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SUMMARY 

The municipal solid waste (MSW) is so complex but a significant 

secondary source of materials. The incombustible residue after the incineration of 

the MSW is known as municipal solid waste incinerator (MSWI) bottom ash  that 

is  mostly a mix of organic and mainly inorganic materials  as well as a significant 

secondary source of ferrous and nonferrous (NF) metals. However, despite the 

technological development of eddy current separator (ECS), the recovery of NF 

contents from MSWI bottom ash, size 1-6mm remains unsatisfactory where the 

splitter setting of an ECS machine plays crucial role for effective separation and 

quality control of nonferrous metals and non-metals. For effective separation and 

quality control of the bottom ash materials the ECS machine needs continuous 

adjustment of the splitter setting which is quite impractical for a manual operator 

as a result this thesis primarily addresses this issue by suggesting a sensor based 

remedy for that.   

 

Accordingly this Ph.D. thesis embodied the development of two different 

kinds of sensors namely hybrid sensor and eddy current belt sensor. The hybrid 

sensor was developed for the measurement of metal grade (G) of the ECS 

concentrated bottom ash materials and the measured (G) was used as a qualifier 

for the quality control of the bottom ash materials. Actually the hybrid sensor 

produces count data for metal and non-metal particles present in the ECS 

concentrated bottom ash stream where the hybrid sensor consists of  infrared 

sensor (IRS) for counting all types of particles present in the stream and 

electromagnetic sensor (EMS) for  counting  only the metal particles present in 

the stream. A mathematical model is developed that calculates the metal grade 

(G) from the sensor count data with the pre-knowledge of average particle mass 

ratio (k) between non-metal and metal.  

 

Consequently this research first focused on design, construction and 

characterization of the hybrid sensor. Each sensor section is characterized 

individually in terms of sensitivity, repeatability and accuracy. The hybrid sensor 

was highly repeatable to its count data and the math model for the measurement of 

G was verified using the synthetic sample with known values of k i.e. were k =0.24, 

0.54, 1.23 and 2.54. The same method was applied for the grade measurement of 

the ECS concentrated bottom ash materials with an accuracy ±2.4%.   
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After the laboratory characterization a robust set up from the laboratory 

prototype of the hybrid sensor was built for functionality analyses in situ. The 

measurements and trends in sensor data from the laboratory and in situ for dry 

feed materials were quite comparable, considering the ECS machines were 

different and the bottom ashes came from different sources. The hybrid sensor 

data predicted quite accurately the trend of the metal grade of the stream of the 

particles with the splitter distance, which was mandatory for sensor-based control 

of the ECS splitter position in bottom ash processing.   

 

 Afterwards this thesis presented an extended part of this sensor research 

that resulted another fundamental investigation on the development of an eddy 

current belt sensor. The purpose of the belt sensor was to identify NF scrap metals 

on a conveyor that could be applied for sensor sorting and quality control of 

bottom ash materials. The belt sensor relies on a mathematical method which is 

called in this thesis as conductivity approach. In conductivity approach a 

parameter CIF (conductivity indication factor) has been defined from where the 

CIF has been found as truly a function of conductivity. This thesis suggested 

producing a database of material CIF that was used for the identification of 

different materials based on conductivity.  

 

For experimental validation of the conductivity approach a set of pure 

sample particles S1 of Cu, Al, and Brass, each of six generic shapes i.e. disk, disk 

block, square plate, square block, rod, and cylinder were investigated. The test 

analyses for the sample set S1 showed 100% accuracy for the identification of the 

Cu, Al and Brass by using their average CIF values. As an application of the eddy 

current belt sensor another sample set S2 i.e. a representative amount of randomly 

mixed metal scraps of  Cu, Al, Brass and Zn collected from a  batch of bottom ash 

materials was used as a test case for the identification of different metals using 

their measured CIF values. As a first step towards an application of the belt 

sensor, the thesis also presented a logical sorting statistics of the bottom ash 

scraps based on their average CIF values. Moreover, the calculated and calibrated 

conductivity values of the metal scraps using only the belt sensor were also 

presented and finally some recommendations have been compiled for further 

advancement of sensor sorting of waste and quality control of bottom ash 

materials.   
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Chapter 1 

Introduction 

 

It is a common practice in society that the people have their own styles and 

ways to store and reuse commodities, materials and resources. Now days material 

recycling demands vaster attention in the society for sustainable management of 

resources, conservation of energy as well as protecting ecological balance. 

Scientific management of different kind of wastes and necessity of proper 

recycling methods are considerably focusing ecologist, environmentalist, 

scientists and technologists  altogether into a common platform for finding 

solutions in the interest of majorly saving the primary resources, making 

economically inexpensive quality products and reducing landfill to avoid 

dilapidation of green ecosystem. From global perspective of municipal solid 

waste (MSW) generation, the amount of MSW increases rapidly that would reach 

at 27 billion tons in 2050 from 13 billion tons in 1990 and presently more than 

one billion tons of MSW are discarded worldwide, although these numbers are 

uncertain and may vary from region to region (Karak et al., 2012; Vergara and 

Tchobanoglous, 2012; Sharholy et al., 2008). Moreover, urbanization and 

industrialization are escalating with the increase of world population that 

significantly upraises the use of e-waste or waste of electronic and electrical 

equipment (WEEE). Literature study shows the amount of WEEE in MSW is 

about 8 wt% where the content including iron, copper, aluminum, gold and other 

metals in WEEE is over 60 wt% with 0.2 tons of copper in one ton of e-waste and 

1g of gold in a personal computer of recent generation (Widmer et al., 2005).  

 
1.1 MSWI bottom ash  

 Municipalities of developed nations have taken enough legislation and a 

number of measures for recycling of valuable materials from waste as well as 

minimization of undesirable impacts of waste disposal in society. The MSW 

majorly contains both complex degradable biogenic and non-biogenic materials. 

The complex non-biogenic part of the solid waste possesses majorly glass, stone, 

ceramics, plastics, paper, wooden stuffs, demolished building concrete, electronic 

products and various goods containing lots of different metals. Figure 1.1 shows a 
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typical flow diagram of MSW recycling for material upgradation and recovery 

from some generation sites to the end of a typical waste treatment plant using 

eddy current separator (ECS) technology. Actually this is just an overview to see 

how advance waste processing and material recycling work in developed part of 

the world. Different kinds of companies with privet or public-privet partnership 

collect waste from different parts of society and sometimes they directly process 

the collected waste for energy recovery and material separation or the collected 

waste are sold out to a third party who works for further processing of waste for 

material recovery.  

 

The processing and transformation of MSW is an art of energy recovery and 

material reuse in municipalities of many developed nations. Different types of 

technologies are used for the conversion and recycling of biogenic and non-

biogenic materials in solid waste, where in Europe and Japan, incineration is the 

most popular technique for conversion of the MSW into heat and electricity 

which is one of the significant secondary source for energy solution in societal 

and environmental benefits (see Table 1 & Table 2, Vergara and Tchobanoglous, 

2012).The incombustible residue after the incineration of the MSW is called as 

municipal solid waste incinerator (MSWI) bottom ash which is another complex 

materials containing a mix of organic and mainly inorganic materials  as well as a 

significant secondary source of ferrous and nonferrous (NF) metals (ferrous ≈ 

10%, NF ≈ 1%). It is notable here that the recycling of nonferrous metals from 

MSWI is profitable for saving the world resources as well as advantageous for the 

environment too. For example the recycling of aluminum cans requires 95% less 

energy and reduces emission of 95% greenhouse gas (GHG) as compared with the 

overall energy consumption scenario during the production process of raw 

aluminum from its natural source bauxite ore.  

 

For technological adaptation the resulting MSWI bottom ash materials are 

sieved at different size fractions such as Size 1, Size 2 and etcetera although these 

are just symbolic representation of particle sizes in a crude way instead of telling 

the exact size in a plant. The different size fractions of the MSWI bottom ash are 

processed first by magnetic separation where the magnetic scraps of different 

materials majorly the iron and steel scraps are separated out. Afterwards the 
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aggregates are taken to a conveyor type eddy current separator (ECS) for 

upgradation of the NF scraps from the waste which is then called as ECS 

upgraded or concentrated NF fraction.  
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Figure 1.1: A typical flow diagram of municipal solid waste (MSW) recycling for 

material upgradation and recovery from various generation sites.  
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Figure 1.2(a) shows a typical naturally dried pile of MSWI bottom ash to be 

processed by an ECS in a plant where (b) shows the ECS upgraded moist NF 

fractions and (c) shows a mixer of manually analyzed NF metal contents from a 

subsample of (b). For manual analyses of NF metal contents the subsample is 

taken in a crusher that demolishes the nonmetal parts by producing fines and 

flattens the NF scraps of the sample. Therefore the crushed mixer contains 

demolished fines and flattened NF scraps which are then collected after sieving 

and removing the fines.  

 
 

(a)                      (b)                    (c) 

 

 

 

 

 

Figure 1.2
1
: (a) A pile of naturally dried MSWI bottom ash, size fraction 0-6mm in a 

waste energy conversion plant that comes as a residue from an incinerator of an waste to 

energy conversion plant. (b) ECS concentrated moist NF fractions, size 0-6mm. (c) 

Manually analyzed NF metal contents from a subsample of (b).     

 

1.2 Background of the thesis 

Literature study shows that the bottom ash materials, size fraction up to 16mm 

is most relevant fractions which are concentrated to higher metal contents using 

an eddy current separator (ECS) (Gillner et al., 2011; Grosso et al., 2011; 

Schlomann 1975). It is also quite convincing from a literature study that one or 

two pieces of jewelry gold can be recovered by recycling per ton of MSWI 

bottom ash, size fraction 2-6mm (Muchova et al., 2009) although this conclusion 

may vary in some extent from region to region. The nonferrous metal content of 

municipal solid waste incineration (MSWI) bottom ash includes a significant 

                                                           
1
All sample materials and photographs presented in this chapter are prepared at Resources and 

Recycling Laboratory, Faculty of Civil Engineering and Geosciences, Delft University of 

Technology, Netherlands. 
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amount of heavy metals, such as Cu, Pb, Ni, Zn, and an even larger amount of 

light metals, mostly Al alloys (Kuo et al., 2007). From recycling point of view the 

MSWI bottom ash materials form a secondary source of valuable non-ferrous 

metals such as Cu, Al, Zn, Brass, Pb and Ni (Shen and Forsburg, 2003). For the 

recovery of the nonferrous metal contents from the MSWI bottom ash the eddy 

current separator (ECS) relies on a technique where a conveyor belt feeds the 

input bottom ash at a rate up to 15 ton/h to a magnetic field generated by rotating 

permanent magnets (Settimo et al., 2004).    

 

Figure1.3 (a) shows a sketch of a typical set up of an ECS machine for the 

separation of the nonferrous metal contents from the nonmetal/mineral fractions 

in the bottom ash as it is also mentioned in a publication of this research ( 

Rahman and Bakker, 2013). This research primarily focuses on the issues for the 

nonferrous metals recovery from the MSWI bottom ash, size fraction <6mm, 

using traditional eddy current separator (ECS). Effective separation efficiency of 

an ECS for the small bottom ash particles, size fraction <6mm, remains 

unsatisfactory as it suffers from significant losses of nonferrous metals 

specifically the more valuable heavy metals (Hu et al. 2011, Hu and Rem, 2009; 

Rem et al., 2004) due to the fact that the magnetic force exerted by the ECS on 

the metal particles goes rapidly down with particle size (Braam et al., 1988, 

Schloemann, 1975),  but also shape, electrical conductivity and mass density play 

a role (Zhang et al., 1999). As a result, metal particles show a wide fan of 

trajectories due to the spread in material properties and dimensions. On the other 

hand the mineral particles also display a fan of trajectories due to the variations in 

their ballistic properties, but the fan of the mineral particles is of course closer to 

the ECS drum.  

 

Regardless of the advances in the development of eddy current separator 

(ECS) still the recovery of the nonferrous metals, size fraction <6mm is scant that 

needs technological mitigation and method for optimum recovery and quality 

control of the NF fractions of the ECS products (Rem et al., 2004, Settimo et al., 

2004). As the bottom ash materials is very complex and it is not unusual that 

many metal products get contaminated with nonmetal/mineral particles and 

oxidation of some metal particles may degrade the true electrical properties of the 
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particles during the incineration process. Consequently depending on the 

composition of feed materials and also moisture content the trajectories of metal 

and mineral particles may overlap and the splitter position always plays a crucial 

role for effective separation of the metals and minerals. The effectiveness of the 

material separation may be monitored and improved by the availability of real-

time information on the waste feed and output products and continuous 

adjustment capability of the splitter settings of the ECS machine. Several hybrid 

technologies, i.e. which employ a combination of different sensor principles, have 

been proposed for metals sorting (Koyanaka and Kenichiro, 2010; Mesina et al., 

2007) or for characterisation of metal-composites (Helseth, 2011).  

 

 

 

Figure.1.3: (a) Principle of ECS separation. Trajectories of small nonferrous metal and 

mineral particles overlap and the splitter must be set in a compromise. (b) The sensor 

system measures metal grade and amounts of metal and mineral particles, allowing for 

online quality assessment or online splitter control. 

 
Till the commencement of this study no practical method does exist which 

could be implemented for the online quality control of the upgraded NF fraction 

in ECS products, size fraction <6mm, which is the main key issue involved in this 

study what could be dealt with the implication of an inline hybrid sensor unit with 

the ECS i.e is shown in Figure 1.3(b). A qualifier for the adjustment of the splitter 

settings of the ECS is the metal grade of the NF concentrated stream which can be 

detected using a hybrid sensor that could facilitate to produce a feedback 

mechanism for automatic adjustment of the splitter settings although still now the 

splitter settings is commonly fixed up by a manual operator in the plant.   
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1.3 The role of sensors in traditional sorting techniques 

Traditional pre-melt physical separation techniques are mostly mechanical 

type and manual operated. In this section author would like to present a short brief 

of traditional and emerging pre-melt physical separation techniques to the readers 

to give an impression about why the sensor sorting of waste is more advantageous 

over the traditional one. In all recycling techniques the wastes are shredded and 

sieved in advance at different size fractions for the requirements of the 

technological adaptation of the waste. Afterwards specific size fraction of the 

shredded waste, sometimes deliberately followed by a pre-processing step such as 

washing, wetting, drying and etcetera is conveyed to a chain of specific traditional 

technologies for physical separation by concentrating the different types of 

materials into high grade products and low grade tailings. For example in a 

typical aluminum sorting from automobile scraps, the magnetic method separates 

ferrous metals from the waste stream, then air sorting method blow out the lighter 

non-metallic particles such as plastics, foams from the stream that results a 

concentrated mixer of different nonferrous metals. After that the concentrated 

nonferrous fraction is processed by sink/float method for further physical 

separation of heavy and light NF metals and finally spectroscopic method is used 

for separation of Al scraps (see Figure 2.Gaustad et al., 2012).  

 

Table 1.1 shows the list of a few traditional and emerging recycling techniques 

where most of the emerging technologies are sensor based that can facilitate 

online quantitative analyses and quality control of the separated yields with a 

luxury option for system automation. The infrared sorting system works for the 

separation of different kind of plastics based on absorption or reflection 

spectroscopic analyses of the materials whereas the color sorting system is one 

kind of hand picking system works based on the identification of visible colors of 

the waste particles on a conveyor.  
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Table 1.1: A list of traditional and sensor sorting techniques. 

T
ra

d
it

io
n

a
l 

T
ec

h
n

o
lo

g
ie

s 

Name of the  

technologies 
Type 

Online 

quality 

control 

Major applications 

Magnetic  

separation 

Mechanical Not  

available 

Magnetic fractions  

sorting.  

Air separation Mechanical Not  

available 

Metals sorting from light  

non-Metallic particles. 

Eddy current  

separator  (ECS) 

Mechanical Not  

available 

NF metal separation from  

MSWI bottom ash, Al  

Can sorting. 

Sink float /  

heavy media  

separation 

Mechanical Not  

available 

Heavy metal separation  

from light NF. 

E
m

er
g
in

g
  
te

ch
n

o
lo

g
ie

s 

Near infrared  

spectroscopy 

Sensor Applicable Different types of  

polymer separation. 

Color sorting/  

hand picking 

Sensor Applicable Relatively colorful  

object sorting.  

XRF sorting Sensor Applicable Non-magnetic metals,  

ceramic glass and  

meatball sorting. 

LIBS Sensor Applicable Metal sorting, concrete  

sorting. 

 

On the other hand X ray fluorescence spectroscopy (XRF) and laser induced 

breakdown spectroscopy (LIBS) use X ray and high power laser source to 

illuminate the moving waste particles, respectively. In XRF system the secondary 

atomic spectra is recorded and analyzed by a high resolution spectrograph for the 

identification and composition analyses of target materials. In LIBS a diminutive 

portion of a moving particle is ablated to produce plasma from which 

characteristic emission is recorded for the identification and composition analyses 

of target materials. Another mechanical type of sorting technology is magnetic 

density separation (MDS) i.e. is basically a density separation like sink/float 

separation but employs magnetic liquid for separation of different kind of plastics 

and diamond from gangue (Rem et al. 2009, Wijmans et al. 2009). 
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However, the sensor based emerging techniques stance comparatively 

stronger attention to provide efficient separation of the materials as well as 

additional information for quantitative and qualitative analyses that offer lots of 

versatility and innovation for sustainable resource management. Although it is 

notable that the waste materials are so complex and not shiny enough, contain 

lubricant, paints, coating of different foreign materials and become more 

complicated after incineration. These are a couple of dilemmas and challenges for 

accurate sorting of the materials using the emerging technologies too. In addition 

a few emerging technologies like LIBS (laser induced breakdown spectroscopy) 

needs singulated feed of the particles that process the particles one by one along a 

line which is less preferable than the traditional high throughput mass feed system 

using a wide conveyor belt i.e. why unlikely still shipping of significant amount 

of metallic waste scraps increases from the developed world to the developing 

countries where hand picking and sorting of materials by color still remain 

cheaper and profitable (Gaustad et al., 2012). And again the hand picking and 

sorting technique fetches safety issues to the health of the working people in the 

operating plants, it is because, the complex waste may contain some sort of 

hazardous materials that can outbreak the public health through skin contact, 

especially through cuts and abrasions or through contact with the eye’s mucous 

membrane, injection, through sharps injuries, absorption through hand-to-mouth 

contact (commonly experienced when eating, drinking or smoking) and inhalation 

through the lungs (Vergara and Tchobanoglous, 2012).  

 

As the waste materials are so complex hence it is more rational for the 

implication of different kind of sensor units that results the sorting technique as a 

hybrid recycling technique. For example a color sorting system sometimes may 

not work properly if the color of the waste particles is not shiny enough then in 

addition a shape discrimination unit can be useful for making a decision more 

accurate from statistical  pre-knowledge of the particle’s shape and the type of the 

materials. Either on purpose inclusion of an induction sensor or a set of induction 

sensors with the XRF, camera and the LIBS system can improve the sorting 

accuracy and off course can widen the scope of the technologies. 
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1.4 Hybrid sorting technique and quality control  

Either purely sensor sorting or addition of a sensor with the traditional sorting 

system is an emerging sorting system which is called as hybrid sorting system in 

this study. Figure 1.4 shows a general flow diagram of a hybrid sorting system 

that majorly composed of: 

 

 A traditional sorting system with set parameters adjustment facilities; 

 A set of online sensors attached with the traditional system; 

 A DAQ module for signal acquiring from the sensors;  

 Methods or algorithms for quality control or sorting decisions; 

 A central processing unit for online data analysis and processing; 

 A controller for producing control signals for the adjustment of machine 

settings for quality control or sorting. 

 A display and storage unit for accumulating the processing data for 

statistical analyses of daily or weekly or yearly performance of the 

recycling plant. 

 

The hybrid system is basically a closed loop system where the set of online 

sensors makes exclusive differences with the traditional one. The purposes of the 

online sensors are to detect some qualitative or quantitative parameters of a 

particle in a stream where the parameters can be either single type or a 

combination of multiple types from the followings:  

 

 Material properties such as density, ductility, hardness, odor, electrical 

conductivity, magnetic permeability and etc.; 

 Some physical features such as shape, size and color; 

 Optical properties such as optical transmissivity or reflectivity; 

 Spectroscopic properties such as absorption and emission spectra; 

 Supplementary parameters such as moisture level, level of dust 

contamination and etcetera.  
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Figure 1.4: A flow diagram of pre-melt hybrid physical separation system. 

 

The detection of a specific parameter can be done either before separation or 

after separation that depends on the adopted methods or algorithm for quality 

control of the output products. However, the use of a properly designed hybrid 

recycling system may achieve the followings: 

 Improved sorting efficiency; 

 Online quality control of the recovered materials; 

 Quantitative or semi-quantitative  analyses of the separated high grade 

products and tailing parts; 

 Substitution of manual control to automation; 

 Reduction of the likelihoods of the contamination of the hazardous 

materials directly to the environment. 

 Enhanced safety for the working people in the waste processing plants. 
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1.5 The goal of this research 

First the goal of this research is to develop a hybrid sensor for counting the 

nonferrous metal and non-metal particles in the ECS concentrated stream of the 

bottom ash materials. The aim of the hybrid sensor is to measure online metal 

grade (G) of the stream from these count data. The hybrid sensor in this regard 

focuses on principle, design and characterization of the sensor as well as on the 

development of a method for the measurement of the metal grade in the stream. 

Afterwards the functionality of the hybrid sensor with an ECS is tested in 

laboratory as well as in situ. The purpose of the implication of the hybrid sensor 

with the ECS is to analyze the online functionality of the sensor for the quality 

control of the NF metal concentrated bottom ash materials by ECS as explained in 

the Fig. 1.3. 

 

Second, this hybrid sensor research is extended on the development of an 

eddy current belt sensor that leads a fundamental research for identification of 

nonferrous metal scraps on a conveyor. In order to do that a conductivity model 

for material classification is developed based on magnetic moment resulting from 

the induced eddy current in a particle on a conveyor. For that a disk model based 

on advanced eddy current theory is extended by an approximation to match the 

measured response of a particle of different shapes e.g. disk block, square plate, 

square block, rod and cylinder each of Cu, Al and Brass. This facilitate a new 

parameter called here conductivity indication factor (CIF) that can be used 

experimentally for the identification of different particles of different materials 

such as Cu, Al and Brass on a conveyor. Moreover, as an application of the belt 

sensor a representable amount of MSWI bottom ash, 6.5mm<sieve size <15mm is 

also tested to observe the performance of the sensor. 
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1.6 The methodology of this research 

This thesis presents an applied research in its first part that focuses on the 

technological innovation and development of a hybrid and an eddy current belt 

sensors.  The methodology consists of the analysis and design, experimental 

construction and characterization of the sensors in terms of detection sensitivity 

and data quality in terms of repeatability and accuracy, based on measured 

responses of the sensor. The data quality and understanding of results is facilitated 

by using both synthetic as well as real bottom ash sample materials. A method for 

the measurement of metal grade using the hybrid sensor is simulated and verified 

with synthetic sample materials. The method employs a mathematical technique 

that introduces  a  k-parameter, metal and nonmetal count data from the sensor for 

a specified sampling time from where the metal grade is calculated, where the 

parameter k is the average particle mass ratio between nonmetal and metal. The 

bottom ash sample materials, size fraction <6mm are collected from a bottom ash 

waste processing plant. Afterwards for analyzing the performance of the hybrid 

sensor a set of measurements is carried out as functionality tests with the full-

scale ECS in the laboratory as well as situ where the laboratory offered controlled 

conditions and the situ tests are driven at full scale operational conditions for the 

ECS.   

