to the flow
from only one side (dashed lines in Fig. 1).

2. A technique capable of penetrating an opaque and attenuating
suspension is required.

3. Some degree of spatial resolution is needed to interpret the
results.

4. A non-intrusive technique is preferred since the best results are
obtained if the flow is not disturbed. Also the internal environ-
ment could be very harsh on equipment.

5. Information about both flow speed and suspension concentra-
tion variations is desired.

2. Method

To meet the specifications listed above an ultrasonic flow veloc-
ity measurement method was chosen. These techniques are (al-
most) non-invasive quantitative techniques capable of operating
in opaque fluids. There are three main categories of ultrasonic flow
velocity measurement methods; transit time, Doppler-based and
speckle correlation techniques. Most of these methods originate
from the field of medicine or navigation but have in more recent
years found many other applications. Hein and O’Brien (1993)
made a review summarizing these developments.

In transit-time flow measurement systems two ultrasonic
transducers operate by alternately transmitting and receiving
bursts of sound energy between them. The difference in measured
transit time is directly proportional to the velocity of the liquid in
the pipe. Transit-time techniques measure the bulk flow velocity.
However, transit-time techniques cannot be used in the current
target application since they require sensors on two sides of the
flow.

Ultrasonic Doppler flow meters employ the frequency shift
(Doppler Effect) of an ultrasonic signal when it is reflected by sus-
pended particles or gas bubbles in motion. Doppler based methods
measure the motion of the particles. This technique is used for
example by Takeda (1986), Wiklund and Stading (2008), Chemloul
et al. (2009) and Hunter et al. (2011).

Speckle correlation techniques track the movement of particles
or local density variations in a suspension. A visualization of parti-
cle distribution in turbulent suspension flows can be found in
Wood et al. (2005). Short ultrasonic pulses are generated and these
create backscatter waves, which are sampled and run through a
cross-correlation process to extract a time delay. From this delay
the particle displacement and velocity can be calculated. This tech-
nique is computationally demanding, but since the generally avail-
able computing power increases, this limitation rapidly
diminishes. Already Dotti et al. (1976) used an ultrasonic cross-
correlation technique to measure blood flow.

Related methods include the use of arrays of sensors to acquire
a 2D profile; cf. Sandrin et al. (2001), Manneville et al. (2001) and
Carlson and Ing (2002), and the use of similar (or the same) equip-
ment to measure slurry density and solids concentration; cf. Bam-
berger and Greenwood (2004) and Furlan et al. (2012).

2.1. Ultrasonic velocity profiling

To develop a method capable of operating in the demanding
environment of a wet LIMS tank a variant of the speckle correlation
technique was selected. The method, here called ultrasonic veloc-
ity profiling (UVP), uses an ultrasound transducer to track particle
motion in the flow. The transducer first transmits a short pulse and
is then used as a receiver to record the backscattered signal (echo).
This backscattered signal contains information about the particles
in the flow.

By acquiring two backscatter signals closely spaced in time and
then cross-correlating them it is possible to follow the movement
of particles. By dividing the backscatter signals into short segments
and cross-correlating them piecewise it is possible to obtain infor-
mation on how this movement varies with position. The distance
travelled by the particles are related to the time delay (lag) corre-
sponding to the strongest correlation. Since the time between the
two backscatter signals is known it is possible to calculate particle
velocity. The transducer inclination angle (h) is used to project the
measurements on the direction of flow. The method is described in
more detail in the signal processing section.

During signal processing it is assumed that the volume responsi-
ble for measured backscatters at each time, the interaction volume
(IV), is of negligible size. In reality the volume is finite. Jorgensen
et al. (1973) describe the IV as flat drop shape, but here it is sufficient
to treat the IV as a flat cylinder, see Fig. 2. Close to the transducer the
diameter of the IV (d) is assumed to be identical to the transducer
diameter and the diameter then increases as the pulse diverges
(with divergence angle a). The height (h) of the IV is related to the
pulse duration and the speed of sound. Note that the interaction vol-
ume is a theoretical concept, in reality there is no distinctly defined
border between affected and unaffected suspension.

Due to the finite volume of the IV, velocity profiles measured
using UVP can become distorted in the vicinity of channel walls.
With the current setup approximately 5 mm from each wall is

Fig. 1. Cross section of wet LIMS of counter-current type (design by Metso,
www.metso.com). Dotted lines indicate walls of special interest for mounting of
sensor for flow velocity measurements.
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affected. For the top wall (transducer side) this means that the flow
might be underestimated since the IV is only partly in the main
flow. For the bottom side this means that a signal reflected twice
from the bottom wall influences the measurement. To some extent
it would be possible to compensate for these effects during signal
processing, but this was not done in these experiments.

