Microwave Mineral Analysis

Prepared by:
Yafas Alahsan Shaikh

A dissertation submitted to the Department of Electrical
Engineering, University of Cape Town, in fulfilment of the
requirements for the degree of Master of Science in
Engineering

Cape Town, January 2004




The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Declaration

I Yafas Alahsan Shaikh declare that this is my own, unaided work. It is being submitted
for the degree of Master of Science in Electrical Engineering at the University of Cape
Town. It has not been submitted before for any degree or examination in any other

university.

Signature of Author |__Signed by candidate |

Cape Town
December 2003




Terms of Reference

The Namakwa Sands Mineral Processing Company, located 500 km north of Cape Town
on the West Coast of South Africa, is responsible for extracting minerals from the earth
for various industrial purposes. The most extensively extracted mineral is Zircon, an
insulator. It has two major impurities, Rutile and Leucoxene which are coenductors.
Namakwa Sands Mineral Processing Company proposed and commissioned this thesis at
the University of Cape Town on the 15 of February 2003. Professor Downing specified
that the purpose of this thesis was to design and build an inexpensive mineral analyzer,
resulting in a great improvement in process control and thus efficiency at the mineral
processing plant. This system should be able to identify the percentage purity of Zircon (a
sand sample used for the manufacturing of ceramic tiles) in a sample of impurities. This
thesis was conducted in fulfillment of the requirements towards a Master of Science in

Electrical Engineering degree at the University of Cape Town.

Professor Downing’s specific instructions were to:

¢ Design and fabricate a low cost prototype system - The design must be cost
effective, as a number of systems may be built and installed in each stream of the
plant.

¢ Suitable dynamic range - The system should be able to measure a full scale
range from 50% to 100% of Zircon. However, it should it have an error of no
more than * 4% between the range of 70% to 100% Zircon.

» Provision of a suitable calibration standard - The system should incorporate a
fast, simple and accurate method of calibration.

¢ Temperature - The system should be able to withstand a maximum temperature
of 50° C in summer.

¢ Humidity - The measurements should not be affected by day to day changes in

relative humidity.
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Abstract

The Namakwa Sands Mineral Processing Company, located 500 km from Cape Town up
the West Coast, is responsible for extracting minerals from the earth for various industrial
purposes. The most extensively mined mineral is Zircon. It is used in the production of
ceramic tiles, sanitary ware, a wide range of advanced ceramics, refractories and
jewellery. It is also used in electronic appliances such as TV screens and computer

monitors.

Zircon itself is an insulator but when mined it contains two major impurities: Rutile and
Leucoxene. These are conductors. A cheap and rapid method is required to measure the

proportions of these impurities in the final mixture.

There are currently two methods used at the mine to measure the components of the
initial Zircon mixture. The first is X-ray analysis and generates results with a high
degree of accuracy. However, this measurement technique takes a long time and is very
costly and thus only a limited number of samples are measured. The second method used
is physical grain counting and is also very accurate. The major drawback of this
technique is that it is extremely labour intensive and time consuming (taking

approximately ten days).

The capacitive measurement technique was consequently investigated and appeared to be
the most viable. This was tried and tested to aid in the analysis as an additional quick and
inexpensive method (as an addition to the above methods). However, it was found that
the measurements were greatly influenced by day to day changes in the relative humidity

of the atmosphere, as the mine is located near the sea shore.

Due to the limitations of the current methods, we were approached by the mineral sands
producer to investigate alternative analytical techniques. The main requirements were
that the system chosen should be an inexpensive, easy to use analyser. It should not be
affected by the day to day change in humidity and hence would result in a great

improvement of process control and thus efficiency.
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After analysing numerous available techniques, the microwave attenuation technique

was selected, as it was the most favourable compromise between cost and accuracy.

The attenuation characteristics of a range of sand samples (including the effect of relative
humidity) were measured. The optimum frequency was found to be 10.5GHz. This
frequency was largely determined by the availability of commercial components at
minimum expense. The range of attenuation measurements was found to be about 30dB,

an easily manageable dynamic range within which good accuracy can be achieved.

The proposed transmitter was a switched power supply for a 10.5GHz Gunn oscillator at
a modulated frequency of 1KHz. This allowed the use of AC amplification at the
receiving end. The receiver circuit used a simple low-level microwave detector diode to
pick-up the attenuated signal. A rectangular waveguide proved a suitable transducer to
propagate the waves from the transmitter to the receiver as none of the energy escaped

into the surroundings.

The prototype was built and tested. The results obtained gave a clear correlation between
the attenuated signal and percentage impurity, and displayed an accuracy of + 2 %. A
suitable system for calibration was then found and later programmed into a chip as a
lqok-up table that drove an LCD screen, which was used as a display. The system proved

to be unaffected by changes in atmospheric conditions.

