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ABSTRACT

On-line aquametry, or water content measurement, is of importance to several branches

of industry. In general, on-line measurements of water content are needed in order to

improve the performance of different algorithms used for process control. The problem

at hand might seem straightforward at first glance. However, currently there exists no

standardized ”of the shelf” solutions for on-line moisture measurements in granulate

materials.

The focus of this thesis is on-line measurements of moisture in iron ore concentrate.

The moisture content of the concentrate is very important to the quality of the manufac-

tured pellets. The water concentration within the concentrate might vary considerably

compared to the water content at the surface. This makes it difficult to use remote

sensing technologies such as IR, NIR etc. Hence, the long term objective of this project

is to develop a low price sensor that can be embedded into the concentrate and make

on-line measurements. The probe would most likely be an embedded system, preferably

communicating with Radio Frequency Identification technology (RFID). However, this

vision can only be realized, in conjunction with a robust measurement method.

This thesis investigates two different methods that utilizes fundamentally different

physical properties of the material to detect water; both of which might be suitable

to incorporate into an RFID tag. The properties investigated are changes in heat con-

duction and changes in electrical capacitance of the system as the mositure content varies.

The first method is frequently referred to in literature as the Dual-Probe Heat-Pulse or

DPHP and is based on the principe how heat transfer in a granulate material. The sec-

ond method is named Capacitance Probe method (CP) where a parallel plate capacitor

is used to drive a clock circuit. The frequency in the resonant circuit is determined by

the electrical properties of the concentrate, which in turn is dependent on the moisture

content.

In order to thoroughly evaluate the two methods they were first analyzed theoretically.

The purpose of the theoretical study was to optimize the design of the experimental

equipment. With the acquired information a measurement system was constructed. Some

problems with the design did eventhough occur, the scale of the heat probes were to large,

leading to very long response times an poor signal to noise ratio. To the capacitance
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probe, there were problems to spread the concentrate evenly between the capacitor plates.

Two sets of measurements were performed. First, a number of experiments in the

laboratory, with the water content kept at controlled levels, then to test the performance

of the developed system in an industrial environment a second set of experiments were

conducted at a concentrate silo at the LKAB pellet plant in Kiruna.

The outcome of the experiments performed in laboratory showed that both methods

could detect water in iron ore concentrate. The standard deviation of the measurements

of the capacitance probe method was 0.35% (mass percent) moisture. The Dual-Probe

Heat-Pulse method showed random disturbances, but a clear correlation was detected.

Unfortunately the capacitance probe method measurements at LKAB were inconclusive.

The Dual-Probe Heat-Pulse method could, with measurements of the dry density of the

material, show a correlation between water content and changes in heat conduction.

One of the causes of the inconclusiveness at LKAB are discrepancies in packing density.

When water is added to the material and the material is subjected to mechanical stress

the particles tend to group together, the process is called agglomeration. This affects the

density of the concentrate.

In conclusion, both investigated methods are suitable when measuring moisture content

in concentrate. Minor modifications of the sensor design would most likely improve the

accuracy even more.
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PREFACE

This has been an interesting and by me quite treasured time. During this project I

realized that I enjoyed research a lot. The many sides of the project really challenged

me. My skills in building of electronics, mathematical and physical modelling has been

tested. It is amazing how many aspects there are to consider when determing moisture

content in granulate. I have been working with this pre-study for more than 6 months,

yet there are so many unanswered questions. It should most likely been realized when I

learned that researchers has tried to solve this moisture measurement problem for more

than 30 years. However, this study is a small step closer to solving the problem.

This project is part of a pre-study made for ProcessIT Innovations. This group is a

collaborative centre for the university, smaller manufacturing companies and the process

industry. ProcessIT coordinates the needs from the process industry with the knowledge

at the university. It is also important to have a third part in this cooperation, a company

willing to manufacture a possible solution. This forum brings together people that would

never else meet and will develop many new solutions that will benefit the industry as well

as the entire region. In this project, LKAB is in need of a method to measure moisture.

The university (this study) is evaluating ways of measurements and a the newly started

company Adage is considering producing a RFID tag using this technique, if the projcet

is succesful.

This report describes my effort to solve this problem, and will hopefully be enjoyed by

you, the reader.

Nils Örlander
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CHAPTER 1

Introduction

In the industry, many processes where granulate materials are involved would be pos-

sible to control if you could easily measure the amount of water in the material you are

working with. Other possible applications are for the forestal industry, for measurements

of moisture in wood, or to measure the moisture content in wood chips. In an even

more sofisticated form, a measurement device could be used for intelligent clothing, the

”thinking diaper”, the lawn irrigation sensor or the snow moisture sensor for avalanche

prediction for instance. Thus, there are numerous applications that would benefit from

having a stable and cheap way to determine moisture content in a granulate material.

The problem of accurate moisture measurements in porous and granulate materials has

been researched for more than 50 years and many methods have been developed.

In LKAB’s mine in Kiruna pellets are made from iron ore concentrate. The iron

ore concentrate is made from iron ore mined at the Kirunavaara mine and through

crushing, grinding and other steps in the process the iron ore concentrate reaches the stage

where pellets are made from the concentrate. The moisture content of the concentrate

is an important process control parameter and it is also important for the quality of the

pellets. The problem of moisture measurements has been researched at LKAB for more

than 30 years, numerous measurement techniques has been tried, but there is still not

any satisfying method for in-situ measurements that gives good enough reliability and

precision.

This thesis is focused on development of measurement techniques to perform accurate

moisture measurements in ore concentrate. The vision of this project is the development

of a device, capable of on-line measurements with high accuracy. Measurements can

either be conducted using an RFID probe, embedded into the concentrate and activated

at command, or using a fixed device for measurements at a transport belt or similar.
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2 Introduction

1.1 Background

LKAB is the largest iron ore supplier in Europe. The ore, extracted in Kiruna and

Malmberget is upgraded primary to pellets before it is sent to the export harbors of

Narvik and Lule̊a. After the ore is extracted from the mine, it is ground to a fine powder

in the processing plant with 80% of the grains less than 44 µm in size. To separate

magnetite from rock, LKAB uses magnetic separators. In this process water is added to

the ore and the mixture is called slurry [1].