 

On the other hand in second part a fundamental research is presented where an 

approximate conductivity approach is formulated based on the eddy current 

principle for the identification of the different metals on a conveyor. This so-

called eddy current belt sensor was designed, constructed and characterized in the 

laboratory. A set of synthetic samples S1 is tested with the belt sensor for the 

validation of the conductivity approach. Moreover as an application of the belt 

sensor a sample set S2 prepared from MSWI bottom ash materials is also tested.  

 

1.7 Outline of this thesis 

This thesis encompasses six chapters including chapter introduction and 

chapter conclusion. The chapter introduction deals majorly with the thesis 

background, sensor based and traditional sorting technologies, thesis goal as well 

as the research methodologies followed in this dissertation.  
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The Chapter 2 which is a published article from this research that focuses on 

the basic principle, design, construction and characterization of the developed 

hybrid sensor. The sensor characterization mainly encapsulates the sensitivity, 

capacity and data quality in terms of repeatability and accuracy of the sensor. A 

mathematical model for the measurement of online metal grade of a stream of 

particles is formulated in this chapter where the model takes the metal and total 

particle count data from the developed hybrid sensor and relates the count data 

with experimentally determined pre-knowledge of the k parameter of the particles 

for calculation of the metal grade of the stream. Model verification with synthetic 

sample of known k parameter and measured data with the test of MSWI bottom 

ash particles as an application of the sensor are presented in this chapter too.     

 

The Chapter 3 is also a published article from this research that presents an 

immediate application of the developed hybrid sensor which deals with online 

functionality analyses of the sensor.  For that online application the hybrid sensor 

is installed in laboratory and in-situ with the implication of an ECS. In the 

functionality tests the performance of the sensor is investigated for the 

measurement of the online metal grade of the ECS concentrated bottom ash 

stream with the pre-knowledge of the k parameter.  The sensor performance is 

also discussed in this chapter and a method for quality control of the bottom ash 

stream is suggested in associated with the measured grade, non-metal count and 

splitter settings of the ECS. 

 

The Chapter 4 deals with the deduction of the governing expressions of a belt 

sensor based on a crude approximation of advance eddy current theory of a 

particle of disk shape that proposes a model based on conductivity approach for 

the identification of different NF metal particles of different shapes on a 

conveyor. Accordingly an expression for the parameter CIF is deduced here in 

this chapter. Afterwards once the material CIF is known then an expression of 

conductivity σ of the particle is also presented for the calculation of the 

conductivity of the particle.  
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Subsequently the Chapter 5 deals with the design, construction, magnetic field 

simulation, characterization of the eddy current belt sensor as well as the 

experimental results using synthetic sample set S1 and MSWI bottom ash sample 

set (S2). The synthetic set S1 contains known type of particles of Cu, Al and 

Brass materials of different shapes and the bottom ash sample set S2 is a 

representable amount of nonferrous scrap metals of different materials e.g. Cu, 

Al, Brass and Zn collected from same batch of MSWI bottom ash materials. The 

synthetic set is used for validation purposes of the conductivity approach whereas 

the bottom ash sample set S2 is used as an application of the belt sensor. Finally 

the Chapter 6 focuses on the overall conclusions and recommendations for further 

advancement of this research.  

 
References: 

Braam, B.C., van der Valk, H.J.L., Dalmijn, W.L., 1988. Eddy-Current Separation by 

Permanent Magnets Part II: Rotating Disc Separators. Resources, Conservation and 

Recycling, 1, 3-17. 

Gaustad G., Olivetti E. &Kirchain R. 2012, Improving aluminum recycling: A survey of 

sorting and impurity removal technologies, Resources, Conservation and Recycling 

58, 79 – 87. 

Gillner, R., Pretz, T., Rombach, E., Friedrich, B., 2011.Non-ferrous metal potential in 

bottom ashes of waste incinerators [NE-Metallpotenzial in Rostaschenaus 

Müllverbrennungsanlagen], World of Metallurgy - Erzmetall 64 (5), 260-268. 

Grosso, M.,Biganzoli, L., Rigamonti, L., 2011. A quantitative estimate of potential 

aluminium recovery from incineration bottom ashes, Resour. Conserv.Recycl.55, 

1178– 1184. 

Helseth, L.E., 2011.Contactless hybrid sensor for simultaneous detection of light 

reflectance and eddy currents, Sens. Actuators, A, Article in press. 

Hu, Y., Bakker, M.C.M., de Heij, P.G., 2011.Recovery and distribution of incinerated 

aluminium   packaging waste, J. Waste Manag. 31, 2422–2430. 

Hu Y., Rem P. 2009, Aluminium alloys in municipal solid waste incineration bottom ash. 

Waste Management Res. 27, 251-257. 

Karak T, Bhagat R. M. & Bhattacharyya P.  2012, Municipal Solid Waste Generation, 

Composition and Management: The World Scenario, Critical Reviews in 

Environmental Science and Technology 42,1509-1630, DOI: 10.1080/ 

10643389.2011.569871.  



Chapter 1: Introduction   16 

 

Koyanaka, S., Kenichiro Kobayashi, K, 2010.Automatic sorting of lightweight metal 

scrap by sensing apparent density and three-dimensional shape, Resour. Conserv. 

Recycl. 54, 571–578. 

Kuo, N.W.,  Ma, H.W., Yang, Y.W.,  Hsiao, T.Y., Huang, C.M., 2007. An investigation 

on the potential of metal recovery from the municipal waste incinerator in Taiwan, J. 

Waste Manag. 27, 1673– 1679. 

Mesina, M.B., de Jong, T.P.R., Dalmijn, W.L., 2007. Automatic sorting of scrap metals 

with a  combined electromagnetic and dual energy X-ray transmission sensor, Int. J. 

Miner. Process. 82 (4), 222-232. 

Muchova L. Bakker E. Rem P. 2009, Precious Metals in Municipal Solid Waste 

incineration bottom ash, Water Air Soil Pollute: Focus 9, 107–116. 

Rahman Md. A., Bakker M. C. M., 2013, Sensor based control in eddy current 

 separation of incinerator bottom ash, Waste Management 33, pp.1418-1424.   

Rem P., Solaria V. & Maio F. D., 2009, High-purity products from plastic waste: the 

W2plastics project, Environmental Engineering and Management Journal 8 (4), 963-

966. 

Rem P.C. De Vries C. Van kooy L. A. Bevilacqua P. and Reuter M. A. 2004, The 

Amsterdam pilot on bottom ash, Minerals Engineering 17, 363–365. 

Schlomann, E.,1975. Separation of non-magnetic metals from solid waste by permanent 

magnets. I., Theory., J. Appl. Phys. 46, 5012–5021.  

Settimo F., Bevilacqua P., Rem P. 2004, Eddy current separation of fine nonferrous 

particles from bulk streams, Physical Separation in Science and Engineering 13 (1), 

15–23. 

Sharholy M., Ahmed K., Mahmood G. & Trivedi R. C. 2008, Municipal solid waste 

management in Indian cities – A review, Waste Management 28, 459–467. 

Shen H. & Forssberg E. 2003, An overview of recovery of metals from slags, Waste 

Management 23, 933–949. 

Vergara S. E.,Tchobanoglous G., 2012, Municipal Solid Waste and the Environment A 

Global Perspective, Annu. Rev. Environ. Resour. 37, 277–309. 

Weijmans F., Bakker E. & Rem P., 2009, Magnetic density separation of diamonds from 

gangue, Environmental Engineering and Management Journal 8 (4), 981-984. 

Widmer R.,Krapf H. O., Khetriwal D. S. ,Schnellmann M., Boni H, 2005, Global 

perspectives on e-waste, Environmental Impact Assessment Review 25, 436– 458.  

Zhang, S., Forssberg, E., Arvidson, B., Moss, W., 1999. Separation mechanisms and 

criteria of a rotating eddy-current separator operation. Resources, Conservation and 

Recycling 25, 215–232.  



17 

 

Chapter 2 

Metal Grade Measurement Method and Hybrid Sensor 

  

This chapter presents a method for the measurement of the average metal grade G in 

a stream of falling solid waste particles. The contents of this chapter were published from 

this sensor research (Rahman and Bakker, 2012) and presented here with minor change. 

To verify the method a hybrid sensor is developed in this research. The method utilizes 

metal and non-metal particle count data from the developed hybrid sensor and relates the 

count data with the pre-knowledge of the average particle mass ratio (k) between metal 

and non-metal to provide the metal grade of the stream. Accordingly the chapter focuses 

on the sample materials, construction details and characterization of the hybrid sensor in 

terms of its sensitivity, repeatability and correction factors (C
IRS

, C
EMS

, C1) of the sensor  

using a representable amount of known synthetic sample materials of different values of k 

i.e are k=0.24, 0.54, 1.23 and 2.69.  Afterwards a representative amount of bottom ash 

materials, sieve size <6mm was tested. The sensor performance was obviously repeatable 

and the error for the detection of the metal grade of falling bottom ash particles was 

±2.4%.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1 Introduction 

Referring to the Figure 1.3b from Chapter 1 i.e. a hybrid sensor was 

introduced for online quality control of the recovered materials. In order to do that 

an important qualifier is the metal grade of the concentrated nonferrous metal 

product, which is commonly analysed by taking samples to the laboratory which 

is a time consuming and costly technique. Instead, in this work it is proposed to 

measure the metal grade in-line using a hybrid sensor system. The detected grade 



Chapter 2: Metal Grade Measurement Method and Hybrid Sensor  18 

 

may then be used either for quality control purposes or for real-time control of the 

ECS settings to improve recovery and grade of the metal concentrated product.  

 

In this chapter a hybrid sensor system is proposed for grade measurement of a 

fine-grained particles stream. This technique is based on particles counting, which 

is achieved using a combination of an optic and an electromagnetic principle. 

Special attention went to the design of the electromagnetic sensor in terms of 

sensitivity for small particles with low conductivity and robustness against noise 

and interference. These conditions are typically found in the targeted ECS bottom 

ash application and plague commercial metal detectors and counters. Typical 

sources of interference are the electromagnetic fields produced by the rotating 

magnets of an ECS and ambient electromagnetic interference picked up by the 

coils. Moreover, the proximity of steel plating to the sensor is a source of offset in 

its signal output but it becomes even worse if the plates vibrate, which is 

unavoidable in practical large-scale recycling operations. These issues were dealt 

with using a balanced, high-frequency design that is sensitive within its centre 

through which the particles are fed, yet easily shielded from any outside 

interference by means of no more than a thin aluminium shield. Another 

advantage is that it produces an amplitude modulated signal, which allows for 

effective electronic suppression of noise interference in signal carrying cables. 

  

Using synthetic samples the fundamental sensor properties such as sensitivity, 

reproducibility and influence and corrections for feed rate dependent factors are 

reliably determined and explained. As a complementary material and an important 

field of application bottom ash is used, where care is taken to use only material 

from same batch. The bottom ash presents a case study for the hybrid sensor 

under conditions where there is no accurate a-priori information about the 

physical properties and material composition of the sample. To eliminate 

uncertainty in the particles feed statistics all input materials are fed from the same 

feed height using the same vibrating feeder. 
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2.2 Metal grade detection method 

The average metal grade of a representative number of particles from the 

waste particles stream is calculated from the sensor counts and the given average 

particle mass ratio k between non-metal and metal particles. The metal grade of 

the waste stream is from here on denoted as G, while m is the average particle 

mass and N
IRS

, N
EMS

 are the sensor counts. A count correction factor is introduced 

for each sensor in view of the chance that it misses some particles, mainly due to 

particles falling simultaneously through the sensor. The metal grade may now be 

related to the hybrid sensor measurements as follows, 

 

𝐺 =
𝑁𝐸𝑀𝑆𝐶𝐸𝑀𝑆𝑚𝑚𝑒𝑡𝑎𝑙

(𝑁𝐼𝑅𝑆𝐶𝐼𝑅𝑆−𝑁𝐸𝑀𝑆𝐶𝐸𝑀𝑆)𝑚𝑛𝑜𝑛−𝑚𝑒𝑡𝑎𝑙+𝑁𝐸𝑀𝑆𝐶𝐸𝑀𝑆𝑚𝑚𝑒𝑡𝑎𝑙
=

𝑍

(𝐶1−𝑍)𝑘+𝑍
                    (2.1) 

 

The Z (0<Z<1) denotes the ratio of sensor counts, C1 the ratio of sensor count 

correction factors and k the ratio of average particle masses, according to 

 

𝑍 = 𝑁𝐸𝑀𝑆 𝑁𝐼𝑅𝑆,        𝑘 =⁄ 𝑚𝑛𝑜𝑛−𝑚𝑒𝑡𝑎𝑙 𝑚𝑚𝑒𝑡𝑎𝑙⁄ , 𝐶1 = 𝐶𝐼𝑅𝑆 𝐶𝐸𝑀𝑆⁄   (2.2) 

 

The count correction factors (C
IRS

, C
EMS

 ) and k can be determined in a calibration 

test using particle mixtures of known composition. For that purpose it is also 

useful to express Z directly in terms of the grade G. 

 

𝑍 = 𝑘 𝐺𝐶1 (1 + 𝐺𝑘 − 𝐺)⁄       (2.3) 

 

2.3 Sample materials
1
 

To test the sensor design, synthetic samples were prepared that allow for 

accurate control over the size, shape and homogeneity of the particles, as well as 

accurate control over the grade and number of particles in the used sample. To 

verify Eq. (2.1) these samples were prepared as a homogeneous mix of sand and 

either Cu or Al particles within specified size ranges to realize various values of k. 

                                                 
1
All sample materials presented in this chapter are prepared at the Resources and Recycling 

Laboratory, faculty of Civil Engineering and Geosciences, Delft University of Technology, 

Netherlands. 
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Table 2.1 shows the prepared set of four samples of each 100 g with k = 0.24, 

0.54, 1.123 and 2.69. Figure 2.1a shows two such subsamples. Initially, each 

synthetic sample contained a fixed amount of 10 g metal after which the desired 

grade can be lowered by cumulative addition of sand. In this fashion eight grades 

were produced from 80% down to 10%.  These values of k for synthetic samples 

are deliberately chosen so that the sample will be comparable with bottom ash 

materials. For the case study a sample of fresh bottom ash materials  size fraction 

0-10 mm with measured moisture content 7.1%  was taken from the metal-

concentrated product of an eddy current separator (ECS), where very few of 

coarse particles of size +6mm were an exception and those were filtered out by 

sieving at <6mm. The bottom ash materials are so complex that contains fines 

(<1mm), slag, sand, glass and nonferrous metals (e.g. Cu, Al, Brass, Zn) as well 

as some sporadic traces of organic matter (Muchova et al. 2009, Rem et al. 2004, 

Grosso et al. 2011). However, this means it does not contain any ferrous particles 

while the non-ferrous metal grade was thought to lie between 10-40% according 

to the ECS operator. Figure 2.1b shows a small subsample from this bottom ash.  

Table 2.1: Four k-values using sand-metal particles mixtures. 

Sand 

size 

range 

Metal 

size 

range 

Metal particles 

k  

[mm] [mm] Cu Al 

2 - 3 

3 - 4 

3 - 4 

2 - 3 

2 - 3 

5 - 6 

0.54 

- 

- 

1.23 

2.69 

0.24 

 

        (a)                                                                            (b) 

 

                     
 
Figure 2.1: (a) Synthetic sample material and (b) ECS concentrated bottom ash. 
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2.4 Hybrid sensor
2
 

The hybrid sensor composed of two different sensors, namely first infrared 

sensor (IRS), second electromagnetic sensor (EMS). A schematic of the proposed 

hybrid system with the dataflow from its two sensors is shown in Figure 2.2a. The 

two sensors are centred on a vertical PVC tube (70 mm diameter) that guides the 

particles. The top section houses an infrared sensor (IRS) and the bottom an 

electromagnetic sensor (EMS). The IRS counts all the particles in the falling 

waste stream and the EMS counts only the metal particles. The output signal from 

the IRS is mono polar and that from the EMS is bipolar in nature, which polarity 

depends on the magnetic and conductive properties of the metal particles. The 

signal processing unit takes the raw data from both sensors and calculates the 

particle counts and subsequently the count ratio (Z) between EMS and IRS counts.   

 

(a)                                                                          (b)  

 

 
 

 
Figure 2.2: (a) The hybrid sensor main build-up and data flow and (b) the prototype unit 

with feed tube and an Aluminium shield for EMS. 

 

The counting is preceded by setting a detection level. For a given average 

particle mass ratio k the metal grade of the falling waste stream can be calculated.  

Figure 2.2b shows the prototype where the waste particles are fed into the feed 

tube using a vibrating feeder. The height from the feeder to the IR sensor and to 

                                                 
2
All experimental parts including design, construction and characterization of the presented hybrid 

sensor are completed at the Resources and Recycling laboratory, faculty of Civil Engineering and 

Geosciences, Delft University of Technology, Netherlands. 
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the top coil of the EMS is fixed at 600 mm and 720 mm, respectively. Actually 

the hybrid sensor system is aimed to deploy in a bottom ash processing plant in 

situ with a machine called eddy current separator (ECS)  and these values are 

chosen in comprise with the real situation in situ and off course the sensitivity and 

throughput of each sensor are other two vital factors to fix these values. However, 

this results in a particle velocity of 3.4 m/s and 3.8 m/s at the centres of the two 

sensors, which velocity may get reduced by wall and particle-particle collisions 

inside the feed tube at higher feed rates. 

2.4.1 Infrared sensor (IRS)  

The IRS counts all the particles irrespective of the material type. Figure 2.3 

shows the layout, which is based on the principle of detecting the shadow that a 

particle produces in a light fan beam. Using infrared at 950 nm has the advantage 

of decreased sensitivity to stray light during daylight operation. A single light 

emitting diode (LED) inside a slit emits a fan of infrared light towards a receiving 

diode array which is distributed along a part of the surface of the central tube. The 

array consists of only four diodes connected in parallel each of light-sensitive 

areas of 3x3 mm
2
. A PVC feed tube of 16 mm diameter is used to guide the waste 

particles towards the light fan. The spacing between the diodes leaves a chance 

that particles 1-2 mm (-1 mm particles are considered not important in this work) 

will not be detected. In fact these values are chosen by considering the real 

situation of ECS plant in situ where the developed sensor will be tested.  In other 

words the fixation of these values is a compromise between sensor capacity and 

the real situation in situ. However, if particles are shiny enough, e.g. glass or 

metal, the light scatters to some degree which increases the chance of detection. 

Moreover, the sieve size of the -2 mm fraction (already a minor mass fraction) 

does not preclude that a substantial amount of particles are effectively longer than 

2 mm which allows them to be detected anyway. Moreover in ECS the fine 

fractions (<1mm) is not so responsive for separation and that is why sieve sizes 

of >1mm will be tested and <1mm will be discarded (Rem et al 2000, Zhang et al. 

1998,). The receiving diodes are connected in parallel, which keeps the required 

electronic circuitry and subsequent signal interpretation simple. Consequently, it 

creates the possibility that when several particles fall simultaneously they would 

produce only a single count. The probability of this count error is determined by 
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the vertical dimension of the receiving diodes (3 mm) and the method of feeding, 

but will always tend to increase with increasing particles feed rate.  

   

 
 

Figure 2.3: Layout of the infrared sensor (IRS). 

 

2.4.2 Electromagnetic sensor (EMS) 

The EMS is the complementary unit of the hybrid sensor and counts only the 

metal particles. The principle is based on a balanced, tuned transformer circuit in 

which the falling metal particles cause a disturbance resulting in amplitude 

modulated signals. Figure 2.4 shows the principle of the coils and the main data 

flow. The coils assembly consists of two bias coils of each 40 windings and a 

detector coil of 80 windings. The complete coil assembly is 61 mm high and is 

positioned on the central tube 120 mm below the IRS assembly. The effective 

vertical sensing length of the EMS is ~160 mm, taking into account the effect that 

the magnetic field extends outside the bias coils. These values are chosen 

experimentally by trial and error basis that the sensitivity of the sensor was 

sufficient for detection of +1mm metal particles. The excitation of the magnetic 

field is taken care of by the bias coils L1 and L2 that are connected in differential 

mode. An alternating bias current is supplied to the bias coils that produce two 

opposing magnetic fields B1 and B2.  

 
Figure 2.4: EMS detection principle and dataflow. 
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The thin detection coil Ld is centrally positioned, i.e. in the region where the 

opposing fields B1 and B2 cancel out. A capacitor C is connected in parallel with 

Ld to sensitively tune the EMS around the centre frequency of 100 kHz. This 

tuning produces a narrow-band, high frequency system that is insensitive to 

ambient noise and to adjacent metal surfaces, provided it is properly shielded for 

which a thin 1 mm aluminium shield proved quite sufficient (cf. Figure  2.2b). 

The voltage of the detection coil is mechanically tuned to zero to obtain balance. 

Then, if a conductive non-magnetic particle falls through the tube it produces an 

induction current which out-of-phase magnetic response causes an unbalance that 

is picked up by Ld. If a ferromagnetic particle falls through the tube it produces a 

strengthening of the magnetic flux, i.e. in-phase with the bias field, which also 

creates an unbalance that is picked up by Ld. Note that this results in two types of 

detected signal which are more or less 180 deg out of phase. A detected particle 

produces an amplitude modulated signal which is fed into a band pass filter for 

removing both low frequency and very high frequency noise picked up between 

the coil and the electronic unit. This cleaned signal is led into a synchronous 

detector and subsequently a low pass filter to produce the low-frequency output 

signal that can be used for counting. Note that the ferromagnetic and non-

magnetic particles produce essentially oppositely phased signals, which allows for 

easy discrimination between the two types of metal if so desired.    

 

2.5 Characterization of the hybrid sensor 

2.5.1 Limit sensitivity and detection threshold 

The limit sensitivity of the developed sensors here is related to the 

smallest sieve size range that still gives a detectable response above the noise. 

The limit sensitivity for the IRS proved to be 0.5-1 mm and for the EMS 1-2 mm. 

Based on this performance, and the fact that very small particles are of far less 

interest in metal recycling operations, further testing is limited to particles in the 

size fractions +1 mm by setting a threshold to the detected amplitudes. To 

determine the absolute threshold levels for both the synthetic samples and the 

bottom ash the size fractions 0.5–1 mm and 1–2 mm are fed through the hybrid 

sensor and the amplitude statistics were recorded.  From the averages followed 

the thresholds listed in Table 2.2.  
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Table 2.2: Threshold detection voltage for +1 mm particles. 