Although this system worked well, the waveguide transducer had to be quite long in
order for the microwave signal to be attenuated sufficiently. In order to reduce the size of
the transducer a microwave resonant cavity technique was developed. The optimum
frequency proved to be 1.598 GHz. A rectangular cavity operating at T1o; mode, gave the
best results. The system was very successful with tests showing that the complex
permittivities of the dielectrics could be measured repeatedly with a high degree of
accuracy. The results of measured mineral powder are presented and discussed. These

results showed substantial variation in both the dielectric constant and the loss factor for
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the different mineral. The results were plotted on a plane of complex permittivity that
clearly illustrates the potential of using cavity perturbation techniques for mineral

differentiation and sorting.

Microwave measurement techniques do not offer the same accuracy and versatility as
existing sophisticated analysis techniques (eg. X-ray spectroscopy, NMR, ESR), but they

are a simple, quick and low cost measurement systems for applications of this sort.
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Chapter |1

1. Introduction

1.1 Process Overview

The Mamakwa Sunds Mineral Processing Company, located 500 ki north of Cape Town
on the West Coast of South Africa, is responsible for extracting minerals from the carth
for various industrizl purposes, The most extensively extracted mineral is Zircon, which
is an insulator. It has (wo major impuritics, Rutile and Leucoxene which are
conductors, The minerals are extracted o the form of slurry from sand dunes formed
ncar the sea shore and then pumped inte a concentrator, The heavy and light minerals are
scparaled using 4 gruvimelric lechnique, then stockpiled. The heavy nineral concentrate

is taken to the mingral separation plant {1}

At the plant, the heavy mineral concentrate is re-slurried {mixed with water). 'Fhe slurry
15 then passcd over @ magnetic bed (Figure 11} tw extract a minera] called Ilmenile
which is used as feedstock for the smelter as can be seen in Iigure F.3. 'this is an
overview of the process [1]. [Imenite 15 roasted and muxed with charred Anthracite
{heated and dried in another process) to form an iren oxide. This is then fed to elecrric arc
fumaces where 1018 reduced to high punty wcon and Titaniom Dioxide rich slag as a by-
product. I'he Titanium slag is wsed in paints. plastics. paper. sweets, cosmetics and
toothpaste duc to s non-texic and biologically inerl properties [2]. The high punty inn
(pig irony is used as a raw material w reproduce ductile iron castings used in automotive

practs (brake callipers and sleenng knuekles).

FEED

o HON-MHARMNMETIC
SEMI-MAG

MAGHNETICS R |

Figure 1.1 Magnetic Separation [3]



Zircon. Rutile and Leucnxene and other non-magnetic minerals are then sent te the deer
where they are dricd and sceparated, (uging a high voltage electrostatic field) into
insulators (Zircon) and conductors {Rutile and Leucoxence) as shown n Figure 1.2,

Zircon 15 further purificd te produce o hipher grade product | 1],

FFOF A

WAAAIIEG
SCREEN

BLOWES

o
al

liigure 1.2 Electrostatic Separation | 28|

Rutile and leucoxene are mainly wsed in welding rod fluxes. due Lo their strength,
corresion and heat resistance properties, they are also used in aerospace, and aviation
industries, and in the manufacture of artificial hip joints, heart pacemakers and speclacle

framocs [2].

Zircon is used in the production of ceramic tiles; sanitary ware, 8 wide range of
advanced ceramics: refractonies, jewellery. electronic applications; a component in TV
sereens and cormputer menitors, and oy other industrigl and demestic produets (2], An

overview of the process is seen in Figure 1.3,
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Figire 1.3 Process Overview [1]

1.2 Proldem Statement

The major problem faced by the mine 18 measuring how pure the extracted minerals are

in the final mixture. Cuorrently. there are two methods of doing this.

1. X-ray analysis. which achieves results with a high degree of accuracy.
However, the mcasuremenl cywipment 15 very costly and thus only a limited
number of samples are measured. It also takes about 30 minutes to complete a
measurement.

2. Phvsical grain counting. This is also very accurate but s extremely labour

intensive and time consuming (taking approximately ten days).