The process of manufacturing pellets is briefly described below. The slurry is dewatered

in press filters to reach the desired moisture content. In one press cycle a press filter

alters the amount of water in a batch of 30 m3 ore slurry. The press filters reduce the

water content from around 30% to desired level of about 9%. This is not the case at all

times, since many variables of the filter change over time and in reality the water content

varies between 7-11%. After passing the filters the slurry is termed ore concentrate.

The concentrate is mixed with binding fluid to adjust the mositure content. Finally

the concentrate is fed into huge drums where the concentrate is rolled to small balls of

approximately 10 mm in diameter. The balls are heated in kilns at 1250oC to become

pellets. The pellets are then sent by railway to the export harbors. The quality of the

pellets is strongly dependent on moisture level of the concentrate. Variances from the

optimal moisture content can result in fragile or wrong sized pellets.

The method for moisture analysis today is the classical weigh-dry-weigh method; once

every eight hours a 3-5 kg sample of ore concentrate is gathered just after the press filters.

The samples are gathered manually from one batch of concentrate and is weighed, dried

and reweighed to give an estimate of the moisture in the batch. This value is used to

control the amount of binding fluid that should be mixed into the concentrate. Each

batch usually varies in itself from 7% moisture in the middle to 11% in the edges [1].

There are several problems with the weigh-dry-weigh method.

• Samples are only gathered in one out of eighty batches. There might be changes

between the batches during this period.

• The method is slow, since drying samples is a slow process.

• The water content depends on the location in the batch where the sample is taken.

Therefore, samples has to be taken from the same position of each batch.

• The sample is gathered manually, which makes it difficult to repeat.

Since much of the previous work is classified, none of the work prior to this will be

presented.
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1.2 Thesis Objective
LKAB’s objective is to find a measurement method for moisture content having an accu-

racy of at least 0.2% (unit mass percentage). The method should function in the harsh

environment of the industry where large temperature variations and flowing water can be

found. The magnetite of the ore concentrate is a problem in itself. The ore concentrate

is an abrasive material that might cause problems if the probe is made from a softer

material. The probe has then to be harder or made by steel.

The goal of this project was to identify suitable measurement methods which fulfilled

LKABs need for precision and applicability. The project also evaluated these methods

in the lab as well as in the industrial environment at LKAB.





CHAPTER 2

Theory and Simulations

In this thesis, two different moisture measurement techniques are proposed and evalu-

ated.

• Capacitance Probe (CP), a method where the capacitance of a capacitor is mea-

sured. The dielectric consists of the ore concentrate and the working principle rests

on the change of the dielectric properties of the concentrate when moisture content

changes.

• Dual-Probe Heat-Pulse (DPHP), a technique where the temperature response of a

heat pulse in the concentrate is measured. The working principle is the change in

thermal properties of the ore concentrate changes when moisture content changes.

The evaluation has been made separately for each method since both methods depend

on different material properties, there is a good possibility to fuse the results for a more

accurate measurement.

2.1 Capacitance probe

The capacitance probe method rests on measuring the dielectric constant in a certain

geometry. It is done by the construction of a resonant circuit where the capacitor controls

the frequency. The returned frequency is then a measure of moisture content. For this

approach a parallel plate capacitor was used as probe.

A capacitor is a device capable of storing electrical charge. The simplest capacitor

can be modelled as two parallel plates, (Figure 2.1). The amount of charge possible to

store in a capacitor is determined by the physical size of the capacitor and the dielectric

between the plates. If the material, or dielectric, between the plates is changed, so is the

capacitance of the capacitor. This property is of interest when trying to determine the

5



6 Theory and Simulations

Figure 2.1: Capacitor surface area A at the distance d, with a dielectric material between the
plates.

amount of moisture content in a material, since the difference of dielectric value between

water and dry soil is large. For a capacitor with an electric charge Q, the relation between

charge and capacitance is

Q = CV. (2.1)

The capacitance is denoted C and V denotes is the voltage drop between the capacitor

plates.

As mentioned above, the capacitance dependens on the dielectric constant of the media

between the plates. The capacitance between two parallel plates is described by

C =
εε0A

d
, (2.2)

where A is the area of the plates and d is the distance between them. ε is the dielectric

constant of the material between the plates. ε0 is the permittivity in free space (8.85·10−12

K2N−1m−2) also called the dielectric constant. In reality the capacitance is slightly

different from the theoretical value due to the shielding, boundary effects and other

geometrical factors. A better way to describe the relation between capacitance and

dielectric permittivity is by using a geometric constant, g. For fixed parallel plates, the

geometric factors are always constant. The capacitance is then

C = εε0g. (2.3)



2.1. Capacitance probe 7

The dielectric constant is a fixed value of the permittivity of the material the electric

field is travelling through. Vacuum has the value of 1 and the value increases for all other

media. Dry soils usually have a value of around 3. Room tempered water, the value is

as high as 80.

As a side note, the dielectric losses are considered. The losses due to relaxation are

usually very small if the frequencies are low (below MHz frequencies) [2]. However, they

are important to consider while modelling a resonant circuit.

Kellners [3] modelled dielectric losses as a complex equation

ε = ε′ + jε′′. (2.4)

The measured output is here noted as ε , the real output ε′ and the complex factor jε′′.

The complex factor is dependent on three different other factors.

ε′′ =
σ

ωε0

+ ε′′rel. (2.5)

The factors are; the ionic conductivity σ (Sm−1), the angular frequency of the electric

signal ω (rad/s) and the losses due to relaxation ε′′rel.

Increasing frequency of the circuit will lead to less dependence of the ionic conductiv-

ity. Typical values of ionic conductivity are around 107Sm−1. The dielectric loss is then

around 10−20K2N−1m−2 (ω set to 25·104 rad/s). Losses due to relaxation are dependent

of the time for the molecules to return to a random state after being arranged in a certain

direction when it is under the influence of an electric field [4]. The time, τ of return to

random state is very small (10−20s). As the rate of state change for the capacitor is only

around 105rad/s, this will give so small influence that it can be ignored.