IRS [mV] EMS [mV] 

synthetic 

sample 

bottom 

ash 

synthetic 

sample 

bottom 

ash 

188 180 7.01 6.00 

 

2.5.2 Repeatability and count corrections parameters (C
IRS

, C
EMS

, C1) 

The repeatability of the sensors is tested using synthetic samples at 

different feed rates. The feed rate was calculated by recording the feed time from 

start to stop where the total number of particles was known and a monolayer of 

the particles was maintained during the feed. A sample with 9.8% metal grade is 

prepared by homogeneous mixing of 1605 sand particles in the size fraction 2–4 

mm and 300 Al particles in the size fraction 2-3 mm. Each test was repeated twice. 

Table 2.3 shows the data for the IRS and EMS for particle feed rate up to 39 per 

second. The repeatability of the sensor counts proves quite satisfactory with an 

average standard deviation of 10 particles (0.6%) for the IRS and 3 particles 

(1.1%) for the EMS. Using Eq. (2.2) the count correction ratio of the hybrid 

sensor calculated as C1 = 0.99, 0.96 and 0.95 at particle feed rates of 8, 21 and 39 

per second, respectively. Clearly, the individual count corrections increase faster 

with feed rate than their ratio, as the chance of simultaneously falling particles 

increases for both sensors. In order to measure the performance at higher 

throughputs the same synthetic sample of total 1905 particles (1605 sand + 300 

metal) is used as well as a bottom ash sample. The higher feed rates may be of 

interest for practical sampling scenarios. A point was that it was easy to count by 

hand all the metal and non-metal particles in the synthetic sample, but for the 

bottom ash it was not. 

 

Table 2.3: Repeatability test using a sample mixer of 1605 sand and 300 metal particles. 

Input particles  

feed rate 

IRS EMS 

 

C1
 

Measurement 
std C

IRS
 

Measurement 
std C

EMS
 

[s
-1

] 1 2 3 1 2 3 

8 

21 

39 

1884 

1843 

1754 

1883 

1833 

1746 

1864 

1849 

1770 

11 

8 

12 

1.01 

1.03 

1.08 

294 

286 

264 

296 

281 

262 

291 

276 

266 

3 

5 

2 

1.02 

1.07 

1.14 

0.99 

0.96 

0.95 

Average: 10 1.04 Average: 3 1.08 0.96 
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To resolve that problem the bottom ash feed rate was increased from 

really slow, giving an assumed 100% certainty in counting, to quite fast while 

normalizing the IRS count by the maximum IRS count (say MaxCnt) that is 

obtained at the slowest feed rate of 4 p/s. By timing how long it takes to feed the 

sample in each test (say T sec), the so-called ‘maximum count rate’ is calculated 

to form the horizontal axis in Figures 2.5c and 2.5d according to MaxCnt/T. 

Figure 2.5a and 2.5c show the measurements of the IRS and EMS using the 

synthetic sample and bottom ash, respectively. For the synthetic sample at a 

particle feed rate of 7 per second the IRS counts 98.6% of all the particles and the 

EMS 97% of all the metal particles. Both samples produce the same downward 

trend towards high feed rates, albeit a bit stronger for bottom ash. The latter is 

most likely caused by the variability in particle shape and material properties that 

is typical for bottom ash. However, since these curves prove reproducible, the 

corresponding count correction factors shown in Figure 2.5b and 2.5d will be 

effective in compensating for the stationary counting error. On the other hand, the 

increase in stationary error is often also indicative of an increase in the stochastic 

spread, which here applies to the chance of simultaneously falling particles. This 

stochastic spread can only be suppressed by averaging the counts over larger 

numbers of particles. 

 

On yet another note, in recycling practice the feed rate is commonly given 

in terms of mass rate rather than particle rate. This means that the particles rate 

for the IRS, but a bit more likely for the EMS, could change when the waste 

stream composition changes. Fortunately, the composition of large solid waste 

streams varies surprisingly little within a given batch and is expected to add only 

to the stochastic error, i.e. random variations, when applying the hybrid sensor at 

high feed rates.  
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(a)                                                          (b) 

  
          

(c)                                                            (d) 

  
 

Figure 2.5: (a) Sensor counts against particle feed rate for the synthetic sample.(b) Count 

correction parameters for the synthetic sample counts in Figure  2.5a. (c) Sensor counts 

against maximum count rate for bottom ash (d) Count correction parameters for the 

bottom ash counts in Figure 2.5c. 

 

It is also observed from Figures 2.5b and 2.5d that the count corrections 

change more rapidly between 12-35 particles per second for which mainly two 

mechanisms are responsible. First, the signal duration for a single particle puts a 

limit on how many particles per second can be counted by the electronic 

processing. For the IRS the signal duration is on average 1.7 ms and for the EMS 

it is on average 41.9 ms, noting that it depends on the particle velocity and for the 

IRS (only 3 mm diode height) also on the particle size. Theoretically these signal 

durations would allow for 588 and 23 particles per second, respectively, provided 

particles fall in perfect vertical alignment through the sensors. However, the 

second mechanisms is the chance that particles actually fall simultaneously, i.e. 

within the given signal durations, which chance is related solely to the feed 
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mechanism.  This chance proves to be detectable already at low feed rates and 

becomes a dominant factor after ~20 particles per second, because despite its 

large counting capability the IRS proves ineffective in maintaining an accurate 

count long before the 588 particles per second are reached. 

 

2.6 Verification of metal grade detection method 

To validate Eq. (2.3) the synthetic samples from Table 2.1 are first used at a 

constant low feed rate. In eight tests the calibrated grade is varied accurately from 

80% to 10% by cumulative addition of specific amounts of sand while the metal 

content remained fixed. The sensor count ratio Z produced by these samples is 

shown in Figure 2.6a. The experimental values (markers) follow Eq. (2.3) (solid 

lines) within an average error of -0.007, showing again that at low feed rates the 

hybrid sensor counts very accurately. Figure 2.6b shows the direct comparison 

between the measured and calibrated grade, which proves to be close to a perfect 

match for each k-value. 

 

   (a)      (b) 

 
 

Figure 2.6: (a) Solid lines: prediction using Eq. (2.3) for C1 =1. Markers: Experiments 

using synthetic samples at a low feed rate with C1 =0.99. (b) Measured grade against the 

calibrated grade corresponding to (a). 

 

 

 

 

 



Chapter 2: Metal Grade Measurement Method and Hybrid Sensor  29 

 

 

0

5

10

15

20

25

30

35

 0-1  1-2  2-3  3-4  4-5  5-6  6-10

Sieve size [mm]

M
a
ss

 [
w

t 
%

]

2.7 Case study: MSWI bottom ash  

2.7.1 Size distribution and signal strength 

To estimate the influence of the particle size on the k-value it is important 

to assess the particle size distribution. Figure 2.7a shows the mass distribution of 

the bottom ash over the different sieve size ranges. For this purpose a fresh 

amount of 1 kg bottom ash sample was analysed whose measured moisture 

content was 7.1% which is quite in low level and it can be noted that the 

processability of the ash with low level moisture content is suitable for ECS 

bottom ash processing (Berkhout et al. 2011). For this sample the maximum 

content is found in the 5–6 mm size range and the minimum content in <1 mm.  

 

   (a)                                                            (b) 

Figure 2.7: (a) Mass distribution over the sieve size ranges of the bottom ash sample. (b) 

Signal to noise ratio (SNR) in the sieve size ranges for bottom ash. 

 

The fine particles, i.e. smaller than 1 mm and either already present or produced 

during testing, are suppressed in the sensor counts by using the >1 mm detection 

levels given in Table 2.2.  The signal amplitude produced by the sensors depends 

on the size, shape and orientation of the falling particle, while the IRS amplitude 

depends also on optical properties and the EMS on electric and magnetic 

properties. This complicated set of dependencies comes together in bottom ash for 

which the sensor amplitude distributions have to be determined experimentally. 

For that purpose the two fine sieved fractions 0-1 mm and 0-2 mm from Figure 

2.7a are fed to the hybrid sensor in a set of repeated tests in which the detected 

signal amplitudes are recorded. Figure 2.7b shows the signal-to-noise ratio (SNR) 

in the average of the detected signals. Note that the limit sensitivity for the IRS 

was 0.5-1 mm and for the EMS 1-2 mm. The near linear increase in SNR as a 
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function of particle size may present a possibility to obtain a rough estimate of the 

k-value from the time-averaged amplitude measurements if the average mass 

densities of non-metal and metal particles are known. In the Netherlands the 

average metal mass density of ECS non-ferrous metal concentrated bottom ash is 

dominated by Al alloys (~65%) and Cu, Zn, Pb (~35%). The average non-metal 

mass density is dominated by minerals such as sand, glass, brick and porcelain. 

 

2.7.2 k-value and metal grade 

A sample of 600 g bottom ash in the single size fraction 1-6 mm and 7.1% 

moisture was split up into six subsamples S1-S6 each of 100 g. Each subsample 

was used in a repeated test using the hybrid sensor at a low feed rate. After the 

sensor test, the metal content in each subsample was analysed manually after 

flattening the particles to remove some of the brittle contaminants and help reveal 

the ductile metal particles. It is noted that due to the complex composition of 

incineration bottom ash the manual analysis will also be at least a few percent off 

from the real pure metal grade. Flattening may cause some fine metal fragments 

that may escape visual analysis. Moreover, moisture and minerals and corrosion 

products (e.g. oxides) sticking to metal particles will unavoidably to some degree 

contaminate the manual analyses. It is noted the latter also affects the sensor 

measurements to the same degree as it tends to lower the k-value. It can be noted 

that the oxides can reduce the grade in a sample e.g. for the case of aluminium to 

aluminium-hydroxide as reported (de Vries et al. 2009).  

  

 Table 2.4 shows the manually determined metal grade and the average 

count data from the two sensors. The average metal and non-metal particle masses 

calculated as 97 +/- 18 mg and 48 +/- 11 mg, respectively. Note that both these 

absolute errors comply with ~20%, which shows that the metal and non-metal 

particle types were both sampled satisfactorily using the 100 g (once repeated) 

samples. The average value of k was 0.49 +/- 0.07 and this value was used in Eq. 

(2.1) to calculate the grades Gs with the hybrid sensor in Table 2.4. The 

correspondence between the measured and manually determined grade is quite 

satisfactory with an average deviation of 2.4%. The manual grade in sample S2 is 

significantly higher, probably due to the occurrence of a few big metal particles 

judging from the high metal particle mass and grade Gm. On the other hand, for 
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sample S6 the measured grade Gs is significantly higher, probably due to some 

exceptionally big non-metal particles judging from the corresponding high k-

value. These outliers are typical for bottom ash and can only be suppressed by 

averaging over larger samples.  

 
Table 2.4: Metal grade analyses of bottom ash samples, each of 100 g, sieve size 1-6 mm, 

particle feed rate 13 per second,  C1 =1 is assumed, k=0.49  in Gs calculation. 

Sample 

manual 

grade 

(Gm) 

IRS 

count 

EMS 

count 

metal 

particle 

mass 

non-metal 

particle 

mass 

k 
measured 

grade (Gs) 

Error 

Gm-Gs 

 [wt %]   [mg] [mg]  [wt%] [wt%] 

S1 

S2 

S3 

S4 

S5 

S6 

23.9 

32.2 

21.3 

23.5 

22.5 

21.9 

2236 

1423 

2278 

2145 

1959 

1418 

281 

247 

262 

259 

249 

211 

85.1 

130 

81.3 

90.7 

90.4 

104 

38.9 

57.7 

39.0 

40.6 

45.3 

64.7 

0.46 

0.44 

0.48 

0.45 

0.50 

0.62 

22.6 

29.9 

20.9 

21.8 

22.8 

26.2 

1.3 

2.3 

0.4 

1.7 

-0.3 

-4.3 

Average: 

Standard deviation: 

96.9 

18.1 

47.7 

10.9 

0.49 

0.07 

24.0 

3.4 

0.17 

2.4 

 

The previous test was performed at a low feed rate, but it is also of interest 

to evaluate the grade prediction at high feed rates to check if then the count 

correction ratio is also effective in compensating for the stationary error. For that 

purpose we reuse the calculated values of the count correction ratio C1 for bottom 

ash shown in Figure 2.5d to calibrate the hybrid sensor. Note that all results in 

Figures 2.5c and 2.5d were obtained using the same bottom ash sample of 100 g 

that came from the same batch as those used for Table 2.4, which means k=0.49 

was a good first estimate for the present sample. After the tests used for Figures 

2.5c and 2.5d the metals in that 100 g bottom ash were manually analysed and 

gave a metal grade of Gm = 23.2%.  Table 2.5 shows the measured grade using 

the sensor counts and the correction ratio from Figure 2.5d at the various average 

particle rates. The measured grade is consistently 2.2% lower, which deviation 

vanishes when taking k=0.43 for this sample. Note that this k-value falls within 

the 1-std range 0.49 +/-0.07 found in Table 2.4. These tests show that indeed the 

count correction ratio is also effective as error compensation at high feed rates. 
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Table 2.5: Calculation of measured grade (Gs) using the data from Figures 2.5c and 2.5d. 

The manually analysed grade (Gm) was Gm = 23.2% and k=0.49 in Gs calculation (from 

Table 2.4).  

IRS  

particles  

count rate 

IRS 

count 

EMS 

count 

Count 

ratio (Z)
 

C1
 

measured 

grade (Gs) 

Error 

Gm-Gs 

[per sec]     [wt %] [wt%] 

4 

12 

20 

76 

118 

143 

2283 

2228 

2118 

1752 

1392 

1009 

263 

254 

228 

183 

139 

115 

0.12 

0.11 

0.11 

0.10 

0.10 

0.11 

1.00 

0.99 

0.93 

0.91 

0.87 

0.99 

21.0 

21.0 

21.1 

20.9 

20.9 

21.0 

2.21 

2.21 

2.12 

2.27 

2.28 

2.22 

 

 

2.7.3 Operational statistics 

The count correction ratio shows that if both sensors miss the same relative 

amount of particles the hybrid sensor may still be quite accurate. The chance of 

missing one or more particles by simultaneous falling may perhaps be assumed to 

be the same for metal and non-metal particles if they are in the same sieve size. 

However, the precise statistics related to the chance of simultaneous falling 

depends on the feed mechanism, which has to be characterized as is done in this 

work in order to achieve a highly accurate grade measurement. The count 

correction ratio as demonstrated in Figure 2.5 and Tables 2.4 and 2.5 is in effect a 

compensation for the stationary error of the hybrid sensor due to simultaneous 

falling. What is left is a stochastic error resulting from the following influences: 

 Fluctuations in the chance of simultaneous falling particles (affecting C1 ) 

 Variations in feed material (affecting k)  

 The sampling error 
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All three may be suppressed by employing an interval measurement strategy in 

which M samples are averaged with each N
EMS

 counted metal particles. If the 

hybrid sensor shows a stochastic error σ
hybrid

 (for example 2.4% in Table 2.4), the 

measurement error and sampling error resulting from such an interval 

measurement may be determined from 

 

𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟 = 1 √𝑀𝑁𝐸𝑀𝑆⁄  ,   𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑒𝑟𝑟𝑜𝑟 = 𝜎ℎ𝑦𝑏𝑟𝑖𝑑 √𝑀⁄      (2.4) 

  

Note that the sampling error is related solely to the number of counted 

metal particles and gives the expected variation in that number between different 

intervals. In other words, it shows how representative the relative number is for 

the real relative number of metal particles in the waste stream. The stochastic 

measurement error is effectively reduced by averaging multiple analysed samples, 

producing one highly accurate average sample measurement every MΔt seconds, 

where Δt is the time it takes to analyse just one sample. For example, suppose the 

particle feed rate is chosen as 48 per second and C1 has been properly calibrated 

(C1 =0.92, cf. Figure 2.5d). Further assume that G=20% and σ
hybrid

=6%. If the 

acceptable sampling error and grade measurement error are both given as 3%, 

then for M= 4 and N= 1389 (N
metal

=278 if k=1) these accepted errors will be 

achieved. At the feed rate 48 per second one interval measurement will take about 

2 minutes, which is already quite acceptable in ECS bottom ash processing. When 

the grade is higher the sample size N may be taken smaller and the measurement 

time will go down further. 

 

2.8 Conclusions 

Proposed is a hybrid sensor system for in-line detection of the metal grade 

of a stream of falling waste particles, and in particular bottom ash. The principle 

and capabilities of the IR and EM sensors making up the hybrid system were 

studied using both synthetic and bottom ash samples in the size fractions 1-6 mm. 

The hybrid sensor showed excellent performance with a 2.4% metal grade 

accuracy for a particle feed rate up to 13 per second. It is demonstrated that at 

higher feed rates the system starts missing significant amounts of particles due to 

simultaneous falling particles, but that number of misses proves quite repeatable. 

This gave the possibility to introduce sensor count correction factors to eliminate 
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the stationary error by calibration, even for a feed rate 143 per second. The 

remaining stochastic variations in the sensor grade measurement, i.e. feed and 

material composition variations and the sampling error, may be reduced to 

acceptable levels by employing averaging in an interval measurement strategy. In 

a practical setup the feed rate may simply be controlled by using a larger or 

smaller sample chamber opening inside the particles stream. As a potential 

application, the hybrid sensor could be implemented for either in-line quality 

control or for separation control, for example for an eddy current separator. The 

ability to measure the grade of the 1-6 mm bottom ash stream outside of a 

laboratory will constitute a major step forward in today’s bottom ash metals 

recycling capabilities.  
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 Chapter 3    

Functionality Analyses of the Hybrid Sensor 

This chapter presents a study into the possibilities for application of the hybrid sensor 

as developed in Chapter 2. The focus is on inspection of bottom ash materials from which 

the contents of this chapter was also published from this research (Rahman and Bakker, 

2013) and presented here with minor change. An improved, robust prototype of the 

hybrid sensor was built and attached to the splitter of an eddy current separator machine, 

which placed the sensor in-line with a concentrated metals stream of 1-6 mm metal and 

mineral particles. The splitter distance from the ECS rotor was varied and the ability of 

the sensor to detect the metal grade as a function of distance is studied in the laboratory 

with a batch of moist bottom ash and in-situ with dry and wet bottom ashes. The grade 

measured by the sensor was compared to manual analysis of the materials, which were 

collected after falling through the sensor, and this proved to be both accurate and 

repeatable. However, the sensor data predicts quite accurately the trend of the metal 

grade of the particles stream with splitter distance, which is mandatory for sensor-based 

control of the ECS splitter position in bottom ash processing.  
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3.1 Introduction 

Eddy current separation (ECS) is widely applied for concentration of non-

ferrous metals from mixed waste streams. Referring to the Figure 1.3a from 

Chapter 1 i.e the optimum feeding method for the ECS maintains a uniform 

monolayer of material on the conveyor belt, which is critical for ECS-

performance and typical ECS machine settings for fine grained materials (<10 

mm) are 8-12 tons per hour feed capacity, 1.5-2 m/s belt speed and 2000-3000 

rpm for the drum containing the permanent magnets (Maraspin et al., 2004). 

However, the main problem in an industrial operation is that the trajectory fans of 

metal and mineral particles change depending on the composition of the feed 

material and the moisture content. Therefore, feed variations should be responded 

to in real-time by effective adjustment of the splitter distance. This capability 

appears unsatisfactory in contemporary operator-controlled ECS processing, 

specifically for the <6 mm bottom ash as it was mentioned in the background part 

of this thesis (see Chapter 1).  

 

As a part of EU strategy, the processing of bottom ash and the related grate 

furnace technology should comply with the best available technologies (Van 

Brecht and Konings 2011). However, acceptance of existing, advanced 

technologies and development of new technologies may be stimulated if it can be 

proven that the products, i.e. the secondary metals, comply with high quality 

demands.  Quality opens up the market by creating wider acceptance of the 

secondary raw materials and stimulates innovation through sound economic 

incentives rather than by governmental subsidies. The quality aspect is therefore 

triggering research into new sensor technologies and applications (Pretz and 

Julius, 2011), of which the present work is an example. The drive towards more 

quality in secondary resources is in line with the European ambitions to define 

suitable end-of-waste criteria, defined in the EU waste frame directive, for bottom 

ash. This means that secondary resources of sufficient quality may be treated and 

transported on the same terms as primary resources.  

 

A bottleneck in arriving at suitable criteria for bottom ash minerals is a proper 

assessment of the risks of leaching, especially in relation to the heavy metals 

content. Increasing the recovery of metals from bottom ash using sensor-based 
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optimization in eddy current separation will proportionally reduce the metal 

content of the mineral by-product. This may improve their suitability as a building 

material, for example as aggregate in new concrete (Ginés et al., 2009).  

Proposed is to employ developed hybrid sensor system presented in 

Chapter 2 in the falling stream of the ECS metals concentrate to sample the metal 

grade and to detect ECS-dependencies of the metals product as the principle is 

depicted in Figure 1.3b. The sensor grade and particle counts give real-time 

information that may be useful for quality assessment and/or for control over the 

splitter distance. The sensor data may also be combined with manual recovery 

analyses, which are already performed regularly in an industrial operation for 

market purposes, to build up a database for different sources of feed material and 

to set out strategies for optimum value recovery. The sensor unit and its potential 

functionalities in an ECS setting are investigated both in the laboratory and in-situ 

at a bottom ash processing plant. The laboratory offers controlled conditions and 

allows accurate determination of the optimum sensor performance, while the in-

situ tests may reveal the possible influence of extreme operational conditions. To 

widen the research scope, two different ECS machines and two different bottom 

ash sources were used, while the moisture content of the feed could be 

characterised either as dry, moist or very wet.  

 

3.2 Materials and method 

3.2.1 Sensor and ECS
1
 

The online hybrid sensor is composed of an electromagnetic and an 

infrared section. The first counts only the metal particles, while the infrared 

section counts all the particles that fall through the sensor sampling tube. The 

metal grade G of the stream may be calculated from an adequate sample size by 

integrating the sensor counts over a time interval using the Eqs (2.1) and (2.2) as 

presented in Chapter 2. Parameter k is obtained by calibration and depends on the 

average composition of the particle stream in which the sampling tube is placed. 

Its value therefore depends both on the feed and on the specific ECS behaviour 

                                                 
1
All experimental supports including ECS in laboratory and in-situ are provided by the 

Resources and Recycling Laboratory, faculty of Civil Engineering and Geosciences, Delft 

University of Technology, Netherlands.  
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and is a key parameter in this work. The parameter C1 corrects for the chance of 

particles falling simultaneously so the sensor misses counts, which chance is a 

function of particle feed rate through the sampling tube. The value of C1 may be 

picked up from a known calibration curve. All these details of the hybrid sensor 

are presented in Chapter 2 and may also be available in an earlier published work 

(Rahman & Bakker 2012, reference Chapter 2).  

 

Some modifications to the first build laboratory prototype were necessary 

to accommodate the harsher physical conditions found in the bottom ash plant. 