Capacitive measurement was tested as a viable alternative method. However, i was
found that the measurements were greatly influcnced by day to day changes in the
relative humadity of the mimes atmosphere: this was due 1o the hygroscopic nature of the
minerdl, absorbing meisture trom the wtmasphere. The resulting relative permittivity of

the minceral was shown to change appreciably with micisture absorpion.
1.3 Ohjective

Existing methods of analyzing the proportions of minerals in the final mixiure are unahle
to do thas quickly at a low enough cost, ence, we were approached by the mineral sands
producer o inyesagate alternative techmgaes, The main reguirement of the producer was
thal the system should be un inexpensive mineral analyzer, resulting inoa groat

improvement 0 proceas control and thus efficiency.
L4 Namakwa Sands Specific Requirements
The specific reduurements were:

» Design and fabricate a low eost protetype system - The design must be cosl
etfective, as a nuniber of svstems may be built and installed in each stream of the

plomt.

bFE

Suitahle dynamic range - The svslem should be wble w measure a lull scale
runge (tom S30% to 100% of Zircon, However. it should it have an creor of no
mare than £ 4% berween the range of 70% o 100% Zircon.

Provision «f a suitable ealibration standard - The system should incorporate a

¥

fast. simple and accurate method of calibration,

7 Physicul dimensions - The system should be no larger thin 600mm = 600mm >
OO0mm.

» Temperature - The system should be able to withstand & maximum temperature
of 307  1u surnmer.

# Humidity - The measurements should not be atfecied by day to day changes in

relative humidity.



>  Robust system - Although sensitive to mincral properties, the system should be

robust with very little maintenance requnred.
L5 REVIEW OF EXISTING TECHNIQUES

There arce several existing ltechmgues thal could be used o measure the percentage ol
impure minerals in a Zircon mix. This section brefly outlines of some of them and

duscribes then advantages and disadvanlages,
1.5.1 Infra-red Spectroscopy

Every clemenl moa compound s jomed o anclher element by a chemical bond. These
bonds vibrate at specific resanant frequencies and are dependent on the size and the mass
of the atoms invelved [4]. Taking ths property imle accounl, an infrared beam of spectfic
frequency is passed thraugh the sample under investipation and the spectrum ol reflected
(or absorbed) hight 13 measured as can be secn in Figure 1.4 This information is then
compared to a look-up table and henee the coneentration of cach compound in the sample

15 identi[ed.
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Figure t 4 Infra-Red Analysis



Ihe advantages of the lechmigoe are:

#  The system s compact and thus versatile,
~ ltis fairly aceurate,
# It is pot temperature dependenl as il relies on the optical characteristic ol the

sample,
I'he disadvantages are;

F Lz very costly.

= Sincc it is an open structure. the presence of munslure has signilicant influence on
readings.

I owould be difftcult to implement this applicalion due (o environmental

comsiderations, such as dust created whoen pournng sand samples [9].
1.5.2 X-ray Flunorescence Spectroscopy (XIREF)
This techmgue 15 shown in Figure |3, and is presently used at the mineral processing

rlant.
Oplical microscope
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Figure 1.5 XEF Analvsis (6]



Meray beams are passed Lthroogh the sample g vacuwm chamber, This induces Kinctic
cnerey in the clectrons and uwduces them o jump 1o a higher energy band causing the
sample to produce fluorescent X-rays | 3], The flusrescent encrgy 1s measuved o provide

spectral information about the elements in the sarople.
The lechnigue has the lollowing sdvaniages:

& The systam is very acenrate,

# Moisture error 1s casily avoided sinee the sample is placed in a vacuum.
The disadvantages are:

» The Xoray can b casily absorbed by the sarmple in the clectrons exeitation
process, resulting in ervors {7].
» lighly skilled labour s required.

»  The capital equipment is very expensive.

1.5.3 Nuclear Magnetic Resonances (NMHE)

The sample under investigation 15 placed in an external magnetic freld and radio waves
are applicd ta it At o certain trequency, the radiatron s absorbed by the atomic nuclei
and the nucleus enters an excited state. In this excited state the nuclei undergocs am
electron spm effect, thus changing the ovientation of spin in the nuclel, The atom then
cocs back o its orizinal onentation (relasation’ and in ding so releases radiation. This
re-emitted radiation is measured with respect ta {time) and quantity, to determine the

concentration of elements 1o a sample. A diagram of the techinique 13 shown m Fioaure 1.0
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Figure 1.6 NMR Spectroscopy

The main advantage of NMR is that ¢ s very accurate and external environmental
comditions are easily accommodated. However, the system 1s extremiely laboor intensive
and, like the XRI' spectroscopy previously mentioned, the capital equipment is extremely

CHRpLnsive.
1.5.4 Microwave Technigue

Microwaves he m the region of [GTz w 100GH: o the Tequency spectrum. The
advantages of micrewaves are that they pass right through insulaters (Zircon) without
atfeciing  the materal, and the cffects of mosture can casily he detected and
accommadated for. Microwaves of specific frequency are passad through the sand sample
and the power absorbed s measured. This would give an indication as to how much of

the impuritics {conductors) are in the sand.