There are other factors that might cause problems to the proposed technique. When

a probe is inserted into the ore concentrate, mechanical stress, also called relaxation

occurs. The stress given to the material might be seen as a source of noise. If the

material is packed it will influence the output. It is likely that capacitance would increase

significantly when pressure increases.

In order to simulate the electric behaviour of the concentrate, an expression for the

dielectric constant was assumed. Increasing amount of water in the concentrate will raise

the capacitance value. A polonomial model was used to estimate the water content

ε = P1 ·Θ3 + P2 ·Θ2 + P3 ·Θ + P4. (2.6)

Pn are the constants for a third order polynomial, ε is the dielectric constant and Θ is

the mass percent of water in the slurry. A working method for explaning this physically

is needed.
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2.2 Dual-Probe Heat-Pulse
Heat is transmitted differently depending on the characteristics of the material. The

amount of pores and the amount of water in the granulate also affects the heat trans-

mission. In the Dual-Probe Heat-Pulse method a heater is placed close to a temperature

sensor. When the heater is turned on, the temperature change is detected by the ther-

mometer. The response can be used to determine the specific heat in a material. Since

the specific heat changes significantly if the amount of water changes, the method can

be used to determine the level of moisture in the material under test.

Consider a long and infinitesimally thin heat source embedded in a granulate material.

The heater is subjected to a current in the form of a Dirac pulse. The heat generated

will propagate radially outwards from the heater and the speed at which this diffusive

process occurs depends on the moisture content, i.e. the heat capacity and the thermal

conductivity of the material. The volumetric heat capacity of material is related to a

temperature rise ∆Tm which occurs at a distance of rm from a heat source, from Bristow

et. al. [5]

ρc =
q

πr2
m∆Tme

. (2.7)

The amount of heat generated at the source is q (Jm−1), e is the base of the natural

logarithm and ρ is the density of the material. It is also known that the specific heat, c,

can be approximated as the sum of specific heat coefficients of water and mineral. The

density multiplied with the specific heat can then be described by the equation [6]

ρc ∼= ρwcwΘ + ρmcmXm. (2.8)

The density of water is denoted ρw, cw is the specific heat of water and Θ is the mass

fraction water content. Xm is the mass fraction of mineral content. ρm and cm is the

ore concentrate density respectively the specific heat of the minerals. The two equations

combined give an expression for the moisture content [5],

Θ =
1

ρwcw

(
q

πr2
m∆Tme

− ρbcm

)
. (2.9)

In this ideal case, the bulk density of the material is assumed to remain constant

between measurements. The equation can then be simplified yet another step. Given a

reference moisture content, Θ0 the change of moisture content can be described as [5],

∆Θi = Θ0 −Θi =
1

πr2
meρwcw

(
q0

∆Tm0

− qi

∆Tmi

)
. (2.10)



2.2. Dual-Probe Heat-Pulse 9

The subscript i denotes the measured moisture content, and the subscript 0 the reference

moisture content.

It is important to note that this model is valid only for a Dirac heat pulse from a

infinitely long and thin heat source. This is not possible in practice. However a first ap-

proach gives a useful model for determination of specific heat of a material, and hopefully

some insight about the problem to come.

Describing a finite source with a time dependent heating gives a somewhat more com-

plicated equation to solve. In the experiments the heater was a 40 mm long cylinder with

6.5 mm diameter. This made the equations of an ideal situation not apropriate to use.

For a heater with a length along the z-axis from −b to +b and a radius a. The heater is

subjected with a heatpulse with duration t0 to a sensor at the distance r, the response

over time, t, is described by Valente et. al. [7]

T (r, t) =
Q′

4πλ

∫ r2

4λ(t−t0)

r2

4λt

u−1e−ue[−(a
r )

2
] · I0

(
2au

r

)
erf

(
b

r

)√
udu, t > t0, (2.11)

where λ is the thermal conductivity and will be analysed separately below. Above Q′ is

the source strength per unit time (m2oCs−1). Q is equal to q′

ρcp
where q′ is the quantity of

heat per unit time (Jm−1s−1). erf is the error function and I0 is a modified Bessel fuction

of order zero. In figure 2.2 the heat propation is described by a simplified schematic.

There are three ways heat is transfered in a material: conduction, radiation and con-

vection [8]. Conduction is the heat transfer from one body to another. The heat is

transferred through physical contact in-between the bodies. On a molecular level, it is

transfer from more energetic molecule to one with less energy. This transfer occurs when

the molecules interact. Thermal radiation is emitted energy from a body. It is done at

the cost of the bodies’ internal energy. The radiation has a wavelength of around 0.1

to 100 µm. The last method is convection, which occurs when the surface of a body

transfers heat to a fluid or a gas which relocates the heat due to density differences.

The small grain size of ground magnetite prevents convective heat transfer to take

place, since small grains gives a large interfacial friction, which prevents motion of water

[9]. The size of the magnetite grains are also preferable for these measurements since

they form a both homogeneous and isotropic material, making modelling easier. In the

model radiation was excluded, since it has little affect on the total heat transfer while

the pores are filled with water.

Notations for thermal conductivity varies between reports and books between λ, κ or

k, but in this report it will be denoted λ.

The equation for modelling a finite source does not include thermal conductivity, in-

stead it uses the notation thermal diffusity κ. This equation describes the rate which

heat is conducted through the material [8].
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Figure 2.2: A schematic picture of the sensor setup for the DPHP method. The heat propagates
radially from the heater. At a distance from the heater a temperature sensor is placed. A
reference sensor is positioned at a sufficent distance from the heater.

κ =
λ

ρcp

(2.12)

where ρ is the density of the material and cp is the specific heat. The ore concentrate

contains three different materials, magnetite, water and air. It can be described as a

three phase material (solid, gas and liquid), (Figure 2.3). All three are important factors

when determining λ, the thermal conductivity of the material. Conductivity of three

phase materials is not well described in the literature. When the amount of water in the

concentrate increases, it can be assumed that the influence of the gas phase will decrease.