For example, the sensor unit had to be encased to render it watertight and robust 

against wear from falling particles and electromagnetic interference. A data 

acquisition system, capable of transmitting the data through the internet, was 

incorporated to allow for continuous access to the sensor data. Figure 3.1a shows 

the improved prototype unit
2

 installed in the laboratory ECS (type BM 

29.713/118) and in Figure 3.1b the unit is installed in the in-situ ECS (type 

Steinert 6119). In all ECS tests the sensor sampling tube entrance is fixed to the 

middle-top of the splitter on the side of the metals product. In the laboratory the 

tube entrance was 100 mm wide and 50 mm long (in the direction away from the 

splitter). In-situ the tube entrance was round and 40 mm in diameter, which is 

effectively much smaller because the particle feed rate near the sampling tube 

proved up to twelve times higher than in the laboratory.  

 

The sensitivity of the sensor unit has been adjusted to only detect particles 

larger than 1 mm, since finer material does not play a significant role in metals 

recovery from moist bottom ash and an ECS. To this end, the sensor sections are 

calibrated using a small batch of sieved <1 mm bottom ash and setting effective 

amplitude detection thresholds. In the laboratory tests a shaking feeder was 

employed to evenly distribute the bottom ash in a 250 mm wide monolayer on the 

conveyor belt at an effective mass feed rate of 700 kg/h per meter width of the 

feed belt. The belt and rotor speed of the laboratory ECS were set at 1.7 m/s and 

3000 rpm, respectively.  

                                                 
2
 The improved prototype unit of the developed hybrid sensor is built by the electronic and 

mechanical support division (DEMO) of the Delft University of Technology, Netherlands. 
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Figure 3.1: ECS settings with the sensor unit mounted on the splitter at the metal 

concentrate side. (a) In the laboratory. (b) In-situ at a bottom ash treatment plant. 

 

3.2.2 Samples materials
3
 

The feed material is the sieved 1-6 mm fraction of municipal solid waste 

incinerator bottom ash.It is noted that it is customary to first remove the ferrous 

metals to prevent damage to the ECS feed belt. The batch referred to as ‘batch L’ 

contained dry-sieved bottom ash with 10.7% moisture content and was used only 

in the laboratory. The batch referred to as ‘batch I’ contained wet-sieved bottom 

ash and was used in-situ. One part of batch I was dried in storage to 4.6% 

moisture content, while the complement  was still quite wet with 13% moisture 

content. The metal content of the feed was 6.6% for batch L, 7% for the dry part 

of batch I and 7.4% for the wet part of batch I. Figure 3.2 shows the laboratory 

feed batch L (3.2a), the ECS metals concentrate sampled by the sensor (3.2b) and 

the metal content of the sensor sample after rolling to facilitate manual analysis of 

the metal content (3.2c). In each test, samples are taken from what went through 

the sensor and from what ended up in the product. In the laboratory the sensor 

sample and the data were collected in 100 second intervals, while in-situ five 

minute integration intervals were applied. In the laboratory the whole product and 

sensor bin contents from each 5 kg feed batch could be analysed. Thus, it proved 

that on average the mass in the sensor bin made up 32% of the total metals 

concentrate of sample bin plus product bin. During the in-situ tests, samples of the 

                                                 
3
All supports for the sample materials presented in this chapter are provided and arranged by 

the Resources and Recycling laboratory, faculty of Civil Engineering and Geosciences, Delft 

University of Technology, Netherlands.  
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practically continuous ECS process had to be taken. During the measurement 

interval, all material falling through the sensor was collected and formed the 

sensor sample. In contrary, the product sample was collected by manually moving 

once per minute a collection bin to and fro through the wide product stream 

falling from the product conveyor belt. With this approach, both the sensor and 

product in-situ sample masses ranged from 0.5-1 kg for the dry feed to 0.14-0.8 

kg for the wet feed. The metal content of the bins were evaluated manually by 

subsequently roller crushing of the sample to crush the minerals, handpicking the 

metals and weighing. In principle, the metal content is therefore determined on a 

wet basis since no drying was involved, but practice shows the moisture played a 

negligible role in the recovered metal mass. 

 

 

 

Figure 3.2: Bottom ash from batch L with size fraction <6 mm used in the laboratory 

tests. (a) Feed material. (b) Non-ferrous metal concentrate sampled by the sensor. (c) 

Metal content of the sensor sample after roll crusher to remove minerals. 

 

3.3 Laboratory test results 

Laboratory tests were conducted to accurately measure parameter k in Eq. (3.1) 

and to verify the accuracy of the sensor grade in a comparison with manual 

analysis. The value of k may be influenced by common variations in feed 

composition and by segregation due to the ECS. Foremost, the ECS separates 

non-ferrous metals from minerals in essentially two trajectory fans due to 

segregation from differences in electrical conductivity. The ECS magnetic lifting 

force depends also on the particle size and shape, which influences the trajectory 

of the metal particle. This results in segregation in which larger-sized metal 

particles tend to end up further from the ECS drum. This ECS behaviour may 

have a significant influence on the k-value as sampled by the sensor as a function 

of distance. Other, less strong segregation mechanisms for the +1 mm metal 

              

(a) (b) (c) 
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particles are the ballistic effects when they become airborne from the feed belt 

and their trajectories get influenced by factors such as mass density and drag. 

These may also influence on the sampled k-value. The ballistic effects are quite 

probably the dominant cause of segregation for mineral particles, resulting in a 

fan of trajectories of their own. 

 

Each of the nine ECS-sensor tests was conducted with 5 kg bottom ash. 

Before each test, the splitter was shifted 5mm relative to the estimated optimum 

splitter distance of 350 mm from the edge of the ECS drum, cf. Figure3.1a. In 

addition to the sensor measurements, manual analyses were carried out on the 

contents of the sensor bin and the metals product bin. In the nine tests a combined 

total of 639 g material was measured by the sensor, which returned a count of 

3800 metal particles out of a total of 8660 particles. Combined with the manual 

analyses of the metal content, the particle masses were found to have the averages 

of 105 mg for metals and 50 mg for mineral particles. The resulting average and 

standard deviation for k was 0.48 ± 0.04. Figure 3.3a shows k of the sensor 

sample as a function of splitter distance. Judging from the small variations, the 

ECS segregation was not a strong factor in these measurements with the 

exception at 330 mm. There, the mineral stream (trajectory fan) becomes intense 

and k increases significantly. Note that k increases if on average the metal 

particles become smaller or if the mineral particles become larger, and both 

effects seem equally possible closer to the ECS. However, a plot of the average 

particle masses in Figure 3.4 reveals that it is the average mineral particles mass 

that increases the most at 330 mm. Another observation in Figure 3.4 is that the 

metal particles mass shows a tendency to increase at 370 mm, which is consistent 

with larger metal particles having a longer ECS particles trajectory. 

  

The sensor grade is calculated using Eq. (2.1) and (2.2) for k=0.48 and shown 

in Figure 3.3b together with the manually determined grades of the sensor bin and 

product bin. The sensor grade follows the manually analyses within a few percent. 

The exception is again the position closest to the ECS where the real k-value is 

significantly larger than 0.48. The sensor bin grade is quite close to that of the 

product bin, indicating that the sensor sample was representative for the whole 

metals concentrate. The grade is practically a monotonic and increasing function 
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of splitter distance, since only metal particles tend to have longer particle 

trajectories. Despite the relatively small range of 40 mm in which the 

measurements were conducted, the grade is observed to vary significantly, 

showing that splitter distance is a sensitive parameter in this ECS application.  

 

 

Figure  3.3: (a) Laboratory ECS tests for the average particle mass ratio k and its mean 

value (dotted line) for 1-6 mm moist bottom ash from batch L. (b) Comparison of the 

measured grade (sensor grade) and the manually analysed grades of the sensor bin and 

the product bin. 

 
Figure 3.4:  Laboratory measurements of the average particle mass of metals and 

minerals. 

 

Figure 3.5 reveals that metal counts goes higher when splitter gets closer 

that means still the machine eddy current separator (ECS) is not that much 

efficient to escape out all that metal particles from the stream or it can be assumed 

that the metal particles those are closer to the ECS drum are very smaller <1mm 

but their population in terms of number may be higher. It was obvious most of the 

larger particles are escaped out quite farther from the ECS drum (cf.1.3, Page 6). 

On the other hand the non-metal counts abruptly drop if splitter moves away from 

the ECS drum. So the trends of sensor data vs. splitter distance are quite 

comparable and rational from theoretical point of view of an ECS machine (Rem  

et al. 2000, Maraspin  et al. 2004, Schlomann  1975).  
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Figure 3.5: Laboratory test comparisons of metal and mineral sensor counts, sensor grade, 

and recovery of the complete metals concentrate. The feed grade was 6.6%. 

 

However, Figure 3.5 shows trends and correlations between the metal and 

mineral particle counts, the sensor grade and overall metals recovery (metal mass 

in complete concentrate divided by metal mass in the 5 kg feed). The minerals 

count jumps up in Figure 3.5 when the splitter moves closer than 345 mm to the 

ECS, which is consistent with the increase in k in that range. The jump indicates 

the onset of the ECS trajectory fan described by the mineral particles. It is 

remarked that the mineral stream makes up ~97% of all the particles in the feed. 

The mineral particle count drops with distance up to 350 mm and then continuous 

to follow the metal count curve instead of reducing further. A plausible 

explanation is that, on average, one out of three metal particles either carries or 

scoops up a mineral particle during launch from the ECS feed belt and delivers it 

to the product. Note that metal particles are on average two times heavier. An 

additional contributing mechanism is that some mineral particles bounce of the 

splitter’s edge and into the product bin. These mechanisms explain the 

unexpected presence of relatively many mineral particles beyond the main 

minerals trajectory fan and the coupling of mineral and metal count numbers, 

while it does not conflict with the rather stable k-value above 350 mm in Figure 

3.3a.  

 It was surmised that near the ECS drum only the smallest metal particles 

would be found due to segregation mechanisms, but it was unknown from which 

splitter distance onward this could be detected by the sensor. The metal counts in 
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Figure 3.5 increase towards the ECS drum, starting at 345 mm, though much less 

than the mineral counts. This indicates that on average there are more metal 

particles falling closer to the ECS drum, but they do not appear to be much 

smaller (i.e. less heavy) than further down the splitter range (cf. Figure  3.4). 

Moreover, the average value of 105 mg in Figure 3.4 complies with metal 

particles that are generally heavier than what is representative for the size range 1-

3 mm. Therefore, it can be concluded that either the smallest metal particles give 

a minor contribution to the metal content of the feed, or the splitter did not move 

close enough to the ECS drum and most of the smaller metal particles are 

irretrievably mixed with the much larger mineral stream.  

 

 A last observation from Figure 3.5 is that the recovery is a monotonic 

function, just like the grade but with the opposite trend. In fact, between 330 and 

350 mm the grade and recovery curves are practically linear with equal, but 

opposite derivatives and they cross at ~55%. The recovery and grade prove 

sensitive to the splitter distance, since a 10 mm shift may already result in 10% 

difference in recovery and/or 18% difference in grade. 

 

3.4 In-situ test results 

The in-situ tests were performed using both quite dry feed (4.6%) and quite 

wet feed (13%) to investigate the influence of these extremes on product quality.  

The ECS was running at full capacity 8-12 ton/h using a 1.5 m wide feed 

conveyor belt. The experienced ECS operator estimated the optimum splitter 

distance at 192 mm from the edge of the ECS drum for the dry feed and at 170 

mm for the wet feed. Two series of tests were carried out for dry and wet feed 

bottom ash, respectively, in which the splitter distance was changed in either 5 or 

10 mm steps relative to the estimated optimum, depending on the judgement of 

the experimenter. At each splitter distance, sensor data and samples were 

collected during a five minute interval from the sensor bin and from the metals 

concentrate falling from the product conveyor belt. 

 

 

 

 

 

 



Chapter 3: Functionality Analyses of the Hybrid Sensor  45 

 

3.4.1 Dry feed bottom ash 

Figure 3.6shows the k for both the dry and wet feed. The measured k for 

dry feed of 0.60 +/- 0.20 is 25% higher than for the laboratory tests. In order of 

probability this difference may be explained by the combination of ECS type, 

source of bottom ash and sieving method used to obtain the 1-6 mm fraction. 

Figure 3.7shows the variations in the metal and mineral particle counts in 

combination with the sensor grade and the product bin grade for the dry material. 

The trends in the sensor counts are quite similar to the laboratory tests, except that 

here the splitter did not reach the distance where the mineral counts dive below 

the metal counts. The sensor grade is again a monotonic function but increases 

only from 27% to 49%, which is substantially lower than observed in the 

laboratory (43-82%).  

 

However, there is significant offset between the sensor grade and the 

product. The offset variation at 182 mm may be attributed to the jump in k, but 

the offset remains consistently 21% for the other four splitter positions. This 

offset is due to the fact that the sensor sample was not representative for the grade 

in the complete product. In contrary to the situation in the laboratory, where the 

sensor sample contained on average 32% of the complete product, in the in-situ 

scenario the sensor sampled far less. The feed conveyor was 1.2 m wide and the 

product collection surface was 35 cm long while the sensor sampling tube 

entrance was only 4 cm in diameter.  

 

However, the main reason for the difference in grade was not the sensor 

sample size, which was adequate, but the fact that many metal particles had 

trajectories that carried them further from the splitter compared to the laboratory 

setting. In other words, the in-situ ECS gave larger metal particles a longer 

trajectory in comparison to the laboratory ECS, resulting in a wider trajectory fan 

for the metal particles. This effective improvement in separation performance 

may quite likely be attributed to the eccentric magnet-drum positioning in the in-

situ ECS. Placing the sampling tube deeper into the product area, i.e. away from 

the splitter, will render the sensor sample better representative for the total 

product. The sensor grade is evaluated at one minute integration intervals during 

five minutes in Figure  3.8, demonstrating that the sampling and sensor readings 

themselves are quite reproducible and accurate.  
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Figure 3.6: In-situ average particle mass ratio for dry and wet 1-6 mm bottom ash, 

measured at five different splitter distances. Notice that the wet particles landed on 

average 22 mm closer to the ECS drum. 

 

                         
 
Figure .3.7: In-situ counts of mineral and metal particles, sensor grade and product bin 

grade for 1-6 mm dry bottom ash using k = 0.60. 

 

0.30

0.55

0.80

1.05

1.30

1.55

1.80

180 185 190 195 200 205 210 215

Splitter distance; dry material [mm]

k

140 150 160 170 180 190 200

Splitter distance; wet material [mm]

k-dry

k-wet

0

3000

6000

9000

12000

15000

18000

180 185 190 195 200 205 210 215

Splitter distance [mm]

c
o

u
n

ts

0

20

40

60

80

Metals Minerals Sensor grade Product grade

G
ra

d
e 

[w
t%

] 



Chapter 3: Functionality Analyses of the Hybrid Sensor  47 

 

           
Figure 3.8: In-situ grade measurements integrated over one minute interval for k=0.6 at 

the five splitter locations for dry bottom ash. The average of five minutes is shown as a 

dotted line. 

 

 
 
Figure 3.9:  In-situ measurements of the average particle mass of metals and minerals. (a) 

Dry bottom ash. (b) Wet bottom ash. 

 

Figure 3.9a shows the average particle mass for dry material, which ratio 

produced the k-curve in Figure 3.6. The cumulative averages are 68 mg for metals 

particles and 41 mg for the minerals. It is noted that especially the metals particles 

mass is considerably lower than for the moist laboratory material in Figure 3.4. 

Judging from the low grade in the sensor sample, cf. Figure 3.7, a plausible 

explanation is that the heavier metal particles are not properly sampled by the 

sensor as they had wider trajectories which landed them all mainly in the product. 

Consequently, the product would show on average a higher average metal particle 

mass than the sensor sample. An indication to this effect is the rising trend in 

metal particles mass with distance in Figure 3.9a. Note that the rise in the 
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minerals particle mass closest to the drum is again an indication that the splitter is 

moving into the mineral particles trajectory fan.  

 

3.4.2 Wet feed bottom ash 

The k-value for the wet part of batch I is shown in Figure 3.6. The 

differences with the dry part of batch I and the moist laboratory material in Figure 

3.3a are striking. The k increased three-fold and only came down to values 

comparable to dry material farther from the ECS drum. The high values 

predominantly point to heavy mineral particles that are formed by surplus free 

water bonding larger mineral particles together, as deduced from the particle 

masses in Figure 3.9b. The cumulative averages are 104 mg for metals particles 

and 125 mg for the minerals. This means the particles in the sensor sample were 

on average 1.5 times (metal) and 3 times (mineral) heavier than for dry feed. The 

metal particles were probably somewhat heavier when airborne in their ECS 

trajectories, since the abundant mineral particles will also have adhered to metal 

particles on the feed belt. Any adhered mineral mass could not have contaminated 

the manually measured metals mass, since roller-crushing was applied before 

handpicking the metals.  

 

However, this means that any metal-adhered minerals mass will have been 

added to the minerals, which lead to a slight increase of the average mineral 

particle mass in Figure3.9b. The adhering of mineral particles due to excess water 

was already apparent on the ECS feed belt, where it was observed during the tests 

as a continuous feed disturbance in the form of empty patches in the monolayer. 

This self-organising ability of wet material negatively influenced the performance 

of the ECS. The most probable consequence was that the metals recovery dropped 

as many of the lighter metal particles bonded with minerals and ended up in the 

minerals bin. In fact, feed material was sticking to the wet conveyor belt and got 

scraped off underneath the belt into the minerals product. The particle counts in 

Figure3.10 confirm this scenario, because the averages are only fractions of the 

numbers for the dry feed in Figure 3.7. From Figure 3.9b it is clear that only the 

largest of particles made it into the metals concentrate. The necessity to move the 

splitter on average 22 mm closer to the ECS drum, compared to dry material, was 

to maintain a minimum level of metals recovery and already an indication of the 

reduced effectiveness of the ECS.  



Chapter 3: Functionality Analyses of the Hybrid Sensor  49 

 

 The sensor grade for the wet material in Figure 3.10 is less accurate since 

the k varies substantially around the average 1.22, cf. Figure 3.6, and it is also not 

monotonic since the correct value drops with distance. Note that the product grade 

is monotonically increasing from 49% to 82%. The offset between the sensor and 

product grade has the same cause as for the case of dry feed. Here, the offset is 

much larger since also most of the smaller metal particles did not reach the sensor 

sample. 

 

 
 
Figure 3.10: In-situ counts of mineral and metal particles, sensor grade (k =1.22) and 

product bin grade for wet 1-6 mm bottom ash.  

 

4 Conclusions 

The functionality of the sensor unit was investigated for 1-6 mm ECS-

processed bottom ash. The sensor data were integrated using a suitable time 

interval and measured grades were compared to manual analyses of the material 

that went through the sensor. The average and standard deviation for the 

differences in grade between the sensor measurements and the manual analyses 

were 0.0% +/- 1.8% using a moist batch in the laboratory with 10.7% moisture 

content, 1.5% +/- 6.0% in-situ using the dry ashes from batch I with 4.7% 

moisture content, and 3.1% +/- 11.8% in-situ using the wet ashes from batch I 

with 13% moisture content. A longer integration interval may average the 

variations in feed material more strongly. Crucial for measurement accuracy was 

the correct value of k, which is the ratio of average masses of mineral and metal 

particles. The measured average values and standard deviations were k = 0.48 ± 

0.04 in the laboratory, k = 0.60 ± 0.20 in-situ for the dry ash and k = 1.22 ± 0.49 
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in-situ for the wet ash. Using the average values for k proved sufficient for 

accurate grade measurement. The measurements and trends in sensor data from 

the laboratory and in-situ dry feed are quite comparable, considering the ECS 

machines were different and the bottom ashes came from different sources. The 

metals recovery (metals content ratio of product and feed) and grade both proved 

sensitive to the splitter distance. A 10 mm shift may produce 10% change in 

recovery or 18% change in grade, while over the range of 40 mm splitter distance 

the grade and recovery both change by at least a factor two. For wet feed the ECS 

segregation mechanisms changed remarkably, as k increased threefold and the 

number of counted particles reduces to a mere fraction of what was found for 

dryer bottom ash.  

 

Consequently, when using very wet bottom ash the ECS effectiveness will 

drop as small metal particles either disappear in the intense minerals trajectory fan 

or stick to the feed conveyor belt and get scraped off directly into the minerals 

product. In-situ, the measured grade was consistently lower than the manually 

analysed product grade since the sensor sample was collected right next to the 

splitter, which was apparently not a representative spot for sampling the product 

grade. This may be resolved by moving the sampling tube further into the metal 

particles trajectory fan, dependent on the type of ECS. A differential behaviour in 

grade and overall metals recovery was found for increasing splitter distance. This 

implies that the optimum splitter distance to be used in ECS processing must be 

set, or controlled, on the basis of a sound compromise. In a commercial enterprise 

the compromise will of course be aimed at maximizing the revenues, which 

depend on product grade as well as on the recovery. In conclusion, the sensor unit 

may find its application in online product quality control or it may be used in 

automated control over the optimum ECS splitter distance. 
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Chapter 4 

 Eddy Current Belt Sensor-Conductivity Approach 

 

This chapter presents the extension of the hybrid sensor research that led a 

fundamental research to the realization of an electromagnetic belt sensor for the 

identification of nonferrous (NF) metal scraps on a moving conveyor belt. This could 

facilitate, possibly in combination with other technologies, the multifunctional sensor 

sorting of metal scrap waste and related advanced waste materials processing. We focus 

here on developing the physical principle and methodology, building on the general 

principles of electromagnetic induction in conductive materials to enable the 

identification of NF metal scrap. A final design of the belt sensor and measured data will 

be presented in Chapter 5. The principle of the belt sensor has been presented details here 

and a method based on conductivity approach is formulated with a few assumptions for 

the identification of NF scraps on a conveyor. A parameter called conductivity indication 

factor (CIF) is defined on theoretical basis which is used for the identification of different 

NF metal scraps on a conveyor.  The belt sensor involves two rectangular coils in 

Helmholtz configuration and a detector coil which is thought to be fixed underneath the 

belt.  The Helmholtz coils generate two harmonic magnetic field components with a low 

and high frequency. The high frequency is defined as one for which the magnetic field is 

significantly influenced by  the skin effect in the unknown metal particle, while the low 

frequency would fully  penetrate the thickness of the unknown particle. The detector coil 

produces a voltage signal containing an amplitude modulated carrier wave (bias). The 

modulation signal is produced as the metal particle moves on the belt through the 

sensitive region between the two Helmholtz coils and afterwards the conductivity 

information is extracted by demodulation of the induced signal from the detector.  

However the contents of this chapter and the experimental results presented in Chapter 5 

are neither published and nor presented anywhere to date but soon these will be 

submitted in a suitable journal.   
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4.1 Introduction 

The non-contact detection of the conductivity of nonferrous (NF) metal 

particles translated on a conveyor belt is a challenge for online quality control and 

material processing, and specifically for the sorting of valuable nonferrous metals 

from waste streams. The eddy current technique is a vastly preferred method for 

the non-contact characterization of NF metals for its fast, simple and inexpensive 

outlook in this regard.  The additional challenge is that also the shape, size and 

orientation of a target particle on the belt as well as lift-off between target and 

eddy current sensor these all have a strong influence on the detected signal. 