1.6 Cheice of Approach and Llayout of Thesis

Aller reviewing the system requirements, and doe to the hmitations mentioned in Lhe
above processes, it seemed thal the wse of microwaves would be an appropriate choice,
Vianous nuneral samples were fested using a microwave network analyser. The
attepuation measurements carvied out mave a good comelation between attenuation values
and pereentage impunoes ves they were almost lmear. The measuarements also indicated a

cood dynamic range of 3d3s 1o 30d8s.

The dielectric propertics of the mineral samples were then investigoled 1 order 10
understand the interaction of mcrowaves and Lhe minerals concerned. Chapter two
provides o brnel overview of dielectric permuttivity and the effects of moisture on

WITCTEN AVE TEASLIeTETs,

Chapter three describes the different components Lhat could be used in building rthe

mcasuring instrument with their advantages and disadvantages.

The planned approach 15 to have a 10.50GHz transmitter which was amplitude modulated
at a frequency of [ KIllz. The recerver circuil will be connected to rhe system and will
display the attenuation measurement in voltage form. A look-up table will be created
from which Lhe percentage impunties could be recorded. The method ol propagation of
the nucrowaves could be wavegwides or antennac. The implementation of the prefermed
method is deseribed in Chapler Tour and the resualts and conclosions Trom the

measurements usinyg this system are provided in Chapter frve.

The hlerature review [or the second mewsunng techmgue, Cavily Pertarbation techmgue.
is given in Chapter six and the mplementation of the second system is described in
Chapter seven. The results and analysis of data found is provided in Chapter eighe

Finally. the thesis is concluded m Chapter mime.



Chapter 2

2. Characteristics of Dielectric Materials

The term dielectric describes materials that exhibit definite properties when placed in an
electric field, even though they are good insulators. These properties are best understood

through consideration of their effect on capacitors.

Suppose a voltage V is applied to two parallel plates of a capacitor of capacitance C: the

charged stored Q is given by the relationship Q = CV [10]. Filling the plates with a

dielectric increases the capacitance from C, to C;. The relative permittivity &, is given by:

)

=’ 2.1)

~
i
|

Thus, a capacitor made of rectangular parallel plates of area A and separated by distance
d, filled with a dielectric with a relative permittivity €, will be defined by the following

relationship [10]:

(2.2)

A_et
d

& = Absolute Permittivity of dielectric medium

Eo = Permittivity of vacuum (8.85x10™* F / m* )

Dielectric materials are considered to be good insulators implying that they do not have
any free electrons for conduction and giving a net charge of zero. However, at molecular
level the positive and negative charges of dielectric materials do not perfectly align
themselves to completely cancel out each other. Such materials are thus regarded as polar

and possess a permanent dipole moment about their axis. The magnitude of the dipole p

10




is equal to the product of the charge q and the distance d between the positive and

negative charges of the atom. This shown in Figure 2.1.

Figure 2.1 Effect of Charge on Polar Molecules [10]

2.1 Polarisation and Electric Susceptibility in Dielectrics

Under the influence of an external ¢lectric field the charge is redistributed in such a way
that the negative charges align themselves near the positive plate and the positive charges
at the negative plate, as shown in Figure 2.2. This effect is known as polarisation and is

defined as the net charge Q’ per effective area A of plates (P = Q’/A).

Q, + Q’ net negative charge

= / at the surface, -Q’
[ BIEHA R EEH,

; .
P HHEEEEEE: | T8 ot
HARIEHAHEIE
e \ net negative charge at

-Qp - Q’ the surface, Q' = PA

Figure 2.2Effect of Electric Field on Polar Molecules {10]

At this stage one can easily see that the greater the electric field intensity E the greater the

polarisation as described by the following Equation:

P = €oXeE (2.3)

11




Xe is the dielectric susceptibility and is a Figure of merit which describes how easily the

material will be polarised. The relative permittivity can also be written in terms of

electric susceptibility:

€r=1+Xe (2.4)

From Equations (2.3) and (2.4) it can be easily be seen that the easier the material is

polarised, the larger the relative permittivity.
2,1.1 Types of Polarisation
There are three common types of polarisation:

2.1.1.1 Electronic Polarisation

Applied
No field & Fleld

¢

Figure 2.3 Electronic Polarisation [10]

This occurs in all materials and is due to induced dipole moment created through non-
symmetrical positioning of the electrons and protons at any given point (see Figure2.3).
This type of polarisation is fairly weak and is associated with the bonding between air

molecules [10].
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2.1.1.2 Jonic or Induced Polarisation

Figure 2.4 lonic Polarisation [10]
Ionic polarisation occurs in ionic compounds where the cat-ions and an-ions are attracted
to the opposite charged plates when an electric field is applied, as can be seen in Figure