Hashin and Shtrikman formula for two phase materials [10] gives the upper and lower

bounds λU and λL of the thermal conductivity:

λU = λm +
ν

1
λw−λm

+ 1−ν
3λm

(2.13)

and

λL = λw +
1− ν

1
λm−λw

+ ν
3λw

(2.14)
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Figure 2.3: Schematic properties of soil, from Pushs report [11].

where λw is the thermal conductivity in water and λm the conductivity of the solid.

ν is the volume fraction of water. Conversion between weight fraction of water, w and

volume fraction is described by [10]:

ν =
w

w + (1− w)( ρw

ρm
)
. (2.15)

The density of the mineral is denoted ρm and the fluid density ρw. As this equation

gives the upper and lower bounds of the heat conductivity, a model is also needed in

determining the actual value of λM , the thermal conductivity for the mixture. Horai [9]

suggests that the arithmetic mean of the bounds should be used.

λM =
λU + λL

2
(2.16)

Tests of the arithmetic approach shows that the thermal conductivity is satisfactorially

described through the average model.

2.3 Properties of a granulate material
An important factor to investigate to get an accurate measurement is the material poros-

ity. Porosity is the relation between the total volume and the volume of the pores. The

pores could be filled with either water or air. Pusch [11] described porosity as:
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n = 1− ρ

ρs(w + 1)
(2.17)

where ρ is the density of the wet sample and ρs the compact density (dry weight divided

with dry density). Moisture content of the sample is denoted w. The moisture content

is determined from the mass of water divided by the dry mass of the sample. Another

of the other interesting variables of a granulate material is the void ratio, the volume

fraction of pores per volume of solid material (pores excluded). It is determined from

[11] as

e =
ρs(w + 1)− ρ

ρ
. (2.18)

The degree of water saturation, Sr describes the amount of filled pore volume. It might

be very interesting to use the values of this property for determination of the thermal

conductivity [11]

Sr =
wρρs

[ρs(w + 1)− ρ]ρw

. (2.19)

ρw is water density (generally it can be set to 1000 kg/m3).

It can be concluded that this is important to the outcome of the measurements, there

are no models for this, instead the values are only mapped. This might be a very

interesting subject to continue investigating.

2.4 Simulation

All mathematical calculations, simulations and statistical data processing was made in

MATLAB. The simulations were based on the theory presented previously in this chapter.

The simulations was valuable for understanding the methods but also to determine the

physical size of the capacitor and the design of the heat-probe device.

The base capacitance of the designed parallel plate capacitor was determined to 83pF.

For dry ore concentrate the capacitance was 225pF, so the dielectric constant for dry

ore concentrate was set to 2.7. This value is in agreement to tabulated values for rock,

which is reported to be to be around 3. The geometric constant for the capacitor was

determined to be 9.4. These values were used to simulate the possible output for the

capacitance probe, (Figure 2.4).

The simulation of the Dual-Probe Heat-Pulse was based on the model of a finite source

with a time dependent heating, (Figure 2.5). In the simulation the density of the material

is set to a fixed value (2300 kg m−3).
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Figure 2.4: Computer simulation of the predicted output for the capacitance probe.
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Figure 2.5: Matlab simulation of possible output for the Heat Probe. This simulation was made
at a radius of 35 mm. Each plotted line represents a difference in 2% moisture. The lowest
moisture concentration gives the lowest maximum value.
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Figure 2.6: The blueprint of the experimental set-up, including the capacitor and the probe
shafts for the DPHP device.

2.5 Design

Most of the details for the building the experimental set-up was ordered from the work-

shop at the university.

The plan in, (Figure 2.6), shows the final design of the probe.

2.5.1 Capacitance Probe Design

The capacitance probe had a parallel plate capacitor to drive a resonant circuit. Two

parallell steel plates of 120x100 mm was the base of the capcitor, (Figure 2.7). 50x50

mm copper plates were mounted at the inside of the two steel plates to work as the active

part of the capacitor. The copper plates were isolated from the steel plates, which were

grounded, thus shielding the capacitor electrically. With air as a dielectric (ε = 1) the

capacitance of the probe was measured to 83pF. The capacitor was mounted on the same

plate, see above, as the differential heat probe experiment. This stable setup gave a very

good repeatability.

The capacitor was used to drive the out-frequency of a frequency/volt - volt/frequency

converter (VFC32KN from Analog Devices), (Figure 2.8). The signal was amplified
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Figure 2.7: The steel plate capacitor, in the front one of the temperature probes can be seen.

Figure 2.8: The circuitry for the capacitance probe, picture copied and modified from Analog
Devices [12].

and raised by a pull up resistor. The frequency-to-volt conversion circuit could only

handle TTL-logic signal levels which determined the value of the pull-up resistor. The

out-voltage is then a function of the dielectric constant.

The equation for the output voltage with a known input frequency was not given from

Analog. The exact operation of the integrated circuit was not known either, so building

a model for it was impossible. Instead the output was mapped for different capacitances.

Every 10 pF (starting at 120pF and ending at almost 600pF) was mapped with a value
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Figure 2.9: Measured output for known capacitances. The fitted line is a third-order polynomial
fitted to the data by using the polyfit function in MATLAB.

to determine the output. The output voltages were described as a 3:rd order polynomial,

(Figure 2.9).

2.5.2 Dual-Probe Heat-Pulse Design

To create a heat pulse; an industrial heater of 100 W, 40 mm long and 6.5 mm diameter

was used. The heater was powered by 230 V AC. A switch protecting against residual

currents was installed at the supply line. It was also important that the heater should turn

on and off at an exact time. This problem was solved by using a solid state relay powered

by the AC line connected in series with the heater. With no voltage applied it was in cut-

off mode. As a small voltage was applied (5 V from the National Instruments PCMCIA

data aquisition board in the computer, controlling the set-up) the relay was switched on.