Despite the development of nondestructive eddy current sensors, for example for 

quality inspection, conductivity measurement, crack determination, and thickness 

measurement, still the technique struggles with the complexity in online 

applications if there is inherent variation in the types of metal particles being fed 

to the conveyor.  

 

 

Quite a large number of publications deal with models for the eddy current 

setup, but commonly focus only on a specific particle shape. For example 

mathematical models for a perfect cylinder, plate or disk are useful for accurate 

calculation of the eddy current distribution (Krakowski, 1980 and 1979). Besides 

the limited validity for particle shapes, a disadvantage is that an accurate 

calculations of the eddy current using these models are time consuming and 

therefore not applicable for online quality inspection.  It should be noted that in 

waste processing and sorting the conveyor belt carries the scrap metal particles at 

a velocity up to 1-2 meters per second and for that the effect of velocity on eddy 

current –is considered negligible (Nathan Ida 1988). Moreover, in waste streams 

the shape and size of scraps vary quite a lot. A commercial eddy current 

conductivity probe is more like a laboratory tool as it requires sample preparation 

according to specific size and shape. For example, the sigma-check conductivity 

probe model PSIG001 and sigmascope@smp10 are two latest model NDT probes 

that require sample preparation and specific measurement conditions which do 

not qualify for online testing in material processing and waste sorting.  
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This chapter presents the fundamental research for the proposed conductivity 

approach that applies the voltage data of an eddy current belt sensor. The sensor 

should be capable of noncontact identification of nonferrous (NF) metal particles 

translated by a conveyor belt through the field sensitive region of the belt sensor. 

This approach should enable the desired online quality control in material 

processing and waste sorting. The corresponding validation of the theory and test 

results using the experimental belt sensor and metal samples will be presented in 

Chapter 5.    

 

4.2 Applied field and setup 

This section presents details deduction of a sensor based detection system for 

identifying a NF metal particle on a conveyor belt by means of eddy current. 

Figure 4.1(a) shows the typical situation of the so called belt sensor, where a 

particle lays in its natural orientation on a conveyor and interacts with applied z-

component dominating magnetic fields  𝑩𝟏𝒔𝒖𝒎
𝒂 =   𝑩𝟏𝒔𝒖𝒎 𝑒−𝑖𝜔1𝑡  and 𝑩𝟐𝒔𝒖𝒎

𝒂 =

 𝑩𝟐𝒔𝒖𝒎 𝑒−𝑖𝜔2𝑡, associated with sufficiently low and high angular frequencies ω1 

and ω2. Two identical rectangular type bias coils L1 and L2 as shown in Figure 

4.1(b) are used in a horizontal Helmholtz configuration to produce these fields, 

where L1 is placed below the belt and the L2 above it. A current of peak 

amplitude ip1 and ip2 for ω1 and ω2, respectively, are fed from a voltage source 

with 50 internal resistance to L1 and L2. The total applied field at the surface of 

the belt is then 𝑩𝟏𝒔𝒖𝒎 at ω1 and 𝑩𝟐𝒔𝒖𝒎 at ω2 and can be broken down into vector 

components as:  

 

𝑩𝟏𝒔𝒖𝒎 = 𝐵1𝑥𝑠𝑢𝑚𝒙̂ + 𝐵1𝑦𝑠𝑢𝑚𝒚̂ + 𝐵1𝑧𝑠𝑢𝑚𝒛̂                         (4.1) 

𝑩𝟐𝒔𝒖𝒎 = 𝐵2𝑥𝑠𝑢𝑚𝒙̂ + 𝐵2𝑦𝑠𝑢𝑚𝒚̂ + 𝐵2𝑧𝑠𝑢𝑚𝒛̂                         (4.2) 

 

Where for example 𝐵1𝑥𝑠𝑢𝑚 is the vector sum of the peak amplitudes of the x 

components of the fields produced by the coils L1 and L2 simultaneously at ω1, 

and 𝐵2𝑥𝑠𝑢𝑚 is the vector sum of the peak amplitudes of the x components of the 

fields produced by the coils L1 and L2 simultaneously at ω2, and so on.  
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The applied magnetic field components at a point in space, say P(x,y,z), from the 

bias coils L1 and L2 can be calculated exactly using Matlab by summating the 

fields produced by each turn of the coils according to the literature (Herceg et al. 

2009). Therefore the applied field components 𝐵1𝑥𝑠𝑢𝑚 , 𝐵1𝑦𝑠𝑢𝑚 , 𝐵1𝑧𝑠𝑢𝑚 , 𝐵2𝑥𝑠𝑢𝑚 

, 𝐵2𝑦𝑠𝑢𝑚 and 𝐵1𝑧𝑠𝑢𝑚 can be expressed in the following way using the 

superposition principle: 

𝐵1𝑥𝑠𝑢𝑚𝒙̂ = 𝐵1𝑥
𝐿1𝒙̂ −  𝐵1𝑥

𝐿2𝒙̂                                                  (4.3) 

𝐵1𝑦𝑠𝑢𝑚𝑦̂ = 𝐵1𝑦
𝐿1𝒚̂ −  𝐵1𝑦

𝐿2𝒚̂                                                 (4.4) 

 𝐵1𝑧𝑠𝑢𝑚𝒛̂ = 𝐵1𝑧
𝐿1𝒛̂ +  𝐵1𝑧

𝐿2𝒛̂                                                  (4.5) 

𝐵2𝑥𝑠𝑢𝑚𝒙̂ = 𝐵2𝑥
𝐿1𝒙̂ −  𝐵2𝑥

𝐿2𝒙̂                                                 (4.6) 

𝐵2𝑦𝑠𝑢𝑚𝒚̂ = 𝐵2𝑦
𝐿1𝒚̂ −  𝐵2𝑦

𝐿2𝒚̂                                                 (4.7) 

𝐵2𝑧𝑠𝑢𝑚𝒛̂ = 𝐵2𝑧
𝐿1𝒛̂ + 𝐵2𝑧

𝐿2𝒛̂                                                 (4.8) 

 

Where for example 𝐵1𝑥
𝐿1 is the peak amplitude of the x component of the field 

produced on the belt surface by the coil L1 at frequency ω1, and 𝐵1𝑥
𝐿2 is the peak 

amplitude of the x component of the field produced on the belt surface by the coil 

L2 at angular frequency ω1, and so on.  

 

The Helmholtz configuration is used specifically so that the field components 

𝐵1𝑧𝑠𝑢𝑚  and 𝐵2𝑧𝑠𝑢𝑚 produced by the coils L1 and L2 are dominant at the surface 

of the belt compared to the field components 𝐵1𝑥𝑠𝑢𝑚, 𝐵2𝑥𝑠𝑢𝑚, 𝐵1𝑦𝑠𝑢𝑚 and 

𝐵2𝑦𝑠𝑢𝑚. Specifically, the configuration is designed such that the homogeneity of 

the fields 𝐵1𝑧𝑠𝑢𝑚 and 𝐵2𝑧𝑠𝑢𝑚 extends a region at least equal to the size of the 

largest metal particle used in the experiments. Therefore, for the symmetric 

homogeneous region on the belt surface, the total field can be approximated as  

 

𝑩𝟏𝒔𝒖𝒎 ≅ 𝐵1𝑧𝑠𝑢𝑚𝒛̂                                                 (4.9) 

 𝑩𝟐𝒔𝒖𝒎 ≅ 𝐵2𝑧𝑠𝑢𝑚𝒛̂                                               (4.10)  

𝑩𝟏𝒔𝒖𝒎
𝒂 ≅  𝐵1𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔1𝑡                                   (4.11) 

𝑩𝟐𝒔𝒖𝒎
𝒂 ≅  𝐵2𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔2𝑡                                   (4.12) 
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A symmetric z-field sensitive receiver, here a rectangular coil denoted as L3, 

is situated underneath the belt to detect the changes in the field due to a moving 

NF particle. The total field is the superposition of the applied field plus the 

scattered field produced by the eddy current running inside the NF particle. The 

size of the z-receiver L3 is sufficiently larger than the largest tested NF particle so 

it must will detect the main part of the produced scattered field.    
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Figure 4.1: Typical situation of the belt sensor for the conductivity approach. (a) Shows 

the dominant and homogenous applied z-field for a certain frequency. A rectangular coil 

underneath to the belt detects the scattered field from the moving metal particle.  (b) 

Shows two rectangular type coils L1 and L2 of the belt sensor connected in Helmholtz 

configuration to produce the dominant z-field components 𝑩𝟏𝒔𝒖𝒎
𝒂  and 𝑩𝟐𝒔𝒖𝒎

𝒂  at the 

surface of the belt for two possible excitation frequencies.  

 

4.3 Magnetic moment of the reference particle 

 As a first step in the development of the full theory for the conductivity 

approach we introduce a reference type of particle: the thin metal disk. For this 

type of particle closed form analytical solutions exist for the effective 

(concentrated) magnetic moment generated by a uniform external magnetic field. 

The literatures (Rem 1999, Krakowski 1980 and 1979, Englert 1989) for an 

intuitive background of the four assumptions those have been made here to extent 

this solution for the particles of slightly other shapes and sizes and to obtain 

workable analytical expressions under two extreme frequency regimes in our 

experimental set-up. Therefore the four assumptions are:  

1. The self-induction (i.e. the field coupling produced by eddy current in 

the same particle) exhibited by a thin metal disk is correctly accounted 

for in the approximating analytical expressions for the effective magnetic 

moment which are taken directly from the scientific literature. This 
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means the related complex impedance of the thin disk represents 

realistically its inductance (imaginary part) and energy absorption (real 

part) properties. When extending this magnetic moment to particles that 

have slightly other shapes and are slightly thicker, the expressions are 

assumed to remain valid.  

2. The effect of mutual induction between the combined impedance of the 

power source and transmission coils and the particle is negligible. This 

assumption relies on the field scattered by the particle being much 

weaker than the applied magnetic field at the location of the particle, 

which is mainly challenged by the larger and highly conductive metal 

particles. 

3. The eddy current at the high frequency ω2 are fully concentrated at the 

surface according to a strong skin effect, meaning the particles are 

considered ‘thick’ at each point of their surface. 

4. On the other hand the skin depth for the low frequency ω1 is larger than 

the thickness of the particle, meaning the particles are considered ‘thin’ 

at each point of their surface. 

 

In accordance with the preceding assumptions, the two angular frequencies 

ω1 and ω2 of the applied fields are chosen such that ω1 is sufficiently low and ω2 

is sufficiently high for the case of a uniform disk particle. The radius is Rdisk, the 

thickness ddisk<Rdisk and Adisk=(Rdisk)
2
. The z-component of the effective 

magnetic moment for this reference particle are denoted as 𝒎𝟏𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌  at ω1, and  

𝒎𝟐𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌   at ω2 and can be approximated by (Rem 1999, pp.123):   

𝒎𝟏𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌 ≅ −(1 8⁄ 𝜋)(𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎

𝑑𝑩𝟏𝒔𝒖𝒎
𝒂

𝑑𝑡
                      [A.m

2
]                   (4.13) 

≅ −𝑖(1 8⁄ 𝜋)(𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜔1𝑩𝟏𝒔𝒖𝒎
𝒂                  [A.m

2
]                   (4.14) 

     ≅ −𝑖(1 8⁄ 𝜋)(𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜔1𝐵1𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔1𝑡   [A.m
2
]                   (4.15) 

|𝒎𝟏𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌 | ≅ (1 8⁄ 𝜋)(𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜔1𝐵1𝑧𝑠𝑢𝑚                [A.m

2
]                   (4.16) 

and  

𝒎𝟐𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌 ≅ −(8 3⁄ ) ( 𝐴𝑑𝑖𝑠𝑘 𝜋⁄ )(3 2⁄ )𝑩𝟐𝒔𝒖𝒎

𝒂 𝜇0⁄                 [A.m
2
]                   (4.17) 

𝒎𝟐𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌 = −(8 3⁄ ) (𝐴𝑑𝑖𝑠𝑘 𝜋⁄ )(3 2⁄ )𝐵2𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔2𝑡 𝜇0⁄      [A.m

2
]                   (4.18) 

   |𝒎𝟐𝒛𝒆𝒇𝒇
𝒅𝒊𝒔𝒌 | ≅  (8 3⁄ ) (𝐴𝑑𝑖𝑠𝑘 𝜋⁄ )(3 2⁄ )𝐵2𝑧𝑠𝑢𝑚 𝜇0⁄                  [A.m

2
]                  (4.19) 
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Figure 4.2: Shows the calculated real and imaginary parts of Nω for pure Cu (=5.97e7 

S/m) and Brass (15% Zn, =2.21e7 S/m) for a disk radius of 3 mm and thickness 1mm.  

 

The dependence of the disk particle response on frequency may be investigated 

through its complex magnetic field impedance Nω: 

𝑁𝜔 = 𝑅𝜔 + 𝑖𝐼𝜔                                                               (4.20) 

𝑅𝜔 =  − (0.6𝜋 𝑑𝑑𝑖𝑠𝑘  
𝑥2

𝑅𝑑𝑖𝑠𝑘
) {64 +  (0.6𝜋 𝑑𝑑𝑖𝑠𝑘)2  

𝑥2

𝑅𝑑𝑖𝑠𝑘
2 }⁄                        (4.21) 

𝐼𝜔 = −8𝑥 {64 + (0.6𝜋 𝑑𝑑𝑖𝑠𝑘)2 𝑥2/𝑅𝑑𝑖𝑠𝑘
2 }⁄                                          (4.22) 

𝑥 = 𝜇0𝜔𝜎𝑅𝑑𝑖𝑠𝑘
2                                                                                    (4.23) 

 

Figure (4.2) shows an example of the real and imaginary components of the impedance 

for varying frequency. Clearly, in this case below ~20kHz the Nω is complex and holds 

both particle size and conductivity information. On the other hand, above ~30 kHz the 

real part of Nω dominates and holds information only on the effective calibrated 

projection C2 of the disk particle as the eddy current are confined to a few skin depths at 

the particle surface. 

 

4.4 Conductivity approach for the belt sensor 

In theory, each type of particle produces its own unique field pattern. 

However, due to the technical limitations to the size, possible positions and 

sensitivity of magnetic field detectors, different particles may in fact produce 

quite similar field data. For example, the field from a flat copper particle with a 

square base and the field for a flat one with a round base and same base surface 

size turn out to be quite similar. Also, if two copper particles have the same base 
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size and height and only quite small cross sectional variations the magnetic field 

may turn out to be quite similar. However, for visibly larger deviations in cross-

section shape of two particles, even if they are the same height, the magnetic 

response may vary more substantially. In contrary, two similar shaped particles of 

brass and copper remain quite different whatever the particle height. These 

insights lead to the following three assumptions that form the basis for the full 

theory behind the conductivity approach: 

Conductivity approach assumption 1: 

The effective magnetic moment of a flat disk with thickness dref may 

represent the moment of a different flat particle with a more complicated base 

shape, provided they have the same effective radius and thickness. For 

example, Figure 4.3(a) and (b) shows the example for a rectangular and a 

disk shaped plate. Assumption 1 implicitly involves that the self-induction of 

the particle and the mutual-induction between the particle and the power 

source-transmission coils remain practically the same if the particle size 

remains overall the same and the shape varies only within reasonable limits. 

These implicit assumptions are thought to be quite acceptable in view of the 

design of the experimental setup and the envisioned industrial application to 

bottom ash metals. 

Conductivity approach assumption 2: 

The height of an arbitrary metal scrap particle influences the scattered field 

and thus the effective magnetic moment. The amplitude enhancing influence 

of the particle height on the detected voltage is approximated by departing 

from the reference disk model, using the disk thickness dref, and scaling the 

disk magnetic moment by replacing the true disk surface Adisk by the 

projection of the magnetic field onto the z-receiver surface, which is parallel 

to the belt surface. The experimental value for the projected surface may for 

example be estimated from the peak amplitude of the demodulated signal of 

the particle (to be denoted as 𝑉𝑧
𝑝). Note therefore that the particle is 

translated by the belt over the receiver surface. However, this new parameter 

cannot be interpreted in absolute form, and should therefore be weighed 

against the known (calibrated) projection produced by a reference flat disk 

particle. In conclusion, the approach to account for the height influence of an 
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arbitrary particle when using the equations for a reference flat disk particle is 

to multiply the true surface Adisk of the reference flat disk particle by a 

parameter C2, which  states how much larger the projected surface of the 

unknown particle is with respect to the reference particle: 

  𝐶2 = 𝐴𝑒𝑓𝑓 𝐴𝑒𝑓𝑓
𝑑𝑖𝑠𝑘  ⁄                                                        (4.24) 

Here 𝐴𝑒𝑓𝑓 denotes the projected field surface for the unknown particle and 

𝐴𝑒𝑓𝑓
𝑑𝑖𝑠𝑘 is the calibrated (measured) projected field surface for the reference flat 

disk particle. Figure 4.3(c) shows the example of a block-shaped particle with 

magnetic moment 𝑚𝑧𝑒𝑓𝑓
𝑏𝑙𝑜𝑐𝑘𝒛̂. Assumption 2 implicitly involves that the effect 

of mutual induction between the larger particle and the power source-

transmission coils remains negligible. It also implicitly assumes that the 

effect of self-induction of the true magnetic moment for the larger particles 

will scale with the detected increase in the signal received from the larger 

particle. The accuracy of the latter implicit assumption has to be tested in 

Chapter 5, because the precise effects of an increase in particle size as well as 

some arbitrary change in its shape on the complex particle impedance is 

rather difficult to predict. 

Conductivity approach assumption 3: 

The effective surface 𝐴𝑒𝑓𝑓 for a high particle and therefore parameter C2 are 

practically the same for both frequencies 𝜔1 and 𝜔2. This assumption allows 

further on for an explicit analytical solution to be derived for C2.  

 

For the block particle in Figure 4.3(c) the height h>dref and the eddy current 

induced in the vertical surface of the block create a stronger and wider magnetic 

field than for a thin disk. However, in accordance with our above full theory 

assumptions, we will depart from Eqs. (4.13) to (4.19) and use them also for the 

high particles by using the effective parameter C2 to scale the real field strength 

of the block particle. To this end, Eq.(4.15) and (4.18) are rewritten for the case of 

a high particle with 𝐴𝑒𝑓𝑓 = 𝐶2𝐴𝑑𝑖𝑠𝑘, where the subscript ‘disk’ now refers to the 

exact properties of the reference flat disk particle:  

𝒎𝟏𝒛𝒆𝒇𝒇
𝒑

≅ −𝑖(1 8⁄ 𝜋)(𝐶2𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜔1𝐵1𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔1𝑡        [A.m
2
]   (4.25) 

𝒎𝟐𝒛𝒆𝒇𝒇
𝒑

≅ −(8 3⁄ ) (𝐶2𝐴𝑑𝑖𝑠𝑘 𝜋⁄ )3 2⁄ 𝐵2𝑧𝑠𝑢𝑚𝒛̂𝑒−𝑖𝜔2𝑡 𝜇0⁄             [A.m
2
]   (4.26) 
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                  (a)                                    (b)                                            (c) 

 

                                                                                                           
 

Figure.4.3: Shows the main field lines and induced effective magnetic moment for 

different particles. (a)  𝑚𝑧𝑒𝑓𝑓
𝑑𝑖𝑠𝑘 𝒛̂ of a flat and round disk (b) 𝑚𝑧𝑒𝑓𝑓

𝑝𝑙𝑎𝑡𝑒
𝒛̂ of a square flat plate 

which may be approximated by the round disk, i.e. 𝑚𝑧𝑒𝑓𝑓
𝑑𝑖𝑠𝑘 𝒛̂ = 𝑚𝑧𝑒𝑓𝑓

𝑝𝑙𝑎𝑡𝑒
𝒛̂. (c) 𝑚𝑧𝑒𝑓𝑓

𝑏𝑙𝑜𝑐𝑘𝒛̂ of a 

high block-shaped particle with its as yet unknown parameter called the effective field 

projection Aeff. 

 

These point sources (magnetic moments) form the basis for the conductivity 

approach by which unknown particles on a conveyor shall be characterized from 

field measurements. It is noted that for experimental validation in Chapter 5 we 

will restrict the range of possible metal particles to generic shapes such as the flat 

disk, flat plate, disk block, square block, rod and cylinder, and the materials 

copper, brass and aluminum.  