2.4. A good example is the electrolysis process [10].

2.1.1.3 Molecular or Orientation Polarisation

St —~
~ =<

Figure 2.5 Orientation Polarisation [10]

Molecular polarisation occurs in materials that have permanent dipole moments. On
application of an electric field, the molecules align themselves, resulting in strong
polarisation (see Figure 2.5). A good example is water molecules and associated Van Der

Waal forces.
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2.2 Complex permittivity

When an alternating electromagnetic field is applied to a dielectric, a current, i, will
flow [11].
i = jwe, cyv (2.5)

@ = operating frequency
£, = relative permiitivity
Cq = capacitance

v = alternating e.m.f

This forces the dipoles to align themselves in the direction of the E-field.

At this stage “it is more convenient to work with the electric displacement vector D,
rather than polarisation” [12] when dielectric permittivity is concerned and is defined by
the following Equation:
D=¢g,E+p (2.6)
£, = permittivity in free space

E = alternating electric field
P = polarisation

The attempt of the dipoles to align themselves to the alternating field results in the

polarisation lagging the electric field [13]. The displacement vector is thus:

D = g*Ecos(awx — @) ,@>0 since lag.
Or using phasor notation

D =¢g"e"?Ecos(jax)

14




where £'¢™*

[12}:

represent the phase difference. Thus the complex permittivity is given as

e =&’

= £ (cos ¢ — jsin @)
= £ je" Q.7

&' = DC or capacitive measurement

E"= Dielectric loss factor
Substituting Equation (2.7) into Equation (2.5) gives:

i= jo(&-je")Cyv

= jwe"Cyv+ jwe'C v (2.8)

where the real part of current is defined by the imaginary part of complex permittivity.
This represents the ‘loss’ component of current which is proportional to attenuation. The
imaginary parts of current in Equation (2.8) are defined by the real part of complex

permittivity and are proportional to the phase shift.

2.3 Effects of Moisture on Microwave Attenuation

Wavelength (mm
30 % 15 10 8§ B ngt ( 4) 2 15 18 08
100
AG ub .
20l Avarage Aimospheric
Absorgtion of Milimeter-Waves
o 0% (Horizontal Propagation)
E_ e !
@ 27 Sea Leve!
E 1
5 044
W 024
E oid
&8 004,
€ 5024
o0 ?
0004+ 9150 Meters Altitude
0.002+4 H0
0,001 e grom———
0 1 20 25 30 40 S0 &0 70 80 80100 160 200 250 300 400
Frequency (GHz)

Figure 2.6 Atmospheric Attenuation at Sea Level [8]
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The mineral samples are hygroscopic and they absorb moisture from the atmosphere.
Thus it is important to study the effects of relative humidity at microwave frequencies.
From the Figure 2.6 it can be predicted that for microwave frequencies anywhere
between 1.5GHz - 10.5GHz, moisture has very little effect on the attenuation
measurements and has a maximum attenuation Figure of 0.02dB/km with average
humidity and temperature at sea level. This value is hardly detectable by the network
analyser. Thus attenuation will change with changes in humidity and temperature. The
mineral samples are hygroscopic and the moisture absorbed from the atmosphere will

increase at higher levels of humidity.

Figure 2.7 below shows the effects of rainfall on attenuation. At a frequency of 10GHz
the maximum attenuation due to tropical downpour is 1dB/km. This is equivalent to
passing microwaves through a cup of muddy water. The mineral samples under
investigation, however, are in the form of dry sand. Therefore the moisture content

should have very little effect on microwave measurements.

ATMOSPHERIC ATTENUATION
e 190 Tropical
50 Downpowr

25 Heavy Rain

oh
o

\
\

54 / //""‘, 25 Medium Rain
T // %/” o f; Light Rain

@ o
L0 I
2 g

T

Mg //// ety
o g s

0.001 i
3

[
b

Attenuation (dB/km)

5 3¢ 100

10
Frequency (GHz)

Figure 2.7 Atmospheric Attenuation Due to Rainfall [8]
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It should be noted that extensive research has not been carried out on the relationship
between the hygroscopic nature of sand samples and changes in relative humidity.
Consequently, from the discussion above one cannot conclude that moisture has no effect
between 1GHz and 10GHz but can argue that it has very little effect on the proposed

measurements for the following reasons:

» The samples under investigation are relatively dry
» The imaginary part of complex permittivity is measured with the equipment
developed in this thesis and not the real part, which is related to capacitive

measurements and is greatly influenced by water content.