2.2. Experimental setup

The proposedmethod is developed and evaluated using the exper-
imental setup in Fig. 3. The flow is drivenby a progressing cavity pump

(Netzsch NM053BY01L06B, www.netzsch.com) capable of supplying
up to 14m3/h. This corresponds to an average flow velocity of up to
1m/s in themeasurement section. The pumpmotor is controlledwith
an AC drive (Emotron VFX48-010, www.emotron.com) and the sus-
pension temperature is stabilised at 25–30 �C by a heat exchanger

Fig. 2. Ultrasonic pulse path and the concept of interaction volume. In the vicinity
of duct walls (marked with dashed lines) the measurements will be affected by wall
interaction effects. A typical turbulent flow velocity profile is included to the right.

Fig. 3. Experimental setup comprising mixer (M), pump (P), heat exchanger (HE),
measurement section (MS). Also sampling position (S) and data acquisition
equipment is shown; pulser–receiver (PR), digitizer (DAQ) and computer (PC).

Table 1
Ultrasonic transducers (Olympus, www.olympus-ims.com).

Manufacturer-specified
centre frequency (MHz)

Approximate
wavelength (mm)

Divergence
half angle

Near
field (mm)

Part No.

1.0 1.50 8.1� 27 V303
2.25 0.67 3.6� 61 V306
3.5 0.43 2.3� 94 V382
5.0 0.30 1.6� 135 V309

Table 2
Experimental parameters used.

Property Settings Ia Settings IIb Equation

Vertical measurement duct depth 50 mm 50 mm
Transducer inclination angle (h) 45� 45�
Transducer nominal diameter (d) £13 mm £13 mm
Sample frequency (fs) 400 MHz 200 MHz
Pulse repetition frequency (1/TPRF) 5 kHz 8 kHz
Measurements per flow profile (O) 200 200
Window length (M) 1000 1000
Vertical spatial resolution (Dy) 2.7 lm 5.3 lm Eq. (2)
Horizontal velocity resolution (Dv) 13 mm/s 42 mm/s Eq. (5)
Sound velocity in suspension (c)c 1480–1510 m/s 1480–1510 m/s

a Used in Fig. 5a and b.
b Used in Fig. 5c–f.
c Depending on suspension temperature.

(a)

(b)

Fig. 4. (a) Cross-correlation strength, coloring indicates how the correlation
strength between the two windows (x1 and x2) varies with lag (m) and vertical
position. Dark colors indicate strong correlation. (b) Corresponding flow velocity
profile calculated as the velocity corresponding to the strongest correlation at each
depth. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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fed with cold tap water. The parts are connected in closed loop using
rubber hosing with an internal diameter of 50mm.

The walls of the measurement section (MS) (depth 50 mm,
width 75 mm and length 1 m) are made from 12 mm clear polycar-
bonate and the ultrasonic transducer is fitted at a 45� inclination in
one end of the section. The length of straight duct in front of the
transducer is 0.85 m, corresponding to 14 hydraulic diameters. To
evacuate entrained air from the recess by to the transducer a small
peristaltic pump (Watson-Marlow 503S, www.watson-mar-
low.com) is used. The flow rate (through a £1.5 mm hole) is neg-
ligible compared to the main flow.

2.3. Material and suspension properties

The magnetite material (approx. 69% Fe) used was supplied by
LKAB (www.lkab.com) from the KA1 concentrator at Kiruna, Swe-
den. It was sampled from the feed stream (overflow hydrocyclone)

to the second stage of wet LIMS. The material density is 5.0 kg/dm3,
as measured with a pycnometer (Micromeritics 1305,
www.micromeritics.com). Particle size analysis by laser diffraction
(Cilas 1064, www.cilas.com) showed that the mean diameter is
34 lm and mechanical sieving showed that approx. 85 wt% of
the material is finer than 45 lm.

The dry magnetite powder is mixed with water to reach desired
concentrations. The stated concentrations are checked by sampling
the stream, at (S) in Fig. 3, and then drying the sample and calcu-
lating solids content. To avoid sedimentation a bulk flow velocity
in both the hoses and the measurement section of 0.75 m/s or
higher is used during all experiments.