One of the best features of this solid state relay was that it only turned on or off while the

voltage drop across it was zero. This allowed for more precise measurements of current

and voltage since the total electronic effect was the same in each measurement. The

current was driven through the heater and was turned off when the small timer voltage

was turned off.

When the heater is turned on, it is reasonable to believe that its’ characteristics change.

The resistance through the device would change as the temperature rises. To monitor

this change two extra circuits were built, (Figure 2.10).
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Figure 2.10: The monitor circuit for the heater.

The first circuit monitored the voltage over the heater. In parallel with the heater a

transformator was connected. The transformer turned 230V AC to 6V AC. The signal

was once more transformed down to give a peak-to-peak voltage of maximum 5V. Finally

the signal was lifted to 2.5V to give a signal in the range 0 to 5 volt. The output was

then sent to the data aquisition board.

To track the current, a current transformer was used, (Figure 2.11). The transformer

had a transformation ratio of 1:300. The transformator detects the electromagnetic

field around the wire, and was used to drive a small current. This current passed a

load resistor. The voltage across the resistor gave the size of the peak-to-peak ratio of

the measured current. The voltage was lifted to avoid negative values. However, the

power tracking device described gave very inconclusive results. As the heating power

was lowered, to give a less intense heat pulse, the current also got much lower. This

led to that the circuit mainly detected noise. The mapping or plotting of the measured

output power had no meaning and is therefore not reported. However if the current was

larger, as initially, the circuitry worked well.

Resistive sensors (manufactured by Swema, model Cuproswem) were used to sense the

temperature change. The sensor had a linear response of 1Ω/oC in the working range.

To determine the resistance change an integrated circuit (AD588KQ) was used to send
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Figure 2.11: The current transformator detects the electric current in the wire

a fixed current of 1 mA through a reference resistor and then through the sensor. The

voltage across the sensor is correlated with the resistance of the sensor. To get a reference

voltage and protection from outer noise, such as difference between temperature in the

ore concentrate or the room temperature, a second temperature sensor was used. Both

sensors were powered in the same way and calibrated in a way that the difference between

the output voltages from the temperature sensors should be zero. This sensor set-up also

reduces the common mode errors as well as reducing noise. The sensors were placed at

fixed and well known distances. The active sensor was placed at 35 mm and the reference

at 200 mm distance from the heater. The responses of both sensors were measured with

a differential amplifier. As the first sensor gets heated the output voltage increases.

The calibration of the instruments are very important, so the sensors were fixed on a

board, see above. In this way the measurement could easily be repeated.

To monitor absolute temperature changes the reference sensor was used as a thermome-

ter. Unfortunately the output from this sensor brought a lot of noise. This reduced the

accuracy of the thermometer and it was only used to monitor large temperature differ-

ences.



CHAPTER 3

Experiments

3.1 Experimental plan

The probes on the experimental board was designed for insertion into the ore concentrate.

Initially, the probes were supposed to be embedded into the material and when the

measurements were done, they would be extracted from the ore concentrate. However,

there were problems doing this. If the material would be homogeneously spread in the

capacitance probe it had to be pried back and forth. This resulted in void around the

heater probe. When power was connected to the probe it had no physical contact to the

material the heater got to hot and burned from within. To avoid this, the device was

mounted upside down. A box was attached to the board and holes were made for the

sensors, (Figure 3.1.)

This way it could be made sure that the material was homogeneous through the whole

box and no pockets of air disturbing the samples. On the other hand, it got harder to

stir the material to get a homogenous moisture content.

The measurements were conducted as follows; 22 different moisture content levels were

set to be measured, covering a range 0-13% moisture content. All samples were measured

three times at each moisture content level. The time for one individual measurement was

set to one hour. After each measurement the ore concentrate was stirred, and carefully

mixed, to avoid pockets of different temperature or moisture, as much as possible. As

the three measurements were finished at one level, more water was added to the sample.

A series of measurements was also made at Kulsinterverk 3 (KK3) in Kiruna. Ore con-

centrate was collected from two different places at the plant. The first 20 samples were

collected after storage, and 18 samples were collected before storage. At the storage, the

concentrate is dropped down in a huge silo to get a buffer of material so disturbances in

19
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Figure 3.1: The final device for measurements, turned upside down from initial plan.

production can be minimized, also the material get more homogeneous during the time

in the silo. The concentrate is never stored more than 24 hours inside the silo before it

is transported further. The samples were placed in the ”‘probe box”’ where the sample

was manually handled to make sure that the space between the capacitor plates was filled.

All information was collected with a PCMCIA A/D card from National Instruments,

Nidaq 6024-E with a resolution of 12 bits. Input and output was connected to it by using

coaxial cables. Both signal analysis and data collection were controlled from MATLAB,

for the source code, see Appendix A.

3.2 Sample Preparations

Roughly 20 liters of ore concentrate was collected from KK3 at LKAB in Kiruna. The

ore concentrate was dried and then water was added according to a specific scheme to

give each sample a known moisture content.

The samples were weighed, dried and weighed. Density ratios varied more than ex-

pected, (Figure 3.2). The highest density for wet concentrate was 2600 kg m−3 and the

lowest density was 1800 kg m−3. The average density of the wet samples was 2100 kg

m−3. In one batch, about 1.6 liters was dried at around 100oC. Each batch got a drying

time of at least 12 hours and at maximum 24 hours. The dry samples had an average

density of 2500 kg m−3. The levels of moisture varied from 7% to 13% before drying.

One of the major sources of the variation in the moisture content was the packing of the

samples. The harder they were packed, the higher the density. The changes in packing

had most likely been created while filling the sample containers.
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Figure 3.2: Measured densities for all dried samples.

3.3 Measurements in Lab

3.3.1 Capacitance Probe method

To compare different levels of output from the capacitance probe method, the mean of

3 individual measurements was calculated. In one single measurement, (Figure 3.3),

output values at some times decrease over time, this is most likely a case of when voids

gets filled by ore concentrate due to gravitation.