Nevertheless this can only be finally proved once the instrument has been fabricated and

tested in a mining environment.
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Chapter 3

3. Microwave Transmitter and Receiver Units

There are several devices that can be used in the transmission and reception of

microwaves. A few of the most relevant devices are discussed and the disadvantages and

advantages will be considered.

3.1 Selection of Optimum Frequency

Attenuation measurements are related to frequency in such a way that the higher the
frequency the greater the attenuation. Thus, to select a suitable frequency, one must

consider the following [14]:

» Size of sample under investigation
» Availability of components at that frequency
» Cost of components

» Dynamic range of attenuation

In order to ensure a microwave signal propagates through the mineral sample, a closed
structure is used. Frequencies from 2GHz to 12GHz were considered. Circuits using
waveguides, coaxial and microstrip with high frequency semiconductors are used.
Waveguide circuits are the most attractive as they do not rely on precision connectors to

launch microwave power into the test samples .

At frequencies of 10.5GHz, commonly known as the X-band, components are readily
available at an affordable price. The range of attenuation measurements was shown to be
about 30dB at this frequency using a network analyser. This is an easily manageable
dynamic range to achieve using a simple detector diode with good accuracy. The

advantage is that the thickness of sample has to be only about 6 cm [14].
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Frequencies higher than this would result in an unacceptable increase in the cost of the
microwave components. For frequencies lower than this, the size of the waveguide would

be too large for the application.

3.2 Transmitter Devices

This section will briefly discuss the theory of two transmitter devices, the Impatt diode
and the Gunn diode.

3.2.1 Impatt Diode Oscillator

The Impatt diode works with the physical properties of impact ionization [2], avalanching
and time drift. Referring to the Figure 3.1 [16], the reversed bias conditions of the P-N
junction exhibits negative AC resistance, which is used to sustain oscillations in a

resonant circuit.

%
<

Figure 3.1 Avalanche Characteristic of an Impatt Diode

At voltage -Vb a breakdown results in an avalanche multiplication of holes and electrons.
With the formation of electrons and holes, sufficient kinetic energy is gained to further
ionize atoms upon collision, resulting in a reverse current (Is) being produced [16]. When

a microwave resonant circuit is connected to the Impatt diode, the diode swings in and
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out of the avalanche condition. Impatt diode oscillations are relatively noisy, sensitive to

bias conditions and unreliable.

3.2.2 Gunn Diodes

The theory of Gunn Diodes will be discussed in greater detail than that of the Impatt
diode. They will be used for the transmitter circuit as they are easily available at
frequencies of 10.5GHz, can be obtained at lower power consumption and are
inexpensive. For this reason it is important to understand how they work. The properties

of Gallium Arsenide (material used to make Gunn diodes) are discussed first.
3.2.2.1 Negative Resistance Devices (Gallium Arsenide)

In general, electrons in an atom are set according to quantized energy levels known as
conduction bands. If the electrons obtain sufficient energy, they are able to escape their
respective bands and move freely through the lattice. In gallium arsenide, electrons in the
first conduction band have a higher mobility than in second. Thus, when a voltage is
applied to the lattice, electrons in the second conduction band possess drift velocities, so

they respond more slowly to any increase in voltage than electrons in the first band [29].

First Batmi Sm:t;nd Band
m‘% = 1.0&32 -!gg a x.zz
E pe= 8OO0 cm*/Vs B m\7 Ve
Second Gap %{?e“v
Energy 1
Gap Lga\f
alen
/Band

Figure 3.2 Energy Band for GaAs
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When an external field is applied to the lattice, the mobility constant, &, in the lower

band is given by:

v
U, =% (3.1

v, = drift velocity
E = electric field

If the electric field is increased, all the electrons gain enough kinetic energy and jump to

the next quantization level with mobility constant, 4, ,of:

fy =L (.2)

3.2.2.2 Domain of Gallium Arsenide

With the field increased above the threshold field for negative resistance behaviour,
electrons near the cathodes move into the upper conduction band, losing mobility as they
do so. All electrons move towards the anode but those that jump into the upper band are
delayed, forming an electron rich region known as the domain. This domain drifts
towards the anode and increases the field strength as it does so, increasing in size as it
hits the upper band. Finally it terminates at the anode and releases the energy in the form
of a current pulse (refer to Figure 3.3) [29].

Q Dirvction of Drilt

4 Exponentiaktype Grovwth

@ CATHODE APIODE @

Device Length |

Figure 3.3 Charge and Field Distribution in a Travelling Domain
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3.2.2.3 Commercial Gunn Oscillators

A large commercial market exists for Gunn oscillators, mainly as power sources for
domestic intruder alarms. These oscillators or power sources use Gunn diodes operating
as a negative resistance device in the delayed domain mode. The commercial Gunn
oscillator used at the transmitter in this project required a D.C supply of 10V and 0.5A.