 

4.5 Detected field of the z-receiver 

4.5.1 Detected field response  

The next step is to calculate the particle magnetic field received by the z-

receiver that is positioned below the belt and symmetrical with respect to the 

Helmholtz coils. To this end we introduce the vector potentials, 𝑨𝟏𝒛
𝒑

 and 𝑨𝟐𝒛
𝒑

 at a 

point P (x, y, z) inside the z-receiver surface. The origin (0,0,0) of the coordinate 

system is here chosen on the surface of the belt and symmetrical with the center 

of the z-receiver. The vector potentials appear in vector products that are 

computed since the particle is effectively replaced by a magnetic source whose 

strength is equal to its effective magnetic z-moment: 

𝒎𝑧𝑒𝑓𝑓
𝑑𝑖𝑠𝑘

 

Adisk Aplate 

𝒎𝑧𝑒𝑓𝑓
𝑝𝑙𝑎𝑡𝑒

 

Aeff

  

𝒎𝑧𝑒𝑓𝑓
𝑏𝑙𝑜𝑐𝑘
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      𝑨𝟏𝒛
𝒑

=
𝜇0

4𝜋𝑟2 (𝒎𝟏𝒛𝒆𝒇𝒇
𝒑

× 𝒓̂)                                                   (4.27)  

𝑨𝟐𝒛
𝒑

=
𝜇0

4𝜋𝑟2
(𝒎𝟐𝒛𝒆𝒇𝒇

𝒑
× 𝒓̂)                                                              (4.28) 

 

Here 𝑟 = 𝑠𝑞𝑟𝑡(𝑥2 + 𝑦2 + 𝑧2) is the scalar distance from the origin (0,0,0) on the 

surface of the belt to the point P(x, y, z) and 𝒓̂ is the unit vector.  It is noted the 

origin is chosen on the belt surface in a point of symmetry with respect to the z-

receiver. The scattered particle magnetic fields 𝑩𝟏𝒛
𝒑

  and 𝑩𝟐𝒛
𝒑

 inside the z-receiver 

point P(x, y, z) for ω1 and ω2, respectively, can be calculated by taking the curl 

(Evgeny V. André Thess V. 2012) of Eq.(4.27) and Eq.(4.28): 

𝑩𝟏𝒛
𝒑

=
𝜇0

4𝜋𝑟2 ∇ × 𝑨𝟏𝒛
𝒑

                                                               (4.29) 

𝑩𝟏𝒛
𝒑

=
𝜇0

4𝜋
𝑓1 𝒎𝟏𝒛𝒆𝒇𝒇

𝒑
                                                         (4.30) 

𝑩𝟏𝒛
𝒑

= −𝑖(1 32⁄ )(𝐶2𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜇0𝜔1𝐵1𝑧𝑠𝑢𝑚𝑓1𝒛̂𝑒−𝑖𝜔1𝑡            (4.31) 

|𝑩𝟏𝒛
𝒑

| = (1 32⁄ )(𝐶2𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜇0𝜔1𝐵1𝑧𝑠𝑢𝑚 𝑓1     [V.S.m
-2

]          (4.32) 

and  

𝑩𝟐𝒛
𝒑

=
𝜇0

4𝜋𝑟2 ∇ × 𝑨𝟐𝒛
𝒑

                                                                      (4.33) 

𝑩𝟐𝒛
𝒑

=
𝜇0

4𝜋
𝑓1 𝒎𝟐𝒛𝒆𝒇𝒇

𝒑
            (4.34)   

𝑩𝟐𝒛
𝒑

= −(2 3⁄ ) (𝐶2𝐴𝑑𝑖𝑠𝑘)3 2⁄ 𝐵2𝑧𝑠𝑢𝑚  𝑓1 𝜋5 2⁄⁄ 𝒛̂𝑒−𝑖𝜔2𝑡                (4.35)                                           

|𝑩𝟐𝒛
𝒑

| = (2 3⁄ ) (𝐶2𝐴𝑑𝑖𝑠𝑘)3 2⁄ 𝐵2𝑧𝑠𝑢𝑚  𝑓1 𝜋5 2⁄⁄                  [V.S.m
-2

]       (4.36) 

 

Where          𝑓1 =  3𝑧2 𝑟5 − 1 𝑟3⁄⁄                                                           (4.37) 

 

The total magnetic flux density detected in the point P(x,y,z) for a fixed 

angular frequency is the vector sum of the applied field and the scattered field 

produced by the particle. By integrating over the whole z-receiver surface the 

total detected voltage shall be obtained. Without a particle present, the receiver 

voltage is determined only by the applied field, resulting in a bias voltage. When 

a particle is translated by the belt (belt speed is Vx) in and out of the applied z-

field, the particle’s response changes the total magnetic field in the z-receiver, 

which effectively modulates the amplitude of the bias carrier voltage. In the 

following we neglect the amplitude effects when the particle moves in and out the 

z-receiver surface, and we may leave out the trivial time-dependent term 
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(complex exponent) to calculate the total received voltage for frequencies ω1 and 

ω2 by the finite z-receiver for a coil with one turn as: 

 

𝑉1𝑧
𝑡𝑜𝑡 = − {𝜔1 ∮ ∮ (|𝑩𝟏𝒔𝒖𝒎

𝒂 | − |𝑩𝟏𝒛
𝒑

|)
𝑙𝑥 2⁄

−𝑙𝑥 2⁄

𝑙𝑦 2⁄

−𝑙𝑦 2⁄
𝑑𝑥𝑑𝑦}       [V/turn]     (4.38) 

        𝑉2𝑧
𝑡𝑜𝑡 = − {𝜔2 ∮ ∮ (|𝑩𝟐𝒔𝒖𝒎

𝒂 | − |𝑩𝟐𝒛
𝒑

|)
𝑙𝑥 2⁄

−𝑙𝑥 2⁄

𝑙𝑦 2⁄

−𝑙𝑦 2⁄
𝑑𝑥𝑑𝑦}   [V/turn]  (4.39) 

 

The bias carrier voltage due to the terms |𝐵2𝑠𝑢𝑚
𝑎 | or |𝐵2𝑠𝑢𝑚

𝑎 | is of much 

higher frequency than the modulated amplitude response of the particle crossing 

the z-receiver. This must  be utilized to efficiently filter out the bias by means of a 

suitable amplitude demodulation technique plus low-pass filter to isolate the peak 

amplitude response of the particle. After substituting Eq.(4.32) and (4.36) in 

Eq.(4.38) and (4.39) respectively, the demodulated peak particle response 

voltages are denoted by 𝑉1𝑧
𝑝  and 𝑉2𝑧

𝑝
 for frequencies ω1 and ω2 can be written as 

 

𝑉1𝑧
𝑝 = (1 32⁄ )(𝐶2𝐴𝑑𝑖𝑠𝑘)2𝑑𝑟𝑒𝑓𝜎𝜇0𝜔1

2𝐵1𝑧𝑠𝑢𝑚 {∮ ∫ 𝑓1𝑑𝑥𝑑𝑦
𝑙𝑥 2⁄

−𝑙𝑥 2⁄

𝑙𝑦 2⁄

−𝑙𝑦 2⁄
}[V/turn] (4.40) 

𝑉2𝑧
𝑝 =  (2 3⁄ ) (𝐶2𝐴𝑑𝑖𝑠𝑘)3 2⁄ 𝜔2𝐵2𝑧𝑠𝑢𝑚 {∮ ∫ 𝑓1𝑑𝑥𝑑𝑦

𝑙𝑥 2⁄

−𝑙𝑥 2⁄

𝑙𝑦 2⁄

−𝑙𝑦 2⁄
}  𝜋5 2⁄⁄ [V/turn](4.41) 

 

Note that a minus sign in both demodulated peak voltages is omitted because 

it has no bearing on the data interpretation. The integral (I) in these equations was 

evaluated in Maple using the known dimensions of the square experimental z-

receiver L3: 30 mm by 30 mm, located at -8 mm below the origin (i.e. the belt 

surface). It is assumed here without loss of generality that point P lies in the 

center of the z-receiver, so its coordinates are P(0,0, -0.008). This integrates to 

𝐼 = 274.72   [m
-1

]. 

 

Therefore, Eq. (4.40) and Eq.(4.41)  can be simplified to: 

𝑉1𝑧
𝑝 = 8.59 (𝐶2𝐴𝑑𝑖𝑠𝑘)2𝑑𝑑𝑖𝑠𝑘𝜎𝜇0𝜔1

2𝐵1𝑧𝑠𝑢𝑚              [V/turn]                 (4.42) 

𝑉2𝑧
𝑝 = 10.5 (𝐶2𝐴𝑑𝑖𝑠𝑘)3 2⁄ 𝜔2𝐵2𝑧𝑠𝑢𝑚                         [V/turn]                 (4.43) 
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These equations represent the signal peak amplitude of the demodulated and 

filtered z-field response of a particle at ω1 and ω2. This leaves only C2 and σ to be 

determined as the unknown particle parameters that characterize the unknown 

particle from two voltage measurements. Note that the choice for the reference 

disk surface 𝐴𝑑𝑖𝑠𝑘  is not critical, but it should ideally be close to that of the 

unknown particle. Therefore, it is expected the conductivity approach will be 

more accurate if the unknown metal particles fall in a smaller size range, for 

example by sieving the metal scraps and choosing the optimum size-matched 

reference disk particle for each size category. On the other hand, it is mandatory 

that 𝑑𝑑𝑖𝑠𝑘 is thin (large skin depth) for 1 and thick (small skin depth) for 

frequency 2. After measuring the calibration value 𝐴𝑒𝑓𝑓
𝑑𝑖𝑠𝑘 for the reference disk 

particle, the C2 of the unknown particle shall be obtained from the high-frequency 

measurement of the unknown particle using Eq. (4.43). Now solving for real root 

of C2 from Eq.(4.43) that yields: 

 

𝐶2𝐴𝑑𝑖𝑠𝑘 = 𝐴𝑒𝑓𝑓 = 0.208(𝑉2𝑧
𝑝 𝐵2𝑧𝑠𝑢𝑚

2 𝜔2
2)

2 3⁄
(𝐵2𝑧𝑠𝑢𝑚

2 𝜔2
2)⁄                              (4.44) 

 

Using the Eq.(4.44) the C2 from high frequency response of  a particle will  

be measured that states how much larger or smaller the projected surface field of 

a particle of an arbitrary shape with respect to the reference disk. So the C2 is 

expected to be different for every high particle of different shapes. Then, by 

substituting C2 into the low frequency equation Eq. (4.42) the conductivity will 

be calculated, which concludes the characterization of the unknown particle. 

 

4.5.2 Conductivity Indication Factor (CIF)  

As an alternative to substituting the measured C2 directly into Eq. (4.42) it is 

instructive to introduce the parameter CIF as a ratio of the high- and weighted-

low frequency response, leading to equivalent expressions: 

𝐶𝐼𝐹 = 𝑉1𝑧
𝑝 ( 𝑉2𝑧

𝑝  (𝐶2𝐴𝑑𝑖𝑠𝑘)
1

2𝑑𝑑𝑖𝑠𝑘)⁄                                         (4.45) 

= 0.818 𝜇0𝜔1
2𝐵1𝑧𝑠𝑢𝑚 (𝜔2𝐵2𝑧𝑠𝑢𝑚)⁄  𝜎                         (4.46) 

 The Eq.(4.46) shows ideal linear relation between CIF and conductivity that must  

be the conductivity which  will be experimentally measured with the help of the 

Eq.(4.45) for conductivity classification purposes because it is independent of the 
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particle shape. Once the CIF of a given particle is measured we can solve 

Eq.(4.46) for σ, according to:  

 

𝜎 = 1.222 𝐶𝐼𝐹 𝜔2𝐵2𝑧𝑠𝑢𝑚 (𝜇0𝜔1
2𝐵1𝑧𝑠𝑢𝑚)⁄                                                (4.47) 

 

Moreover, by taking measurements of ideal flat plates with known 

conductivities at the two frequencies and known magnetic fields, one may build a 

database of tested conductivities and CIF classes for a more robust statistical 

identification of the unknown metal type.  

 

4.6 Conclusions 

This chapter presents the methodology, assumptions and approximations 

leading to explicit equations for the detected magnetic fields from which an 

unknown NF metal particle will be characterized on the basis of two unknowns 

from two frequency measurements.  The conductivity approach requires the 

measurement of only the z-field component of the scattered field produced by the 

moving metal particle at two frequencies. The high applied frequency results in a 

very small skin depth and the low applied frequency in a very large skin depth in 

a reference flat disk particle, allowing for high and low approximations of the 

produced scattered field. The theory is built by approximating the magnetic 

moment of a true particle by modifying the approximated moment of the 

reference disk particle. The field produced by the magnetic moment is then 

integrated over the finite receiver surface (square coil) to yield the detected peak 

voltage signal. The high frequency bias voltage due to the applied field is 

efficiently removed from the received signal using amplitude demodulation and a 

low pass filter. 

 

The first unknown in the resulting expressions for the detected voltage Eq. 

(4.42) and (4.43) is a shape and height dependent factor C2 and the second the 

conductivity . While the latter may in principle be sufficient in many 

applications, for waste materials there is larger uncertainty in the conductivity 

measurement due to the large range of possible alloys. Fortunately, the shape and 

size of a waste metal scrap are often both correlated due to the original 
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functionality of the metal scrap. For example, wires are mostly copper and 

sometimes aluminum or non-magnetic stainless steel. Therefore, the combination 

of the two parameters produced by the conductivity approach make it possible to 

apply more robust statistical methods using correlation and classification, which 

is usually done in combination with calibrations using documented samples. It is 

remarked that this is beyond the scope of the present work.  

 

 The voltage expressions may be manipulated to derive Eq.(4.45) with a 

parameter (CIF) that allows the conductivity to be measured through a calibration 

approach or indirectly by using statistical methods. The approximations leading 

up to Eq. (4.46) state that the conductivity may be estimated from just two 

measurements at two different frequencies, independent of the physical and 

geometrical properties of the unknown NF metal particle. It is intuitively clear 

that this could only be accurate if the size, shape and conductivity of the unknown 

particle stay within certain limits. Therefore, the main challenge for Chapter 5 is 

to experimentally explore the ranges of validity of the conductivity approach and 

thus of the assumptions and approximations behind Eq. (4.42) to (4.46). 
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Chapter 5 

Experimental Results of the Eddy Current Belt Sensor 

 

This chapter presents the experimental results of the belt sensor where the 

approximate theory behind the conductivity approach as explained in Chapter 4 is 

evaluated with the measured response of the sensor unit using two representative samples  

of non-ferrous (NF) metal particles. However, in order to do that, first the belt sensor is 

characterized in terms of its operating frequencies, bias current, distribution of the 

magnetic field components on the surface of the belt, and sensitivity for detecting the 

sample particles. The two samples sets S1 and S2 are used to observe the performance of 

the sensor for the identification of different NF metals based on their measured values of 

CIF values (conductivity indication factor) using the Eq.(4.45) as explained in Chapter 4. 

The sample set S1 consists of the pure metals Cu, Al, and Brass, and each metal is used 

for particles of these six generic shapes:  disk, disk block, square plate, square block, rod 

and cylinder.  

 

On the other hand the sample set S2 contains a representative amount of bottom ash 

metal scraps that is used as an application of the belt sensor for the identification of 

different true scrap metals (Cu, Al, Brass and Zn) in the bottom ash material.  As a first 

step towards an application of the belt sensor, this chapter also presents a logical sorting 

statistics of the bottom ash scraps based on their average CIF values. Moreover, the 

calculated and calibrated conductivity values of the metal scraps using only the belt 

sensor are also presented.  

   

 

 

 

 

5.1 Details of the belt sensor and experimental set up
1
 

This section aims to presents the constructional details of the belt sensor. 

Figure 5.1(a) and (b) show a sketch and the built experimental set up of the belt 

sensor, respectively. The two identical rectangular coils L1 and L2 both have 53 

windings  and are symmetrically connected in series in a Helmholtz configuration 

                                                           
1
All experimental parts including design, construction, and characterization of the presented eddy 

current belt sensor are completed at the Resources and Recycling laboratory, faculty of Civil 

Engineering and Geosciences, Delft University of Technology, Netherlands. 
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to act as the magnetic bias field coils of the sensor unit. The reason for using the 

Helmholtz configuration is to produce a net z-dominating homogenous magnetic 

field from its components 𝐵1𝑧𝑠𝑢𝑚𝒛̂ and 𝐵2𝑧𝑠𝑢𝑚𝒛̂ on the surface of the belt at two 

operating frequencies f1 and f2. Table 5.1 shows the geometrical and electrical 

specifications of the coils. The fields 𝐵1𝑧𝑠𝑢𝑚𝒛̂ and 𝐵2𝑧𝑠𝑢𝑚𝒛̂ are produced 

separately by supplying a peak bias current, denoted as ip1 (f1) and ip2 (f2), from an 

Agilent signal generator, powered by an external amplifier. The output voltage of 

the signal generator was the same for each frequency but the current were off 

course different at different frequencies. The resulting magnetic field distribution 

is presented in Section 5.3.2.  

 

(a)               (b) 

L2L2

L1L1 L3L3 DAQ 

PC

Z
Y

X

Bias 

carrier 

source

VxVx

Applied Helmholtz fieldApplied Helmholtz field

ip

           
 

Figure 5.1: (a) A sketch of the belt sensor with two bias coils L1 and L2 and one z-field 

sensitive receiver coil L3. (b) Experimental set up of the belt sensor. 

 

Table 5.1: Specifications of the belt sensor 

 Coil lx ly lz RHeq. h z0
 

n f1 

 

f2 ip1 ip2 

 [mm] [mm] [mm] [mm] [mm] [mm] -- [kHz] [kHz] [mA] [mA] 

L1 30 75 9 53.2 
38 

-8 53 

5.0 93.0 411.6 66.3 L2
 

30 75 9 53.2 53 

L3
 

15 15 0.5 -- -- 53 

 

Where,  

z0 = the vertical z distance measured from the symmetric center point on the top 

surface of the belt to the center point of the thin z receiver coil L3; 
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lx =half-length along x axis of the coils; 

ly =half-length along y axis of the coils; 

lz =half-length along z axis of the coils; 

RHeq =equivalent radius of the rectangular Helmholtz coil cross section; 

h =center to center z-distance between the coils L1 and L2; 

 

The width of the belt (along the y-axis) was slightly smaller than the y-length 

of the rectangular Helmholtz coils, which helped to keep the field homogeneous 

along the whole width of the belt. The calculated value of the bias coil 

inductances was L1=L2=240.4 µH using the appropriate values of the coefficients 

for short and long coil approximations (cf. Grover W. F., 1973). A vertically thin-

wounded z-field sensitive receiver coil L3 with 53 windings, called z-receiver for 

short, is aligned horizontally with L1 and is placed just underneath the belt.  A 

desktop computer is used to log the data through a DAQ module connected with 

the z-receiver. For convenience the working expressions of the belt sensor as 

deduced in Chapter 4 are summarized below: 

 

𝐶2𝐴𝑑𝑖𝑠𝑘 = 𝐴𝑒𝑓𝑓 = 0.208 𝑉2𝑧
𝑝 2 3⁄

(𝐵2𝑧𝑠𝑢𝑚
2 𝜔2

2)1 3⁄⁄                           (5.1) 

𝐶𝐼𝐹 = 𝑉1𝑧
𝑝 ((𝐶2𝐴𝑑𝑖𝑠𝑘)

1

2𝑉2𝑧
𝑝 𝑑𝑑𝑖𝑠𝑘)⁄                                                            (5.2) 

𝜎 = 1.222 𝐶𝐼𝐹 𝜔2𝐵2𝑧𝑠𝑢𝑚 (𝜇0𝜔1
2𝐵1𝑧𝑠𝑢𝑚)⁄ 𝐷𝑚𝑒𝑡𝑎𝑙                                     (5.3) 

 

Where, 

Dmetal = multiplicative calibration constant to convert to accurate conductivity 

values, determined as the average calibration value for a known sample set of one 

specific type of metal. 

C2 = effective parameter which is used to calculate the effective projected field 

surface of a particle with respect to a disk as observed by the z-receiver;  

𝑉1𝑧
𝑝

 = peak amplitude per turn of the demodulated signal of a particle detected by 

the z receiver at the operating frequency f1; 

𝑉2𝑧
𝑝

= peak amplitude per turn of the demodulated signal of a particle detected by 

the z receiver at the operating frequency f2; 
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B2zsum /B1zsum = peak amplitude of the dominating z-field component of the 

Helmholtz coils on the surface of the belt, which is the vector sum of the z-

components of the fields produced by the individual coils L1 and L2 at operating 

frequency f2 / f1;  

Adisk= surface area of the reference disk;  

ω2 =2πf2; 

𝐶𝐼𝐹= Conductivity indication factor, which is characteristic for the identification 

of the NF metal particles;   

ddisk =thickness of the reference disk; 

σ =conductivity; 

ω1 =2πf1; 

μ0 = magnetic permeability of free space.  

 

The Eq. (5.1) is used to measure the parameter C2 of a particle with respect to the 

effective projected surface of a reference disk at the natural (most probable) 

orientation of the particle on the flat belt. The Eq. (5.2) is used to produce a 

statistical database of average CIF values (conductivity indication factor) for the 

purpose of identifying nonferrous metals as based on the conductivity approach 

discussed in Chapter 4. The Eq.(5.3) is used to calculate the conductivity of a 

nonferrous particle using the measured CIF value. It is also instructive to 

eliminate the parameters C2 and CIF from Eq. 5.1 to 5.3 and leave out the 

calibration Dmetal. That shows that the final conductivity is obtained in terms of 

ratios of the incident and detected fields, as  

 

𝜎 = 2.69 (𝐵2𝑧𝑠𝑢𝑚𝜔2)(4 3⁄ ) (𝐵1𝑧𝑠𝑢𝑚𝜔1) × 𝑉1𝑧
𝑝 (𝑉2𝑧

𝑝 )
(4 3⁄ )

⁄⁄ × 1 (𝜔1𝜇0𝑑𝑑𝑖𝑠𝑘)⁄   (5.4) 
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5.2 Sample materials
2
 

 Two sets of samples, named S1and S2, are prepared for different purposes. 

Figure.5.2 (a) shows the sample set S1 that is used as a reference set (the known 

particles set).  It consists of total 18 particles of the basic shapes of different 

materials Cu, Al and Brass. The sizes and generic shapes of the samples are listed 

in Table 5.2 where it is noted the block particles were more than 3 time higher 

than the flat plate or flat disk particles. These reference particles are used to 

validate the conductivity approach for the identification of the different 

nonferrous metals using the measured CIF values. On the other hand, Figure 

5.2(b) shows the sample set S2 of different types of nonferrous metal scraps of 

various shapes and sizes as collected by manual sieving of a batch of real bottom 

ash metal scraps to the size range 6.5 mm to 15 mm. This batch S2 contained 114 

metal scraps in composition: Cu=24, Al=30, Brass=41 and Zn=19.It is noted that 

in batch S2 the Cu scraps were relatively small while the Al scraps were relatively 

flat and looked more like droplets due to their low melting temperature and stay 

in the incineration furnace. The true conductivity of the scraps in sample set S2 

was completely unknown at forehand. 

 

Table 5.2: Specifications of pure sample set S1. Circular particles have a diameter of 

11.3 mm and square ones have a cross section of 10 x 10 mm. 

Sample Cross section type Base surface Height 

Disk Circular 100 mm
2
   

 
3mm 

Disk block Circular 100 mm
2
 10mm 

Plate Square 100 mm
2
 3mm 

Square block Square 100 mm
2
 10mm 

Rod Circular 100 mm
2
 10mm 

Cylinder Circular 100 mm
2
 with wall thickness 3mm. 10mm 

 

  

                                                           
2
All sample materials presented in this chapter are prepared at the Resources and Recycling 

Laboratory, faculty of Civil Engineering and Geosciences, Delft University of Technology, 

Netherlands. 
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 Moreover, the conductivity could not directly be measured using the standard 

NDT conductivity probe because for that purpose the scraps would have to be 

heated and flattened by hammering to fit with the NDT probe sample 

requirements. However, the latter preprocessing would have destroyed the sample 

set in terms of shape and size, and could also have affected the conductivity of the 

scrap in its original form. Therefore, the calibration with the reference NDT probe 

could only be done after it was sure all the relevant measurements were taken 

with the belt sensor. The sample set S2 is used to study the nonferrous bottom ash 

scraps of inherently complicated shapes and sizes as a step towards the 

application of the belt sensor for sorting of metal waste materials on the basis of 

measured CIF values.    

 

 

(a) (b)  

                  
 

Figure 5.2: (a) The pure-metal reference sample set S1 with Cu, Al and Brass, each with 

six generic shapes. (b) The sample set S2 with 114 real bottom ash scraps of Cu, Al, 

Brass and Zn with complicated shapes and unknown conductivity. 

 

5.3 Experimental results 

5.3.1 Operating frequency of the sensor 

 The aim of this section is to determine the two most appropriate operating 

frequencies f1 and f2 of the sensor in accordance with the assumptions made for 

the conductivity approach described in Chapter 4. In a pragmatic approach, the 

detection sensitivity of the sensor should be sufficient as to allow for a clear and 

distinguishing magnetic response of the sample particles. The sensor response is 

investigated at various frequencies using the reference particles of the sample set 

S1. Per metal type, the six generically shaped particles were adhered to the belt in 

   Cu                     Al                   Brass           
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a stable natural positon using sticky tape with some spacing in between as to 

prevent cross-talk between the subsequent particle responses. It is noted the tape 

prevented the particles from moving when starting up the conveyor belt, but in a 

continuous operational process this would of course not be required. Next, the 

belt is moved at the constant velocity Vx = 0.35 m/s and the particles interact with 

the sensor during their journey through the Helmholtz bias field and induce an 

amplitude modulated signal in the z-receiver. Each measurement is repeated at 

least once and the measurements are stored and later analyzed in Matlab. 

Amplitude demodulation technique is used to extract the responses of the particles 

in each set of measurements.  