Using the polynomial determined from the circuitry dynamics the voltage levels can

be transformed to capacitance values. At one point of the measurement series a 100

pF capacitance was removed from the driving circuit to increase the sensitivity of the

measurements. This was adjusted for in the acquired data.

The variance between measurements at same moisture level were found to be rather

small, (Figure 3.4). To analyze the variation of the measurements the standard deviation

was used. For only three measurements in a series, there are no optimal methods but

as suggested by Taylor [13] using the sample standard deviation is the best. A few

measurements had to be remade because of pockets of air or that the material got to

hard packed.

Since no model was developed for the capacitance as a function of moisture, a third
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Figure 3.3: A single capacitance measurement. The standard deviation is for one hour of
measurements 5.4mV
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Figure 3.5: Plot of the measured and the predicted values

order polynomial was fitted to the data and used to describe the dielectric constant for

different humidities, (Figure 3.5).

The dielectric constant has in this model an average standard deviation of only 0.08.

This is equal to a deviation of 0.35 % moisture.

The results from these measurements show that the method is suited for further devel-

opment for moisture content measurements.

3.3.2 Dual-Probe Heat-Pulse method

The heat probe measurement circuitry returned a very nice output and made the results

of a single measurement easy to analyze, (Figure 3.6).

The maximum of the measurements have a seemingly large error. This is shown in

figure 3.7. The difference in maximum and minimum values for the model was large, but

it still correlates to the moisture quite well. There is no doubt that the value of the heat

response shrink when the amount of water increase. This makes the method well suited

for aquametry.

The model of the equation from Valente [7] together with Horai [9] approach was com-

pared to the measured output, (Figure 3.8). However, the measured maximum value

for the heat probe is not fitting the estimated value at all. Change of the maximum

value differs a lot from the modeled change, (Figure 3.9). The modeled change is for a

non-swelling material. The density decreased and swelling occured during the serie of
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Figure 3.6: One single measurement for ore slurry with 10% moisture.
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Figure 3.8: Simulated output and measured output for the Differential Heat Probe

measurements and caused an error.

Notable temperature variations were observed in the material before the measurement

started. Even with careful mixing of the material, the measured temperature changes

before the heat pulse reached the sensor. The changes in temperature at the different

locations, gives us notion of that there are already heat transfer adding disturbances to

the measurements. The differential probes can not even-out the noise when temperature

is varying within the material.

Degree of saturation, void ratio and porosity was determined from the measured sam-

ples. They were not used for further analysis but might be considered important results

in an extended analysis, (Figure 3.10). The average density of the concentrate was as

low as 1500 kg m−3. This suggests that mixing of the material combined with increasing

moisture content makes the ore concentrate expand, i.e. reducing its density. By this

expansion the structure of the ore concentrate and its material properties are changing.

This process is due to agglomeration. Small grains starts clustering to each other when

water is added. The clustering of grains is dependent on moisture content and already at

low levels of moisture small clusters are formed. The agglomeration process is essential

in the process of pellets making. However, when determining mositure content in the

concentrate it makes accurate measurements harder to achieve.

It is also seen that the moisture content of the samples do not correlate well with the

estimated moisture levels when adding water. One of the main factors of this is believed
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Figure 3.9: Change from first maximum value for the simulated and the measured circuit.

to be the evaporation of water from the sample. The whole set of measurements took

more than a week to complete, and even if there was a lid on the container for the con-

centrate, some losses might have occurred.

Estimations of systematical errors has been made, according to the formulas of propa-

gation of uncertainties from Taylor [13]. The errors for different variables were estimated

to:

• From weighing ±0.1g per sample.

• Volume measurements ±10ml per sample.

• Circuitry errors ±10mV per measurement.

• Distance changes for heat probe ±3mm.

• Power difference for heat probe (from variance in that time the heater is on)

±0.017s.

• Distance change for capacitance probe ±0.1mm.

This gives an estimate of the uncertainty for the moisture content of 0.4%. Estimated

uncertainty in density was 2.5%. The capacitance probe measurements had an estimated

uncertainty, excluding the error from packing and agglomeration, of 1.1%. Finally the

estimated uncertainty for the Dual-Probe Heat-Pulse method was 17.3%. The main
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Figure 3.10: Water Saturation, void ratio and Porosity of the ore concentrate.
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Figure 3.11: Measured output from the capacitance probe at KK3.

factor of this uncertainty is the measurement of the distance between the heater and the

sensor. (The heater broke loose twice, and had to be reattached.)

3.4 Measurements at LKAB

A series of measurements were conducted at the pellet plant KK3 at LKAB in Kiruna.

The output from the capacitance probe at those measurements were 240-480 pF. All

output were estimated to correspond to around 350 pF. Even if the measured values

are centered to this capacitance, it is impossible to see a correlation between moisture

content and capacitance, (Figure 3.11). This output is most likely to depend on the

mechanical pressure applied to the sample put between the capacitor plates. At an

attempt to analyze the correlation between density and the capacitance, an additional

analysis were made. A sample from the same concentrate as the measurement were

conducted in, was stored in a 1.5 liter jar then weighed, dried and the new volume was

measured. Comparison with wet density, (Figure 3.12), and dry density ,(Figure 3.13),

were made. The interpretation of these results are: a manual pressure applied to the

concentrate placed between the plates, changed the actual density of the material such

as the capacitance changed according to the pressure, not to the moisture content.

It is impossible to draw any conclusion from he output from the DPHP method used in

KK3, (Figure 3.14). However, the variance in moisture between the samples were small,

not even a full percent unit. The accuracy of the probe in its cuurent setup is not good
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Figure 3.12: Correlation between Capacitance and Wet Density measured at KK3.
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Figure 3.13: Correlation between Capacitance and Dry Density measured at KK3.
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Figure 3.14: Measured heat response at KK3.

enough to resolve such small changes.

The influence of the density was analyzed for the DPHP method. The wet density,

(Figure 3.15), showed no particular correlation. This might be since the samples are

disturbed when placed in to the jar it was stored in. The correlation between dry density

and the temperature change can be seen in, (Figure 3.16).