The output power was nominally 50mW, which is only about 1% efficient.

3.3 The Detector

A microwave signal may be detected using a detector diode (commonly known as a level
detector). When the signal is detected, the non-linearities of the diode cause a current to
flow as a result of rectification. The diode acts as a square law detector (see Figure 3.4)
and converts the low-level amplitude of the received signal to DC [17]. One should note
that if high levels of power are applied the diode saturates, limiting the dynamic range

[18].

Figure 3.4 Diode Characteristic Curves

Figure 3.5 shows a typical construction of a Schottky barrier diode. This has a wide
dynamic range of -55dBm to +15dBm in a 1KHz bandwidth and has a power
measurement accuracy of approximately 0.1dB with a frequency range from 0.01GHz to

20 GHz [19], [20].
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Frgure 3.5 Schotty Barner Diode

3.4 Methouds of Propagation

This section covers two methods i which microwaves can be propagated between the
ransiiler and rocenver,

3.4.1 Microwave Horn Antenna

Although relatrvely casy 1o make and use. the Hom antenna has o migor problem with
signals that escupe mnto ts surroundings and are rellected back, Thes s known as muln

path reflection and drasticaliy affects atteauation meusurements and reduces the accuracy
Uf measuncment,
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Figure 3.6 Propagation of Mwcrowaves Using Horn Antennae



3.4.2. Waveguides

In this method the waveguide is filled with the dielectric and direct measurements are
made. Since the waveguide is an entirely closed structure, the multi-path reflections are
eliminated. The proposed method of propagation is the TE;y fundamental mode
rectangular waveguide. This is the propagation of waves along a rectangular waveguide
with its sidewalls of width one H-loop (the H field refers to magnetic field). The 1 in
TE10 mode means that the propagated wave is only one H-loop wide and the 0 indicates
that the E-field (electric field) is vertical and the H-field is horizontal along the
waveguide [29] (see Figure 3.10.).

Fundamental TE;p mode rectangular waveguides was used in preference to other

waveguide shapes and other higher order modes for the following reasons:

» FEase of launching
» Limited chance of higher order modes being generated by operating below their
cutoff frequency

» Reduces waveguide size

Figure3.7 TE;p Mode
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The advantage of using the waveguide is that none of the energy is lost to the

surroundings and there are no reflections from the surroundings.

When a waveguide is filled with a mineral (sand) sample, an air gap is created as the
mineral settles down. Thus a wave passing from a dielectric medium to air medium
causes a relative phase change in the wave, which is different from the phase of the input
wave. This results in reflections. This problem can be solved by using an isolator (which
absorbs reflected waves) or an attenuvator in between the Gunn diode and waveguide.
Isolators are quite expensive and not easily available. Attenuators reduce the power at the

receiving end but are cheaper and more easily available.

However, measurements were carried out to find the optimum operating region of the
detector diode (Chapter 5, Figure 5.1) and it was found that the power levels transmitted
by commercially available Gunn oscillators were too high. An attenuator is therefore
ideal as it reduces the impedance mismatch and results in the reduction of power level

available to the detector diode to the optimum level.
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Chapter 4

4. Design of the Microwave Systems

An operating frequency of 10.5GHz was used. The system used to transmit this
frequency was a Gunn diode, also discussed in Chapter 3, mainly due to the low cost as
this device is commonly used for an alarm power source. The Gunn diode was driven by
a circuit producing a 10V square wave supplying a current of 600mA. The square wave
modulated power supply was used in order to use an A.C amplifier at the detector. The
receiver made use of the Schottky low-level detector operating in the square law region.
Finally, the voltage output is read using the ICL 7107chip(A/D converter) and displayed

on a LED screen,

4.1 The Transmitter Circuit

The block diagram of a 1KHz transmitter is shown below.

1KHZ Variable Diriver Gunn ]
oscillator Attenuator Circuit Oscillator

Figure 4.1 Block Diagram of Transmitter Circuit
4.1.1. The 1KHz Oscillator

To provide the required duty cycle, a CMOS 555 timer circuit is used. The frequency of

oscillations is set by resistors R1 and R2 according to the formula [17], [21]:
Frequency (Hz) = 1/ (0.693*(R14+2R2) C1) 4.1)

R1 and C1 were chosen to be 2.2K(Q (see Figure 4.2). The 5K 2 potential divider is used
to fine-tune the oscillations. Capacitors C3 and C4 are used for the smoothing of the

power supply and to filter out any high frequency spikes.
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Figure 4.2 Circuit Diagram of 1K1z Oscillator
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4,1.2 The ¥ariable Avdenuator and Diviver Circuit

As can be seen In Figure 4.2 the CMOS 355 15 connected o a vanable altenuaor B3 that
sets the square wave voltage to 10V, Series resistor R4 is used to improve the stability of
the voltage attenuator, The outpul of the atlenuator 15 fed w an LM741, connected as a
voltage comparator 10 maintain the outpur ar the same level as the inpur, The 1L.M741
drives the base of a transistor, which 15 connecled 10 a power ransisior set up in
Darlington contiguration, T'his set-up allows a current of up to 2A to flow into the Gunn
diode [17]. [21].