2.4. Electronic equipment

The measurements are made using the immersion transducers
listed in Table 1. These are managed by a computer controlled

(a) (b)

(d)(c)

(e) (f)

Fig. 5. Measurements on flow of magnetite suspension at bulk flow speed of 0.75 and 1 m/s. Two different concentrations and four different transducers are compared. The
transducer is placed above the figures. 0 and 50 mm on the vertical axis represent the top respective bottom of the measurement duct. The dashed (red) lines mark areas
where wall effects might influence the measurements (See Fig. 2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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pulser–receiver (Panametrics 5800PR, www.olympus-ims.com).
The received backscatter signal is processed by a digitizer
(ADQ214, www.spdevices.com) featuring 400 MS/s at 14 bit reso-
lution. Before each ultrasonic measurement the suspension tem-
perature in the mixer (M) is measured using a digital
thermometer (ASL F250 MKII, www.aslltd.co.uk).

2.5. Signal processing

Signal acquisition control and signal processing is carried out in
MATLAB (www.mathworks.com) running custom code. Related
properties are listed in Table 2. Assume that two backscatter sig-
nals (echoes), p1[n] and p2[n] are acquired by sampling the re-
ceived analogue signals at a sampling rate Ts = 1/fs so that,

pi½n� ¼ p1ðnTsÞ; i ¼ 1;2; n ¼ 1;2; . . . ;N ð1Þ
The vertical spatial distance between each sample pi[n] is calcu-

lated using the vertical spatial resolution

Dy ¼ Tsc
2 cos h

ð2Þ

where c is the speed of sound in the medium (calculated using mea-
sured temperature and standard data for water). h is the angle be-
tween the ultrasonic transducer and the direction of flow (see
Fig. 2). The resolution is divided by a factor 2 since the pulse travels
back and forth through the suspension.

The two signals are acquired at a pulse-repetition frequency
(PRF) so that the time between the two acquisitions is TPRF = 1/
PRF. If the PRF is sufficiently high, we can assume that the particles
in the interaction volume (IV) has translated like an entity, so that
the backscatter signatures differ only by a time delay (n0)
proportional to the movement of the suspension during the time
TPRF.

The time for a pulse to travel from the transducer to a particular
IV and back varies only with the position of the IV, this means that
each sample (n) will carry information from different depth in the
flow. By dividing the sampled signal into short segments,

x1½k� ¼ p1½1þ k�; p1½2þ k�; . . . ; p1½M þ k�f g
x2½k� ¼ p2½1þ k�; p2½2þ k�; . . . ; p2½M þ k�f g ð3Þ

the displacement of the flow can be calculated as a function of
depth. The windows are M samples long taken from p1[n] and
p2[n], respectively, and window index k = 0, 1, . . ., N-M-1.

The first step towards finding this time delay between each of
these windows is to do a cross correlation of the two windows

XC½m; k� ¼
XN�M�1

k¼0

p1½n�p2½n�m� ð4Þ

where m is a sufficiently large span of lags; e.g. m = �256, �255, . . .,
0, . . ., 255, 256.

The horizontal flow speed corresponding to a certain lag m is
calculated using the horizontal flow velocity resolution

Dv ¼ Tsc
2 sin h

� 1
TPRF

ð5Þ

Fig. 4a shows the cross-correlation strength (XC) as a function of
windows index converted to depth (using Eq. (2)) and lags con-
verted to flow velocity (using Eq. (5)). The final particle flow veloc-
ity profile in Fig. 4b has been estimated by finding the flow speed
corresponding to the maximum correlation strength.

To obtain better estimates of the particle velocity profiles, the
above procedure was repeated 200 times, each resulting in an esti-
mated velocity profile. For each depth the median flow velocity is
calculated; the median is known to be good at suppressing outliers,

meaning that this should also efficiently discard estimates where
the two signals have de-correlated. After median filtering all flow
profiles have been filtered with a moving average smoothing filter:

vs½k� ¼ 1
2N þ 1

v k� N
2

� �
þ v k� N

2
þ 1

� �
þ . . .þ v kþ N

2

� �� �
ð6Þ

3. Results

At solids concentrations of 2 vol% or lower, the UVP technique is
capable of measuring through the whole available depth of 50 mm.
In Fig. 5a–d the suspension has a solids concentration of about
4.7 vol%, corresponding to 20 wt%. Under these conditions the
2.25 MHz transducer produces the most reliable results. A higher
transmitting frequency makes the signal attenuate faster, and in
this case it does not penetrate the full 50 mm, instead about
25 mm is reached for the 3.5 MHz transducer and 20 mm for the
5 MHz transducer.

In the combination of particle size distribution, solids concen-
tration and flow conditions used in this work, the pulses from
the 1 MHz transducer does not interact strongly enough with the
suspension flow to create a high contrast backscatter signal. This
results in increased uncertainty in the flow velocity profile
estimation.