Degree of saturation, void ratio and porosity were analyzed for the samples at LKAB,

(Figure 3.17). It is interesting to see that the factors here change very much, even if

the moisture content seem almost steady. The change in characteristics occured between

sample 27 and 28, where sample 27 was taken as the last day two, and sample 28 was

taken day three.

The error estimation for the LKAB measurements are:

• From weighing ±1g per sample.

• Volume measurements ±50ml per sample.

• Circuitry errors ±10mV per measurement.

• Distance changes for heat probe ±1mm.

• Power difference for heat probe (from variance in that time the heater is on)±0.017s.

• Distance change for capacitance probe ±0.1mm.
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Figure 3.15: Correlation between Heat change and Wet density measured at KK3.
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Figure 3.16: Correlation between heat change and Dry density measured at KK3.
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Figure 3.17: Saturation, void ratio and porosity of the measurements at LKAB

The density error can be estimated to 3.3% and errors in moisture content can be

assumed as 0.06%. The Dual-Probe Heat-Pulse measurements has an estimated error of

5.7%. Estimated errors for the capacitance probe did not change inbetween the laboratory

measurements and the measurements in the plant. However, the unmodelled errors did

increase significantly.

3.5 Discussion

The capacitance probe measurements in laboratory environment showed a clear corre-

lation between moisture content and dielectric constant. However, the same type of
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measurements performed at LKAB only returned uncorrelated signals. The main part

of the errors in the measurement can be explained by the control or (at LKAB) the lack

of control while packing the material between the capacitor plates. In the lab it was

possible to repeat the packing of the material the same way each time. During the mea-

surements at the plant, it was much harder to pack the material since the probe box was

placed on the floor and after a first bad measurement it was decided to apply a slightly

harder manual pressure on the concentrate and try to keep this at the same level at each

measurement.

The DPHP results showed large variations. The variation can be explained from four

different factors. Firstly, the design of the heat probe was not optimal. The distance

of 35 mm resulted in a temperature change of less than 0.5 oC. A probe placed closer

to the heater would return a larger temperature change, which would give a smaller

error, (Figure 4.1). The second factor is that the measurement sensor circuitry was

not optimized for measurements at 7-11% moisture content. It would be possible to

make a circuitry design with higher accuracy for the measured responses. Thirdly, the

uncertainty of the distance between the temperature sensor and the heater resulted in a

10% uncertainty of the magnitude of the heat response. An uncertainty of this magnitude

makes accurate measurements impossible. The forth and main source of variation is that

the material structure could not be determined. It is known that this will change the

material parameters of the ore concentrate causing large variation of the measurements.

Correcting the errors listed, together with a method of the monitoring the material

structure, it would be possible detect the moisture changes of the material with higher

accuracy than the laboratory measurements already returned.





CHAPTER 4

Conclusions and Future Work

Working with this project has been a process of learning about the ore concentrate and

the theories for different properties of it. During the project I have discovered that there

are many aspects to consider in this increasingly intricate problem and this has made the

period of work all to short to come up with a complete solution to the moisture content

measurement problem. However, the time has been very much sufficient for learning

and building some initial models for the pre-study, as this is. There has been a lot of

support from my supervisors and from the staff at LKAB. With more time, refined and

new methods, new probes we might find a solution to the problems of aquametry in iron

ore concentrate.

4.1 Improvements and future work

4.1.1 Density Control

The variation between the lab results and the results measured at the plant is believed to

mainly depend on density of the material. At LKAB it was much harder to keep track of

the density since the measurements were made manually and in a different environment

than the lab. Especially for the capacitance probe the packing was uncontrolled since the

small opening between the plates could not be filled by placing the ore concentrate in the

box, it had to be filled by manually feeding the ore concentrate between the plates. It was

then pressed down (also manually); the mechanical pressure applied was not controlled

at all. A suggestion to control this is that a new box is built. Controlled samples are

placed inside the box. Then a metal plate of a well known weight would apply a pressure

on the material. This way the packing would be kept constant and better controlled

analysis of the methods could be evaluated.

35
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4.1.2 Size

It is possible use a similar or larger sized capacitance device. The device could be inserted

into the flow of ore concentrate and give an on-line measurement. However, heat probe

measurements are impossible to do online or inside the slurry since the response time

is very slow with the current sensor distance. One of the future possibilities with this

measuring device is to make individual probes, which is not only specified for use in a

huge plant. Electrotech, a local manufacturer of electronic devices, is making RFID tags.

One idea is to make the sensor to fit inside one RFID tag. It is then needed to shrink the

device to 30x30 mm. It is both a challenging and intriguing problem to solve. If such a

device could be built, it is very likely that it would attract many customers.

4.1.3 Accuracy

In the building process many different suggestions on how to measure the capacitance has

been evaluated. It is very likely that new methods would be even more accurate, since

the capacitance probe method only has a working range of 1-2 out of initially planned

5 voltage levels. For instance the time and voltage level for uncharging the capacitor

could be analyzed instead of driving a frequency circuit. The Dual-Probe Heat-Pulse

amplification could be adjusted. It is now set low, the circuitry only uses a tenth of the

level on the A/D card. There is a possibility to use cmos thermal sensors instead of

the resistive in use now. They are cheap, but might not withstand the climate of the

processing plant.

4.1.4 Dual-Probe Heat-Pulse design

As stated before, the distance between the heat probes was too large. Consider same

heat output as in the present design but with variable sensor distance. Simulations for

temperature differences show the change in heat response at varying distances of the

sensor (Figure 4.1). A distance of 10 mm would be more suitable in this application.

This would imply that temperature differences would be higher and the time to reach

maximum value would be reached much faster.

4.1.5 Properties and modelling of three-phase materials

There seem to be very little work done in modelling the physical properties of three-phase

materials. It would be very interesting and probably also rewarding to dig deeper into

this problem and to develop models that describes dielectric and thermal properties for

three-phase materials. However, the problem is quite intricate since these properties are

connected to the physical structure, or agglomeration, of the material which also changes

when the moisture content is changing. This coupled problem is quite challenging but

it would probably be worthwhile both from an academic and an industrial viewpoint in
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Figure 4.1: Simulation of heat response for four different distances of the sensor. The response
with the lowest amplitude is the one used in the experiment setup.

pursuing it.