 

The observed modulation depths at the frequencies ω1 and ω2 varied from 

1.1% to 2.1%, which was strong enough to eliminate the noise. Figure 5.3(a) and 

(b) show the demodulated signals of the particles of sample set S1 at sufficiently 

low frequency around f1=5.0kHz and at sufficiently high frequency f2=93.0kHz, 

respectively.  At the low frequency the conductivity information of the particles 

appears to be noticeable in the signal amplitudes, but at the high frequency it is 

not. This implies that at low frequency response the magnetic field impedance Nω 

is complex and at high frequency it is real (cf. Figure 4.2 in Chapter 4).  The 

effect of the height of the block particles is quite noticeable in the signal 

amplitudes at both frequencies, but the effect of the shape of the particles is not. 

To verify, the sensor was also investigated around 3.0 kHz, 4.0 kHz, and 8.0 kHz 

and those tests confirmed that the conductivity information gradually disappears 

as the frequency increases.  

 

In fact, the conductivity information was quite prominent in the signal 

amplitude at relatively low frequencies. In a compromise with  an adequate signal 

to noise ratio, the f1 = 5.0kHz was chosen as the appropriate low operating 

frequency for the sensor, and is in agreement with the conditions  for the 

conductivity approach explained in Chapter 4. As the frequency increases the 

signal amplitude is more pronounced and f2=93.0 kHz was chosen as the 

appropriate high operating frequency of the sensor in agreement with the 

conditions for the conductivity approach in Chapter 4.  
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 Next, 114 scraps of sample set S2 are tested in random order at the two 

chosen operating frequencies (f1=5.0 kHz and f2=93.0 kHz) to determine the 

signal to noise ratio (SNR) of the sensor.  The measured SNR of these bottom ash 

scraps   are shown in Figure 5.4, which shows that the sensitivity of the sensor for 

these bottom ash scraps seems very good. Judging from these results, and 

assuming 12 dB is the minimum workable SNR, it may be approximated from the 

particle-volume dependence of the magnetic signal strength that particles of halve 

the size (5x5 mm cross section) may still yield acceptable SNR values. However, 

this extrapolation must be taken with care, because the particles still have to 

comply with the magnetically ‘thin’ and ‘thick’ conditions at the two chosen 

operating frequencies in accordance with the model assumptions in Chapter 4. 

 

(a) 

       
 

(b) 

               
 

Figure 5.3: Z-responses of the belt sensor using the particles in reference sample set S1 

for a constant driving voltage of 8 Vpp of the signal generator for the bias coils. (a) At 

sufficiently low frequency around f1=5.0 kHz. (b) At sufficiently high frequency f2=93.0 

kHz.  
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 Figure 5.4 Measured SNR (signal to noise ratio) of the demodulated z-response of the 

belt sensor using 114 scraps of sample set S2 at chosen operating frequencies f1 = 5.0 

kHz and 93.0 kHz.  

 

5.3.2 Calculation of the primary magnetic fields B1zsum and B2zsum  

 This section aims to present the spatial distribution of the magnetic field 

components of the sensor, especially on the surface of the belt. In order to do that 

the peak value of the bias current through the bias coils L1 and L2 are calculated 

using the equivalent circuit shown in Figure 5.5(a), where it is noted that the used 

voltage amplifier had an output impedance of also 50 . Figure 5.5(b) shows the 

calculated peak value of the bias current for increasing frequency without 

amplification and with amplification to boost the bias current and sensitivity of 

the sensor. The calculated value of the amplified peak bias current ip1 and ip2 at 

the operating frequencies around f1=5.0 kHz and f2=93.0 kHz are shown in Table 

5.1. Here, with L1=L2=240.4 µH, the total wire resistance of the two coils 

combined is rw=10.4 ohm and the used calculated magnetic field coupling 

constants are k12=k21=0.42.   This gives the current in the cases with and without 

voltage amplifier. 
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 Figure 5.5: (a) An equivalent electrical circuit of the belt sensor including a voltage 

amplifier having 50 ohm output impedance between the Agilent signal generator and the 

bias coils of the sensor to boost up the sensitivity of the sensor unit. (b) The calculated 

value of the peak current ip through the bias coils L1 and L2 for increasing frequency. 

   

 Now the applied magnetic field components of the rectangular like 

Helmholtz coil at a point in space say P(x,y,z) on the surface of the belt, as 

expressed in the Eqs.(4.3) to (4.8), are calculated in Matlab at operating frequency 

f1=5.0kHz and presented in Figure 5.6. From Figure 5.6 it is obvious that the z-

field component B1zsum is dominant over B1xsum and B1ysum. The same conclusion 

applies for the operating frequency f2=93.0 kHz that is shown in Figure 5.7.  The 

z-distance is here defined w.r.t. the center of the bottom coil L1 where  the field 

inside the coil L1 is stronger and the calculated average value of the fields on the 

surface of the belt at the distance z = lz+z0 are (9+8) mm =17mm and B1zsum=451. 

0 Tesla and B2zsum=72.7 Tesla. It appears that both fields B1zsum and B2zsum are 

quite homogeneous on the surface of the belt within the horizontal domain x=-

20mm up to x=20mm. The same applies to the field across the width of the belt, 

because the y-length of the bias coils is even longer than the x-length. 
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(a) 

 
 

(b) 

 
 

(c) 

 
 

(d) 

 
 

Figure 5.6: Magnetic field distribution at operating frequency f1= 5.0 kHz of the sensor. 

(a) Homogenous dominant z-field component B1zsum. (b) Moderately weaker x-field 

component B1xsum with two strong side lobes, (c) weak y field component B1ysum. (d) The 

total applied field |B1sum|.  
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(a) 

 
 

(b)  

 
 

(c)  

 
 

(d) 

 
 

Figure 5.7: Magnetic field distribution at operating frequency f2=93.0 kHz of the sensor. 

(a) Dominant z-field component B2zsum. (b) Moderately weaker x-field component B2xsum 

with two strong side lobes. (c) Weak y-field component B2ysum. (d) The total applied field 

|B2sum|.  
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5.3.3 Conductivity indication factor (CIF) of pure sample set S1  

 This section presents the calculated CIF values of the particles in the 

reference sample set S1 where a subset of six particles per material type is 

translated on a conveyor belt through the pre-magnetized region of the sensor 

unit. The responses for each subset are recorded and later analyzed. Figure 5.8 

shows the calculated values of C2 using the Eq.(5.1). The value of C2 is relatively 

independent of the conductivity but it does vary significantly with the shape and 

the orientation of the particles (e.g. standing upright or laying down flat on the 

belt). This validates the usefulness of C2 as an independent parameter to 

characterize the typical shape and height of a metal particle. Evidently, the C2 for 

a disk and a square plate are practically the same because they have a similar 

physical base surface size.  On the other hand, for the case of a block particle the 

C2 changes significantly as a result of its greater height, but also the base shape 

and the particle orientation have an influence. Therefore, within the occurring 

peak amplitude variations, the C2 is effectively a parameter that scales with 

particle height and base shape.   

 

 
 

Figure 5.8: Calculated values of C2 using the Eq.(5.1) that show that  C2 scales  for the 

different shapes and sizes  of the particles in  the reference sample set S1. It also shows 

that C2 is relatively insensitive to the conductivity. 
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 Using Eq. (5.2), the CIF for each metal type is calculated and presented in 

Figure 5.9(a). The CIF of each material emerges at a distinct level that is 

independent of the shape of a particle. An exception is the CIF of the Cu disk that 

drops down to the value of Al. When later on checking the true conductivity of 

the particles using a standard sigma check NDT probe model no. PSIG001, the 

conductivity of the Cu disk was indeed found to be quite low compared to pure 

Cu as it proved to be a low grade Cu alloy as in (CDA publications 1998). The 

measured and (NDT probe) calibrated conductivity of the particles of the 

reference sample set S1 is presented in Figure 5.9(b). This figure shows 

convincingly how sensitive the CIF is with respect to the specific conductivity of 

a particle. Clearly, the average CIF for low conductive particles like Brass is 

certainly low enough to distinguish them from the high conductive particles of Cu 

and Al. The calculated average CIF with one standard deviation of the metal was 

CIFCu =43499 ±1555, CIFAl = 38183 ± 635, CIFBrass = 28850 ± 2237.  
 

 Once the CIF of a particle is known then using Eq.(5.3) the conductivity  will 

be determined and converted to an accurate value by multiplying it with the 

average calibration constant Dmetal for the specific metal type.  Figure 5.9(c) 

shows the average calibration constant where the calculated average value of 

Dmetal was DCu= 14.7±0.54, DAl=7.75±0.60 and DBrass= 5.35±0, which show there 

is a significant dependency of Dmetal on the type of the metal or, more precisely, 

on the conductivity of the metal. It should be remarked here that in a blind test the 

metal type and therefore the appropriate calibration constant Dmetal is of course 

unknown at forehand.  

 

 However, based on Figure 5.9a, the CIF which is based only on the 

measurements is already determining for which type of metal one is dealing with. 

The calibration constant Dmetal therefore serves only to get a more accurate 

conductivity value for the formerly unknown metal particle. It is noted here that 

to calibrate the calculated Cu disk conductivity the average DAl is used instead of 

DCu. If the particle was truly unknown as in a blind test this choice would also 

make sense because the CIF value of the Cu disk alloy was quite close to that of 

Al particles. Figure 5.9(d) shows the average relative error between the calibrated 

conductivity in Eq. (5.3) and the conductivity measured with the NDT 

conductivity probe.  
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             (a)                         (b

   
     

         (c)                                                                     (d)  

      
 

Figure 5.9: (a) Measured CIF of the particles of sample set S1 using the Eq. (5.2). (b) 

Calibrated conductivity of the particles using the Eq. (5.3). (c) Calibration constant Dmetal 

for three distinctive metals.  (d) Error % in the estimation of conductivity of the particles 

of pure sample set S1. 

 

   

5.3.4 Aeff of the particles of pure sample set S1 

 This section presents the calculated effective surface Aeff of the particles of 

the reference sample set S1. Doing so, we can also test a few aspects of the 

conductivity approach assumptions from Section 4.4.Using the Eq. (4.23) the Aeff 

can be calculated which is presented in Figure 5.10. Here, the Aeff for the flat 

round reference disk and flat rectangular plate are quite close, confirming the 

assumption 1 in Section 4.4. However, the disk and square block particles show 

significant differences even though their base size is identical.  This means that 

the sensitivity to particle shape increases noticeably with particle height, 

improving the capability of the conductivity approach to distinguish differently 

shaped particles. This observed shape sensitivity for higher particles does not 
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affect the assumption 2 in Section 4.4, meaning that the scaling method for higher 

particles is not impaired where it comes to the estimation of the conductivity of 

such high particles. In fact, when calculating the conductivity the shape-sensitive 

parameters C2 and Aeff  do not play an explicit role, but only the ratios of the bias 

fields and of the detected voltages at the two operating frequencies (cf. Eq. 5.4). 

This expresses the fact that the shape dependence of the particle is effectively 

eliminated from the conductivity calculation, as should be the case.  

                                                                 

 
 

Figure 5.10:  Calculated Aeff =C2Adisk of the particles in sample set S1. 

 

5.3.5 Conductivity identification factor CIF for bottom ash scraps 

 As an application in sensor sorting of metal scrap, a sample set S2 with 

bottom ash scraps were tested with the belt sensor. The specifications and a 

photograph of the sample set S2 are shown in Section 5.2. S2 is a representative 

sample of 114 scraps of different materials such as Cu, Al, Brass and Zn are 

selected from a batch of bottom ash, size fraction 6.5mm to 15mm. The scraps are 

randomly mixed up and split into 19 subsets containing six   scraps in each subset 

with an identification mark on each scrap using a letter followed by a number. 

The letter indicates the material type and the number provides the numerical 

information of the scrap within the population of the subset. So each subset is a 

mixer of six scraps of different materials. For example a scrap is marked by A2 

i.e. “A” represents the type of the scrap which is aluminum and “2” represents the 

number of same type in the population of that subset and so on. Afterwards the 
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scraps of each subset of the sample set S2 are adhered with tape onto the 

conveyor belt in their natural orientation as it was done for the test of sample set 

S1. The measurements for all the subsets were recorded. The recorded responses 

of the subsets were subsequently processed and analyzed in Matlab.  

 

 The measured CIF of the scraps are sorted in alphabetic order, e.g. Al, Brass, 

Cu and Zn, which results in a plot of the measured CIF shown in Figure 5.11. The 

average CIF line for Cu scraps remains at the highest level and for Al at the 

intermediate level, followed by Zinc and Brass at the lowest levels. The level of 

the average CIF lines for the bottom ash metals correspond to the a descending 

order of their conductivities and are just as well separated as in the case of pure 

metals in the reference sample set.  The average CIF lines for Brass and Zn are 

observed to be very close to each other, due to the fact that Brass and Zn both are 

low conductive metals with Zinc being just a little more conductive than Brass. 

The fact that the average CIF line for Zinc is just above Brass makes it more 

evident that the CIF is a reliable measure of the conductivity. The average CIF 

lines for the metal scraps are 𝐶𝐼𝐹𝑎𝑣
𝐶𝑢𝑠𝑐𝑟𝑎𝑝𝑠

 =38711±10174 (+/-26%),  𝐶𝐼𝐹𝑎𝑣
𝐴𝑙𝑠𝑐𝑟𝑎𝑝𝑠

 

= 29750±5746 (+/-19%),  𝐶𝐼𝐹𝑎𝑣
𝐵𝑟𝑎𝑠𝑠𝑠𝑐𝑟𝑎𝑝𝑠

 = 20302±4943 (+/-24%) and 

𝐶𝐼𝐹𝑎𝑣
𝑍𝑛𝑠𝑐𝑟𝑎𝑝𝑠

 = 21892±4784 (+/-22%).  

 

 The relative spread in the CIF values for the different metals is quite close 

and lies in the narrow range of 19-26%.Typical commercial alloys are Beryllium 

Copper, copper strip, cast copper, wrought copper, cast aluminum, wrought 

aluminum, and aluminum bronze. It is reported that each of these may show 

significant variations in conductivity (CDA publications, 1998). Despite these 

natural variations in conductivity, it cannot be completely ruled out that 

incidentally a very unusual shaped scrap could have influenced the measurements 

and caused it to show up at the wrong CIF level. Physically speaking, this means 

that such unusually shaped scraps may either produce self-shielding effects, such 

as through cavities or contortion which distorts the bias field, or such scraps 

violate the magnetically ‘thin’ or ‘thick’  conditions at the two operating 

frequencies. 
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 Next we rely on the bottom ash metals sample set at hand, but off course 

using the CIF for a very large number of scraps test will produce better 

statistically converged results. Thus, the average CIF lines are used to provide an 

effective way for sorting of the different valuable metals from the bottom ash 

materials.  

 

 

 
 

Figure 5.11: Measured conductivity indication factor (CIF) using the Eq.(5.2) for the 

bottom ash scraps of Cu, Al, Brass and Zn shown in sample set S2.  

 

 

5.3.6 Sorting methodology and sorting statistics of the bottom ash scraps 

  This section presents a statistics for sorting the scraps of different metals 

based on their measured average CIF values, shown as lines in Figure 5.11. It is 

noted that the sample set S2 contains 114 metal scraps of which Cu=24, Al=30, 

Brass=41 and Zn=19. Two sorting methods are applied, first high-low (hi-low) 

conductive sorting and second high-low-intermediate (hi-low-int) conductive 

sorting, which options are shown in Figure 5.12. The hi-low method produces two 

products streams; Collector1 collects the high conductive metals and Collector 2 

collects all the lower conductive metals.  The second method produces three 

products streams: Collector 3 collects the high conductive metals, Collector 4 

collects the low conductive metals, and Collector 5 collects the intermediate 

conductive metals. For the hi-low method a detection threshold is based on the 
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average CIF level of the Brass scraps, and is assigned  as  𝐶𝐼𝐹𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
ℎ𝑖−𝑙𝑜𝑤  

=𝐶𝐼𝐹𝑎𝑣
𝐵𝑟𝑎𝑠𝑠𝑠𝑐𝑟𝑎𝑝𝑠 

+STD= 25246, where the STD represents one standard deviation 

of that average CIF line. For the hi-low-int sorting method an additional detection 

threshold is taken based on the average CIF level of the Al scraps as  

𝐶𝐼𝐹𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
ℎ𝑖−𝑙𝑜𝑤−𝑖𝑛𝑡 =𝐶𝐼𝐹𝑎𝑣

𝐴𝑙𝑠𝑐𝑟𝑎𝑝𝑠
+STD = 35496.  Next, a logical test is carried out on 

the measured CIF values of the scraps to count the particles that end up in the 

different collectors for a specific method.  

 

 Figure 5.12 shows the calculated sorting statistics using the hi-low and hi-

low-int methods where using hi-low method the Collector 1 contains mainly  the 

high conductive scraps (91.7% of the Cu and 93.3% of the Al scraps) and only a 

few  low conductive scraps, as based on the logical test CIF >𝐶𝐼𝐹𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
ℎ𝑖−𝑙𝑜𝑤 . On the 

other hand the logical test CIF values ≤ 𝐶𝐼𝐹𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
ℎ𝑖−𝑙𝑜𝑤  gives the scraps into the 

Collector 2 that mainly contains low conductive scraps (78% of the Brass scraps 

and78.9% of the Zn scraps). For an industrial metal smelter the highest added 

value is obtained with a pure Cu product (Cu production), or with a relatively 

lower value the combination product of Brass-Cu-Zn (Brass production).  In 

either case the main sorting objective is to separate the Al particles from the rest. 

Here it is noted that in industry purity is related to the mass (i.e. grade), and not to 

the relative amounts of particles of different types. In this method the Collector 2 

provides probably an interesting Brass product, but Collector 1 is still a lower 

valued Cu-Al mix with still a high amount of the most valuable pure Cu particles. 

Note therefore that Al is ~3 times lighter than Cu. 

  

 Next, it is attempted to improve the sorting with the high-low-int method by 

adding another level CIF >𝐶𝐼𝐹𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
ℎ𝑖−𝑙𝑜𝑤−𝑖𝑛𝑡 and thus adding another collector. 

Collector 3 is essentially a Cu product, but the probably the Al content is  a bit too 

high to speak of a high value Cu product. Collector 4 is more of an Al product but 

is essentially still a lower valued Cu-Al mix. Collector 5 provides an interesting 

Brass product with relatively low Al contents. Summarizing, both sorting 

methods yield at least one valuable Brass product, but the obtainable recovery of 

the individual metals is not very high in either method. Though this may be 



 Chapter 5: Experimental Results of the Eddy Current Belt Sensor                                86 

 

  

improved slightly by optimizing the used separation levels, the result is mainly 

influenced by the large spread in conductivity of the bottom ash metal particles.  

 

 

Collector 1: Majorly high conductive

Cu=91.7%, Al=93.3%, Brass=19.5%, Zn=21.1%)

Collector 2: Majorly low conductive 

Brass=78%, Zn=78.9%, Cu=8.3%, Al=6.7%

High and low 

conductive 

sorting (hi-low)

Collector 4: Majorly Al =80% , Cu =29.2%,  

Brass =19.5%, Zn=21.1% 

Collector 3: Majorly Cu only

Cu=62.5%, Al=13.3%, Brass=0.0%, Zn=0.0%

Collector 5: Majorly low conductive

Brass=78.0%, Zn=78.9%, Cu=8.3%, Al=6.7%

Measured CIF

using belt sensor

High, low and intermediate conductive sorting     
( hi-low-int)

 

 

Figure 5.12:  Sorting statistics based on the measured CIF values of the scraps using a hi-

low and a hi-low-int sorting method.  

 

5.3.7 Conductivity of the scraps 

 This section presents the calculated conductivity of the bottom ash scraps of 

sample set S2 using the Eq. (5.3). Figure 5.13 (a) shows the results, which are 

quite offset from the true values. Therefore the value of the average calibration 

constant D shown in Figure 5.9c can be used to scale the conductivity of the 

scraps for each metal to the correct level, which is shown in Figure 5.13(b). 

 Figure 5.13b reveals that the bottom ash metals have quite some variation in 

electrical conductivity. This is to be expected for mainly two reasons. First, these 

scraps originate from many different end-of-life products, for which the original 

manufacturers used a wide range of possible alloys and pure metals. For example, 

due to the development of material science and technology Cu sheets with 

conductivity higher than 100.0 IACS% is attainable by advanced processes that 

can remove even the most minute impurities and defects (Simon et. al 1992).  
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Second there is the waste mixing and the thermal and chemical conditions in the 

municipal solid waste incinerator, including temperatures of around 1000 C°. 

Such conditions can create several effects in a metal. On the one hand certain 

alloying elements may diffuse outwards, changing most noticeably the surface 

conductivity of a metal scrap for which the high frequency in the proposed sensor 

unit is the most sensitive. On the other hand, foreign elements may fuse with the 

metal, again causing most noticeably changes in conductivity at the surface of a 

scrap.  

  

 The relative spread in the conductivity for the different metals in Figure 5.13 

b is the same as in the CIF values in Figure 5.11 and lies in the narrow range of 

19-26%. This finding about bottom ash scraps is new and has not been reported 

before, because to date only the proposed belt sensor technology is capable of 

measuring the conductivity of such bottom scraps in larger numbers in their 

original shape. Nevertheless, the reasons for why these spreads are so uniform for 

the different pure metals and alloys are beyond the scope of this research. As 

noted before, some bottom ash particles have such a complex shape that their 

calculated conductivity does not reflect the true value. But also contaminations 

with for example oxides or other foreign materials can influence the measured 

conductivity. As an example, a few scraps of complicated shapes are presented in 

Figure 5.14(a) and (b). Nevertheless, these complex shapes are exceptions and are 

not expected to be a statistically important fraction among the bottom ash metals.

   

 

 Coming back to Figure 5.13b, it is not realistic that some bottom ash scraps 

have a conductivity well above 120.0 IACS%. This means that the accurate 

measurement of the highly conductive copper scraps using the belt sensor model 

shows a deficiency. When turning to Sections 4.3 and 4.4, the model assumed that 

mutual induction could be ignored and self-induction will scale proportional to 

the detected voltage. However, ignoring these effects will result in larger 

calculated eddy current which in turn are associated with a higher conductivity 

than is realistic.  
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(a)  

 

 

(b) 

 
 

Figure 5.13: (a) Calculated conductivity using Eq. (5.3) of the scraps of sample 

set S2 without calibration constant Dmetal. (b) Calibrated conductivity of the scraps 

of sample set S2 using the average calibration constant Dmetal from Figure 5.9c.  