When the concentration is increased to 9 vol% (33 wt%), in
Fig. 5e–f, the 2.25 MHz transducer still produces the most reliable
results and it is possible to reach a depth of almost 30 mm. In the

(a)

(b)

Fig. 6. (a) CFD simulation of water ( ) compared to measured particle velocity
profiles (bulk flow speed 1 m/s) where suspensions with low solid content is used;
(- -) <0.5 vol% solids and (—) approximately 2 vol% solids. (b) 2D cross-section from
CFD simulation showing velocity contours (m/s).
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proposed application this distance would be sufficient to cover a
large portion of the wet LIMS tank volume.

As a comparison, and check-up on the measurements, basic
computational fluid dynamics (CFD) simulations (Fig. 6) have been
carried out in Comsol Multiphysics 4.3 (www.comsol.com). The
model consists of a duct with the same dimensions as the measure-
ment duct where water (at 20 �C) flows with an average velocity of
1.0 m/s. The software-generated ‘‘physics controlled’’ mesh con-
sists of 535 � 103 elements. The k–e turbulence model is used
and all other settings are left at their defaults. It was found that
the measurements were in good agreement with the simulation.

4. Discussion

For low solids concentration, where interparticle scattering can
be neglected, the penetration depth of an ultrasonic pulse is mainly
dependent upon ultrasound frequency (quadratic dependency),
particle radius (cubic dependency) and fraction of solids (linear
dependency) (Carlson, 2010). For solids concentration above
approximately 0.1 vol% solids (Hunter et al., 2012) interparticle
scattering can no longer be neglected. Still the signal attenuation
can be assumed to increase with increasing ultrasound frequency,
decreasing particle size and increasing solids concentration.

To improve penetration depth for a given suspension flow the
ultrasonic transducer centre frequency can be tweaked for each
application to reach optimal performance. Also the vertical pene-
tration depth can be improved by increasing the transducer incli-
nation angle (h), though this will come on the expense of
reduced measurement accuracy and robustness. Using an inclina-
tion angle of 70� instead of 45� would shorten the pulse path by
25% for the same penetration depth. Another factor to consider is
the main excitation of the transducer. In the current setup the pul-
ser–receiver generates a negative impulse (�300 V) with pulse en-
ergy of 100 lJ. According to specification the transducers can
handle stronger excitation, which might yield improved penetra-
tion depth.

When comparing the presented results to those in the literature
(Table 3) both deeper measurements, and measurements in thicker
suspensions can be found, but not both at the same time. Also
some of these measurements use transducers on two opposite
sides of the flow, which effectively cuts the ultrasonic path length
in half.

In these experiments, and also in the proposed application, a
turbulent flow is required to keep the dense particles in suspen-
sion. This means that, on a small length scale the fluid flow can
have any direction because of turbulent vortices. The time to com-
plete 200 repeated measurements is in the order of 100 ms. Also
the portion of the flow being considered in each velocity calcula-
tion depends on the shape of the interaction volume. The strongest
backscatters have the most influence on the measurements, and
particles from a span in depth of up to approximately 11 mm could
influence one single point on the velocity profile. These factors
make it difficult to differentiate between measurement

fluctuations caused by turbulence and fluctuations being measure-
ment error.

Also the estimation of the speed of sound in the suspension af-
fects the measurement accuracy. In Fig. 5 the speed of sound is as-
sumed to be the same as for water of the same temperature. The
speed of sound in water at 20 �C and 30 �C is 1482 m/s and
1509 m/s respectively. But the speed of sound also depends on sol-
ids concentration and particle size distribution. For example Wikl-
und and Stading (2008) uses a value of 1530 m/s for mineral slurry
at 20 �C. Since the measured flow speed depends linearly on the
estimation of speed of sound the practical effect is small; for in-
stance, the error resulting from using 1482 m/s instead of
1530 m/s is only 3%.

5. Conclusions

It is possible to get good qualitative measurements in demand-
ing environments and since just one sensor is needed setup and
signal acquisition can be simple. Also no calibration is needed;
measured velocity depends only on the speed of sound in the sus-
pension. As shown here, the technique can operate up to at least
9 vol% (36% by weight) solids concentration and down to very di-
lute suspensions; only a small amount of particles is required to
create echoes.

The penetration depth depends strongly on the volume fraction
of solid material, but to be able to measure particle flow velocity
only a short distance inside a process unit could yield a much dee-
per understanding of the behavior of the LIMS unit process. In
these experiments the 2.25 MHz transducer produces the most
reliable results. At 2, 5 and 9 vol% solids concentration the vertical
penetration depth is 50, 35 and 25 mm respectively at a 45� trans-
ducer inclination angle. This technique has great potential in the
field of minerals engineering, wherever there is a need to measure
mineral suspension flow in narrow channels.
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