This study suggests that the problem of determining the moisture content is closely

connected to the understanding of the changes in the microscopic structure of the iron ore

concentrate when moisture content is changing. The understanding of these properties

is essential in creating a solution to the moisture content measurement problem.

4.1.6 Ultrasonic measurements

It is clear from the analysis of the results that one has to know how density, porosity

and other structurally related parameters change when moisture content is changing in

the ore concentrate. These parameters are hard to determine by investigating thermal

or electrical properties of the material as is concluded in this study. However, sound –

being a mechanical wave – brings the possibility to study the mechanical properties of the

material as well as its geometrical structure since these properties are tightly connected

to the acoustic characteristics of the material. Several methods are at this stage possible

candidates, as pulse-echo and surface waves. The acoustic technique used together with

the thermal or electrical measurement techniques will give a better understanding of

the properties of the ore concentrate and will, properly modelled, add to an increase in

precision when determining the moisture content in the ore concentrate.
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4.1.7 Combination of methods/Sensor Fusion

Today, one interesting subject is sensor fusion. There is a possibility to make not only

a combined analysis part for these two methods; it might even be possible to make two

sensors out of one. Studying the design of the probes you would know that it is not

impossible to make both measurements out of same rods. This would be interesting to

investigate and since the two different methods are dependent on different factors the

error would be lower than measuring one at a time. One of the possible combinations is

capacitance measurements and heat probe measurements.

4.2 Conclusion
On-line aquametry in granulate materials is an area important for present and future

industrial processes. For the case of aquametry in ore concentrate there is still some

work to be done until an off-the-shelf technique can be presented. As the problem is far

from trivial to solve, the main contribution of this report is to show that there is great

potential for further research and that the problem at hand is believed possible to solve.

The two investigated methods shoved promising results for a future development of the

techniques. The capacitance probe method gave good results in a laboratory environment

but it gave confusing results when it was tried out at the plant. The output from the Dual-

Probe Heat-Pulse correlated well for the measurements at LKAB, when the densities of

the samples were analyzed. Due to the design, a high factor of uncertainty gave a big

spread in output for the measurements in the lab. It was also found that the material

changed its density and related parameters when the moisture content was changing. The

conclusion is that the agglomeration of the concentrate must be understood and properly

modeled to further increase the precision and sensitivity of the investigated methods.

Another conclusion is that the present design of the probe set-up could easily be im-

proved to increase precision and speed of the measurements. As a complement to the

electromagnetical and heat transfer methods ultrasonic measurement techniques will give

additional information that could be used in improving the precision of the moisture con-

tent measurements. The ultrasonic technique could potentially detect structural changes

within the material so porosity and agglomeration could be included in the analysis.

Granulate materials and the ore concentrate in particular requires further analysis of

the microscopic scale processes within the material as water and mechanical stress is

added. This understanding in conjunction with a more refined method for measurements

will lead to higher accuracy on-line moisture measurements to satisfy the need of the

industry.
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APPENDIX A

Source code

% This file sends an output of 5V to the switch, to turn on and off heater.

% It also handles all information gathering.

daqreset

clearall

closeall

Tp = 3600; % The duration of measurement for the P-ref inputs.

Fs = 2; % Samplerate for input channels.

T-heat-duration = 80; % Duration of heat pulse - out.

%Open input channel(s)

AI = analoginput(’nidaq’,1);

addchannel(AI,[0 1 2 3 4])

%Open output channel(s)

AO = analogoutput(’nidaq’,1);

addchannel(AO,0)

%Set trigger

set([AI AO],’TriggerType’,’Manual’)

set(AI,’ManualTriggerHwOn’,’Trigger’)

% Set Actual Samplerate

ActualRateIn = setverify(AI,’SampleRate’, Fs)

ActualRateOut = setverify(AO,’SampleRate’, Fs)

%Setting of total amount of samples
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set(AI,’SamplesPerTrigger’,floor(Tp*ActualRateIn))

set(AI,’BufferingMode’,’Auto’)

% Use daqcallback function.

set([AI AO],’StopFcn’,@daqcallback)

% Datalogging.

set(AI,′ LoggingMode′,′ Disk&Memory′)

set(AI,′ LogFileName′,′ 4wet110.daq′)

set(AI,′ LogToDiskMode′,′ OverWrite′)

% Create Output vector

Vout = zeros(1,floor(Tp*ActualRateOut))’;

N = floor(T-heat-duration*ActualRateOut);

Vout(1:N) = 5;

putdata(AO,Vout);

% Start and measuring sequence

start([AI AO])

trigger([AI AO])

[data, time] = getdata(AI);

% Stop and close sequence

stop(AI)

stop(AO)

events = AO.EventLog;

events.Type

delete(AI)

clear AI

delete(AO)

clear AO

% Script for plotting.

figure(1)

plot(time,data(1:end,1));

xlabel(’Time [s]’)

ylabel(’Input [V]’)

title(’FDR probe’)
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YLIM([3 5]);

figure(2)

plot(time,data(1:end,2));

xlabel(’Time [s]’)

ylabel(’Input [V]’)

title(’Reference temperature’)

YLIM([3 5]);

figure(3)

plot(time,data(1:end,3));

xlabel(’Time [s]’)

ylabel(’Input [V]’)

title(’Difftemp’)

YLIM([-0.3 0.5]);
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Figure A.1: In the comic ”‘Fantastic Four”’, the race Slig (Slig is the Swedish translation of
the ore concentrate this thesis has focused on) did occur twice. The Sligs live at the planet of
Ankara, the sixth from the sun in the Ryneb system, in the Milky way. The Sligs can levitate
and have telepathic powers. A sad thing is though, that all Sligs presented in the Fantastic Four
are villains.
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