  

 After the conductivity tests a representative number of Al, Brass and Zn 

scraps from batch S2  and a few Cu scraps from a different bottom ash batch of 

relatively larger size, all with suitable shape and size, are collected and  flattened 

by heating and hammering to render them suitable for conductivity measurement 

using the commercial NDT conductivity probe. The aim of using of these 

measurements is to have an idea about where is the true conductivity of the 

bottom ash scraps and the standard NDT probe provided the only reference 

available to us. The conductivity for these preprocessed scraps is presented in 

Figure 5.14(c), (d), (e) and (f). Note that these flattened samples are relatively 

larger compared to the original sample set S2. It is noted that the conductivity of 

the scraps shown in Figure 5.14(a) and (b) could not be measured using the 
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standard probe, because their shapes were exceptionally complex and these 

particles broke up during the heating and flattening. Figure 5.15 shows the 

measured conductivity of the preprocessed scraps of Figure 5.14(c), (d), (e) and 

(f) using the standard conductivity probe, model PSIG001. From the Figure 5.15 

it is obvious too that the conductivity of the scraps varies quite a lot and that is the 

reason why some of the scraps entered another CIF level (see Figure 5.11).  

 

 Another observation from Figure 5.15 is that the pure copper particles are far 

less conductive and show relatively more spread in conductivity than when using 

the belt sensor in Figure 5.13b. This is attributed to the effects of the heating and 

hammering that tended to contaminate and modify the crystalline copper. This 

can result in a significantly lower measured conductivity than what the scrap had 

in its original shape. Also, keeping contact with a sufficiently large and flat 

surface is vital for an accurate NDT probe measurement, which was not easy 

since the hammered particles were not really perfectly flat or smooth. It is 

remarked that an alloy such as brass is apparently less susceptible to the effects of 

heating and hammering. 
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                   (a)                             (b)                    (c) 

 

           
 

 

             (d)          (e)               (f) 

 

      
 

Figure 5.14: (a) Al scraps and (b) Cu scraps with complicated shapes, including 

cavities and contortions.  The next panels show preprocessed and flattened 

particles of: (c) Cu scraps. (d)  Al scraps.  (e)  Brass scraps and (f) Zn scraps.   

 

 

 

 
 

Figure 5.15:  Measured conductivity of the preprocessed and flattened scraps of 

Figures 5.14(c), (d), (e) and (f) using the standard conductivity meter, model 

PSIG001.  
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5.4 Discussions: 

 The calibration constant Dmetal was found to be different for different types 

of metal. In fact, the average values found were DCu= 14.7±0.54, DAl=7.75±0.60 

and DBrass= 5.35±0 (see Figure 5.9c).  The causes for this behavior point mainly 

to deviations related to the magnetic moment model assumption 2 in Section 4.3 

and the conductivity approach assumption 2 in Section 4.4: mutual induction with 

the power source-transmission coils was to be neglected and the self-induction for 

thicker particles would scale with the detected response. To explain the 

implications, let us consider the Eq.(5.4) where the ratio of applied magnetic 

fields in the first factor stems from the induction fields induced at the particle 

according to the model in Section 4.3. To introduce the effect of self-induction of 

the particle, or similarly the effect of mutual induction between the particle eddy 

current and the Helmholtz coils, a factor k<1 is used to multiply those field 

components. Thus we can obtain a corrected expression for Eq. 5.4 and by 

focusing only on the effect of the k-factors for the two operating frequencies we 

conveniently write the corrected expression in a simple form as  

 

𝜎~𝑘2
4 3⁄

/𝑘1 



 Note that in essence we state here that the right hand term in Eq. 5.5 is equal 

to 1/Dmetal. Two cases are now discussed. In the first case we assume that k is 

related to the particle self-induction only. The effect of self-induction is to 

increase the impedance (inductance) of the particle and therefore it lowers the 

induced eddy current (so k<1). To simply matters we assume in this case that the 

frequency has little or no bearing on the degree of field-coupling, so k1=k2. The 

factor is k is unity (k=1) for thin disks for which the self-induction is taken 

correctly into account in the analytical expressions. However, if the particle 

becomes larger and/or changes shape the effect of self-induction may become 

relatively stronger than for a thin disk, while also the eddy current become 

stronger which increases energy absorption. As such, the complex impedance of 

the particle may change significantly with respect to the reference disk particle. 

This change is taken into account in the conductivity approach only by scaling the 

reference disk magnetic moment according to the increase in the detected signal 
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voltage for the test particle. It is also remarked here that the experiments involve 

only a single z-receiver below the conveyor belt, which gives in some ways a 

limited amount of information about the total magnetic field produced by the 

particle. Nevertheless, the effect self-induction on the resulting complex 

impedance is expected to become relatively stronger for particles other than a thin 

disk, because in a disk the eddy current run only in two opposite parallel surfaces 

which limit the degree of coupling that can take place. In contrary, in larger and 

more complex shaped particles the eddy current will run in several different 

directions of the various particle surfaces (e.g. different eddy current are more 

within ‘visual range’) which gives rise to a higher degree of coupling that 

increases the effect of self-induction. This causes that the increase in the detected 

signal voltage is lower than one would expect, leading to an underestimation of 

the true increase in size and/or conductivity of the larger particle. The result is 

that k<1 in Eq. (5.5). This conclusion appears consistent with the finding that the 

conductivity is estimated too low for all the real metal particles in our 

experiments, which is evident from the calibration constant D being larger than 

unity for all metal scraps.  

 

 In the second case we assume k in Eq. (5.5) to be a coupling factor that is 

related only to the mutual induction between the particle and the power source-

transmission coils. In essence, this is an effect similar to impedance matching 

which effect also limits the maximum power available to the particle eddy 

current. Here it is reminded that in this work the Helmholtz coils are steered using 

a voltage source, meaning that the applied current (and thus the power delivered 

to the magnetic field) has no possibility to increase beyond a certain level and 

accommodate the possibly larger power required for the better conductive and/or 

the larger particles. Also, the power absorbed by the particle increases as the 

square of the frequency, meaning the effect of mutual inductance is much larger 

for the higher frequency 2. This implies k2<k1. This mutual inductance effect 

explains why Dmetal increases for increasing conductivity (thus decreasing ratio 

k2/k1) of the metal scrap particles. The magnetic field at the particle is ‘drained’ 

from energy and becomes significantly smaller than the magnetic field was during 

absence of the particle. Thus the particle eddy current become smaller, which is 
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effectively modeled in Eq. (5.5) by letting the ration k2/k1 become smaller as it 

mostly affects the higher working frequency.  

  

 When regarding the results in this chapter, it appears that self-induction is 

the lesser problem that could be overcome with a calibration method. The 

nonlinear effect of mutual induction is much more of a nuisance, but may be 

minimized in the experimental setup by using current steering for the Helmholtz 

coils which allows the source voltage to change freely. This type of power source 

will allow for a theoretically unlimited power flow to the magnetic field to feed 

eddy current, while maintaining a reference level of the applied magnetic field 

near the metal particle that is linked to the electrical current sent through the 

transmission coils. Another possible improvement of the model in Chapter 4 

concerns the parameter C2 in Eq.4.23. There we chose to use just the one 

parameter in both the high and low frequency field relations in Eqs. 4.24 and 

4.25. Moreover, we chose to derive the C2 in the easiest way by using the high-

frequency measurement (see Figure 5.8) which, as discussed above, is more 

susceptible to mutual induction influences. Possibly, by matching a separate 

parameter C2 for the high and low frequency fields an improved match with the 

measurements may be obtained, after which the ‘Conductivity approach 

assumption 3’ in Chapter 4 can be eliminated. 

 

 Another issue that may have affected the accuracy of the model calculations 

is related to the magnetic moment model assumptions 3 and 4 in Section 4.3 that 

the metal particles must be ‘magnetically thick’ at the high operation frequency, 

but ‘magnetically thin’ (i.e. easy penetrable) at the lower frequency. Specifically 

for the lower frequency this may not be achieved for all particles in the bottom 

ash scraps experiments. For example, the depth of magnetic penetration of the 

pure Cu, Al, and Brass is related to 3 skin depths as listed in Table 5.3 for the 

cases where the magnetic field is applied either at one side or at two sides of the 

particle, where the latter is the most relevant in the present setup. 
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Table 5.3: One and two sided magnetic penetration depths (3 skin depths) for three metal 

types. 

 One side Two sides 

Metal 5 kHz 93 kHz 5 kHz 93 kHz 

Cu 2.8 mm 0.65 mm 5.6 mm 1.3 mm 

Al 3.6 mm 0.83 mm 7.2 mm 1.6 mm 

Brass 5.2 mm 1.2 mm 10.4 mm 2.4 mm 

 

 When comparing with Table 5.2 it shows the sizes of the designed flat 

reference samples comply very well with the thick and thin conditions. 

Seemingly, the Cu and Al block particles did not comply at the lowest operating 

frequency, but the measurement results showed that full magnetic penetration at 

the low frequency may not be required to get a satisfactory result. However, it 

was also not technically possible in the present setup to lower the frequency any 

further without significant loss of sensitivity. Of course, no such design care 

could be taken for the real bottom ashes sample set S2 and it is quite likely that 

some particles did not comply, especially where it concerns the thin condition at 

the high operating frequency.  The uniqueness of detection, which is a 

theoretically fundamental problem in the identification of objects using sensor 

measurements, is in this particular case that two very different metal scraps may 

have practically the same magnetic moment or, equivalently, the same complex 

impedance. Fortunately, looking at other technologies for object detection such 

occurrences prove to be rare and it is also not believed to pose an obstacle for 

successful application of the presently proposed metals scraps identification 

technology. 
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5.5 Conclusions: 

  This chapter presents the results of a belt sensor that successfully brought an 

experimental verification of the conductivity approach for the identification of the 

NF metals being translated on a conveyor belt. The conductivity approach is built 

on pragmatic approximations of the exact eddy current theory where a disk model 

is extended to represent a scaled model of particle with six generic shapes: disk, 

disk block, square plate, square block, rod and cylinder, called reference sample 

set S1. Using these pure samples the belt sensor showed the assumptions made in 

the conductivity approach were valid and the calculations came very close to the 

sensor data. The belt sensor was tested with the sample particles of the reference 

sample set S1and a sample set S2 with real bottom ash metal scraps. The sensor 

performance was quite repeatable and sensitive enough to detect the change in 

conductivity. For example, it was observed for the case of one Cu disk particle, 

which unexpectedly had a lower conductivity, that it correctly entered the CIF 

level of Al particles (see Figure.5.9). For the particles of the pure metals sample 

set S1 the average value of the CIF lines were CIFCu =43499 ±1555,  CIFAl = 

38183 ± 635, CIFBrass = 28850 ± 2237 that can be used for the identification of 

different particles of different metals.   

 

 Once the material CIF  is known then the conductivity of the particles can be 

calculated using the Eq.(5.3) with the average accuracies  -0.1 ± 3.5% for Cu, -1.6 

± 7.9% for Al and 1.0 ± 7.5% for Brass, where the average value of the 

calibration constant D was DCu=14.73±0.54, DAl=7.75±0.60 and DBrass=5.35±0.42 

(see Figure.5.9c). The causes of this calibration factor have been linked to basic 

assumptions behind the magnetic moment model, but also other potential 

improvements to the setup and issues related to the proposed conductance model 

have been discussed. 

 

 As an application of the sensor the CIF of the sample set S2, which is a set of 

bottom ash scraps of different materials such as Cu, Al, Brass and Zn, was 

measured and presented in Figure 5.11. The average CIF lines of the scraps of a 

specific metal turned out lower than those for the pure sample set S1 (cf. 5.11 & 

5.9a). This was expected because the scraps were exposed to waste incinerator 

conditions that rendered them less pure, while their shapes were also particularly 

more complicated than the generic particles of reference set S1.  The large 
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variation in conductivity will complicate the positive identification of the 

irregularly shaped and heat-affected bottom ash metals. However, for quality 

inspection of an already pre-sorted product, for example scanning the contents of 

a high-grade copper product with low level of Al contamination, the belt sensor 

may yet be able to provide an acceptable prediction of the Al contents. A 

condition is that a large-scale test is carried out on the specific product at hand to 

provide statistically converged results that allow for a reliable assessment of the 

belt sensor performance.  

 

 Based on the measured average CIF lines two sorting methods were tested 

using a logical approach:  high and low conductive sorting (one detection level) 

and high-low-intermediate conductive sorting (two detection levels). Logical 

testing showed that sorting is possible to a limited degree. Using hi-low sorting 

the material composition of particles in the high conductive collector was Cu 

=91.7%, Al=93.3%, Brass=19.5%, Zn=21.1% and in the low conductive collector 

it was Brass =78%, Zn=78.9%, Cu=8.3%, Al=6.7% (see Figure 5.12).  

 

 For the hi-low-int method the particle material composition was Cu=62.5%, 

Al=93.3%, Brass=0.0%, Zn=0.0% in the high conductive collector and Brass 

=78%, Zn=78.9%, Cu=8.3%, Al =6.7 in the low conductive collector. The 

remainder of the particles ended up in the intermediate collector.  As may be 

expected, the resulting logical sorting performance is also limited due to the 

inherently large variation in conductivity of the bottom ash particles. As such, the 

conductivity alone does not seem to offer enough distinctive information to sort 

this type of metal scrap. An option would be to combine it with the effective area 

information that is also delivered by the belt sensor. This parameter is linked to 

the shape of a particle, which in turn is linked to a specific metal as determined by 

the end-of-life product it originated from. In this way the belt sensor may indeed 

offer a more effective method to allow for more reliable metals sorting as well as 

more reliable quality inspection. 
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Chapter 6 

Conclusions and recommendations 

 

6.1 Conclusions 

This thesis primarily is devoted to research on the development of a 

hybrid sensor that can be applied inline for the quality control of concentrated 

nonferrous (NF) scrap metals. These scraps are recovered from municipal solid 

waste incinerator (MSWI) bottom ash materials, size 1-6mm, by using state of the 

art eddy current separator (ECS) technology. As a result a proposed hybrid sensor 

was developed in this research and tested in laboratory and in-situ for online 

detection of metal grade (G) of the NF metal concentrated fraction, where it was 

considered that the metal grade is a significant qualifier that can be used 

effectively for the continuous adjustment of the splitter settings of the ECS 

machine. The hybrid sensor is composed of two basic sensor sections namely 

infrared sensor (IRS) and electromagnetic sensor (EMS), where the IRS section 

gives total count data for all particles in the sample stream and the EMS section 

gives only the count data for the NF metal particles present in the stream. Each 

sensor is characterized in terms of sensitivity, repeatability and accuracy.  

 

During the characterization phase the count correction factors ( C
IRS

 and 

C
EMS

 ) for each sensor type were experimentally determined at average particle 

feed rates ranging from 7 to 219 particles per second using synthetic samples of 

known composition (cf.2.5a and b, Chapter 2). The count data for both sensors 

were highly repeatable (see Table 2.3). At low feed rate <=13 particle per second 

the C
IRS

 and C
EMS

 were close to unity but at higher feed rate these were increasing 

that was due to the simultaneous falling of some particles through the sensor but 

that number of missing particles was quite repeatable that gave a possibility for 

applying the count correction factors to eliminate this stationary error by 

calibration.   

 

  A method for the detection of metal grade (G) of the falling particle 

stream was developed and validated  using synthetic samples at different values 

of  (k) average particle mass ratio between non-metal and metal where for 

synthetic samples the used values of k were  2.69, 1.23, 0.54, and 0.24.  
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As an application of the hybrid sensor a representative amount of bottom 

ash materials was tested (see Table 2.4). The hybrid sensor showed excellent 

performance in measurement of G with an accuracy of 2.4% at average feed rate 

of 13 particles per second.  Using the sensor count data and manual analyses of 

metal grade of these bottom ash materials the value of k was estimated which was 

k= 0.49±0.07 at moisture content 7.1wt%.   

 

Afterwards for functionality analyses a prototype of the developed hybrid 

sensor is built in a compact way to give some degree of robustness and then tested 

in laboratory with some controlled experimental conditions and in situ. The 

average and standard deviation for the differences in metal grade between the 

sensor measurements and the manual analyses were 0.0% +/- 1.8% using a moist 

batch in the laboratory with 10.7% moisture content, 1.5% +/- 6.0% in-situ using 

the dry ashes from batch I with 4.7% moisture content, and 3.1% +/- 11.8% in-

situ using the wet ashes from batch I with 13% moisture content. Crucial for 

measurement accuracy was the correct value of k, which is the ratio of average 

mass of all mineral and metal particles in the whole batch. The measured average 

values and standard deviations were k = 0.48 ± 0.04 in the laboratory, k = 0.60 ± 

0.20 in-situ for the dry ash and k = 1.22 ± 0.49 in-situ for the wet ash (cf.3.3a and 

3.6) which showed that the average values for k were sufficient for accurate 

measurement of the metal grade. The measurements and trends in sensor data 

from the laboratory and in-situ dry feed are quite comparable, considering the 

ECS machines were different and the bottom ashes came from different sources. 

Both the metals recovery (metals content ratio of product and feed) and grade 

proved sensitive to the splitter distance.  

 

From laboratory test it showed that a 10 mm shift may produce 10% 

change in recovery or 18% change in grade, while over the range of 40 mm 

splitter distance the grade and recovery both change by at least a factor 

two(cf.3.5).  On the other hand the trend for grade sensitivity against splitter 

position in in-situ was quite comparable and convincing with the laboratory 

results (cf. 3.5, 3.7 and 3.10).  In conclusion, the hybrid sensor unit may find its 

application in online product quality control or it may be used in automated 

control over the optimum ECS splitter distance. 
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 After completion of the hybrid sensor research this research was extended to 

a fundamental issue in the field of sensor sorting of nonferrous (NF) scrap metals 

from waste by means of eddy current technique. In order to do that a model for 

the eddy current belt sensor was proposed in this thesis with a theoretical 

conductivity approach for the identification of different NF scraps on a conveyor.  

  

 For experimental validation of the conductivity approach the eddy current 

belt sensor was constructed and characterized using a set of pure samples S1 of 

different NF metals (Cu, Al and Brass) each of six generic shapes such as disk, 

disk block, square plate, square block, rod and cylinder. All experimental results 

of the belt sensor have been presented in Chapter 5 and the theoretical basis is 

described in Chapter 4. Using these pure samples the belt sensor showed the 

assumptions made in the conductivity approach were valid enough and the 

calculations came very close to the sensor data.  The tests using the pure sample 

set S1 produced a database of CIF lines for Cu, Al and Brass which were CIFCu 

=43499 ±1555,  CIFAl = 38183 ± 635, CIFBrass = 28850 ± 2237 that can be used 

for the identification of different particles of different metals on a conveyor. The 

sensor performance was quite repeatable and sensitive enough to detect the 

change in conductivity. Actually the measured value of the CIF for different 

materials was different therefore this thesis recommended that a database of 

material CIF can be obtained from where the material can be distinguished from 

each other. Moreover the conductivity of the particles was  calculated using Eq. 

(5.3) after knowing the CIF value of the particle with an average accuracies  -0.1 

± 3.5% for Cu, -1.6 ± 7.9% for Al and 1.0 ± 7.5% for Brass, where the average 

value of the calibration constant D was DCu=14.73±0.54, DAl=7.75±0.60 and 

DBrass=5.35±0.42 (see Figure 5.9c).  

 

Then, as an application of the belt sensor, the same method was applied 

for the identification of the different precious metal scraps in a sample set S2 of 

bottom ash materials. A test was carried out using theses scrap particles that 

produced average CIF lines which were presented in Figure 5.11. On the basis of 

the measured average CIF lines of the scraps a sorting statistics was produced by 

logical test using the methods, first high and low(hi-low) conductive sorting, 

second high low intermediate (hi-low-int) conductive sorting.  The hi-low 
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conductive sorting method produced a statistics of the scrap particles where in 

high conductive collector the composition of sorted materials was Cu=91.7%, 

Al=93.3% Brass =19.5%, Zn=21.1% and in low conductive collector was Brass 

=78%, Zn=78.9%, Cu=8.3%, Al=6.7%. On the other hand the hi-low-int 

conductive sorting method produced the statistics where in high conductive 

collector the  composition of sorted materials was Cu=62.5%  Al=13.3%, Brass 

=0.0%, Zn =0.0% and in low conductive collector was Brass= 78.0%, 

Zn=78.9%,Cu =8.3%  Al=6.7% while the rest of the scraps went into intermediate 

conductive collector. It can be concluded that the eddy current belt sensor, 

possibly in combination with other sensor sorting technique, can be useful for 

accurate sorting of metal scraps from MSWI bottom ash waste.  

 

6.2 Recommendations 

  Moisture content and fines are two vital parameters that interfere the 

performance of an ECS. The bottom ash material sometimes becomes too dry that 

produces lots of fines by breaking and dissociation of materials in a bottom ash 

treatment plant. The produced fines can be accumulated on the surface of the 

optical IRS section of the hybrid sensor which can alter the sensitivity of the 

sensor that can cause a significant drop of the hybrid sensor in accurate 

measurement of metal grade (G). Therefore the result of this will be a complete 

misguide of the splitter setting of the associated ECS machine and possibly a 

malfunction in quality control of the NF concentrated fraction of the bottom ash 

materials.  Therefore from practical point of view the thesis recommends to use 

some sort of technical remedy like regular air flashing  for removal of fines from 

the inside of sampling tube.  

 

On the other hand the moisture contents of the bottom ash materials may 

vary from 10 wt% to 20 wt%. But for very high degree of moisture content some 

complications may occur for example if the bottom ash materials looks very wet 

that the particle statistics may be changed completely which means all of the fines 

will be adhered with the particles and particles themselves may become heavier 

due to the absorbed water.  Sometimes it can be an issue that these wet particles 

may get stuck to the inside wall of the sampling tube and etc. All of these  

unexpected situations may occur simultaneously if the bottom ash materials are 
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completely open to heavy rain for longer period of time or if the ECS machine is 

operating in open air in a heavily rainy day. However, to avoid these unexpected 

and extreme situations for the case of high degree of moisture content this thesis 

recommends having some sort of special cleaning process for removing the 

watery stuffs from the tube or special care for correcting the k value for wet 

bottom ash materials.   

 

Now let us present some recommendations for further advancement of the 

belt sensor research.  For identification of different NF scraps on a conveyor the 

conductivity approach was the driving tool of the eddy current belt sensor.  The 

conductivity approach model overlooked the effect of self-induction and mutual 

induction of a particle for inherent variation of these shapes and also did not 

consider the effect of different frequencies on calculation of the effective 

parameter C2 which was actually interpreted as an equivalence of the projected 

field surface of a particle with respect to the thin reference disk. For example the 

value of conductivity calibration constant D was D>> 1 which was also varying 

with respect to conductivity of the materials. Probably the conductivity of the 

particles had significant impact on self-induction that can also change the 

coupling between applied and scattered field of a particle. So the conductivity 

approach model could be more efficient and exact if at least these effects could be 

adopted by introducing variables which are related to particle shape, self-

induction, mutual induction and frequency.   

 

In parallel with the conductivity sorting there might have been some shape 

correlations among the type of the materials in bottom ash scraps.  For example 

most of the Al scraps in bottom ash materials are found to be flat type, Cu scraps 

are found to be ball, wire, or rounded droplet type, and etc. So the capabilities of 

identification of different shapes could also be used as a second parameter in 

conjunction with the measured CIF and that could improve the sorting accuracy 

of the materials. . These issues may lead to  new research problems for further 

advancement of sensor research in the field of quality control and sensor sorting 

of NF metal scraps in MSWI bottom ash materials.  