4.1.3. The Guon Digde Protection Circuit
Gunn Diodes can be permanently damagad with a reverse bias or over vollage supply and
hence require reverse bias and over voltage protection. Lhus it 5 essential to use a

profeclion citeul! as shown in Fiparc 4.3 [17].

From 1EHz
Oscillaton

GUNN J.
AEnF 11w g FEMNER
E:-IODE* T DIODE

Figure 4.3 Protection Circuit
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4.2. The Receiver (ircait

I'he block diagram of the recciver circuit is given below in Figure 4.4 and the circuit

diagram shown i Figure 4.5,

’ |
Uetector Al Bano Fass Fhds

Diode Amplifier[ | Frer Converer :D-splay

Figure 4.4 Block Dhageam of BEecciver

The culputl of the deteetor diode 1s connected w an AC amplther (L3411} Capacitor O]
15 used to temove any 1M offsets. Potential divider R1 is used to control the amplification
of the LM41 | such that the maximum ovtput voltage of the LM411 op amp is 4V, The
signal 15 then passed through a band pass filter with centre trequency of LKz and band
pass frequency of 200H o remove any utwanted nowse [ L7 T s then attenuated o 2V,
as this 18 the maximuwm input voltage allowed inter the RMS converter and display chip.

Finally it is ftd 1o the AD 3364 RMS o DO converter [21] (Figure 4.6)

R
i o
I? 100 gF Lt 411 s55w
i ”
& O 1 .

ol i

T AL S3GA
FemE CONYERTER

CETECTOR
DICoE

ligure 4.5 Circuit [iagram of Receiver

The AD 330A is used because it has the advantage of being a true RMS to DO converter

up to 1Y with & max error ofF 0.3% (Figuoe 4.0),
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15 cqual Lo the product of the charge g and the distunce d between the positive and

nesative charges of the atom. "Lhis shown in Figure 2.1

.
I

Figure 2.1 Effect of Charge on Palar Molecules | 10}
2.1 Polarisalion and Electric Susceptibilily in Dielecirics

Under the influence of an external ¢lectric tield the charge is redistributed in such a way
that the negative charges align themselves near the positive plate and Lthe positive charges
at the negative plaic, as shown in Figure 2.2, This cflcct is known as polarisation and is

defined as the net charge (O per effective areu A of plates (I’ =077/4 )

Q,+Q’ net ncgative charge

e +|_|+ T +|/ at the surlace, -7
| EEHAHEEH

|r-l 'SAaRnnAnan | region ol no
:Elg: net charge
‘A BIEHAA R
= _U — "\ net negative charge at

Ay -0 the surtace, 43 = PA

Figure 2 2Efitect of Elecinic Feld on Molar Molecules [10]

At this swge one can canly sec thal the greater the clectme eld intensity E the greater the

polarisation as described by the following Ligquation:

P— € AE {2.3)
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Xz is the dieleciric susceptibility and is a Figure of ment which deserbes how casily Lhe

material will be polarised. The relative permitivily can also be writlen m lerms of

elecine suscoplibility;
Co— 1+ Xe (2.4)

From Equalions {2.31 and (2.4} it can be easily be seen that the easier the materal 15

polarised, the larger the relative permitiivity.
2.1.1 Types of Polarisation

There are three commen types of polarisation:
2.1.1.1 Flectronie Polarisation

Mo Tl JFeld

P

S &

Fizure 2.3 Electronic Palansation | 10)

This occurs in all materials and is dug to induced dipole moment ereated through non-
symmetrical positioning of the electrons and protuns at any given point (see Figure2.3).
This type ol polanisation is tairly weak and is associaled with the bonding between air

molecules [ HY].




2.1.1.2 Tonic ar Induced Polurisalion

®:-9:0
» (e Do
®:9:0
® Oo Do

Frgure 2.4 Tome Polansation [ 10]

[ome polatisation oceurs iniome compounds where the cal-ions and an-ions are altracted
o lhe opposite charged plates when an ¢lectric field is applied, as can be seen in liigure

2.4 A vood example 15 the elecirel vsis process [10.

2.1.1.3 Maoleculur or Orientation Polarisulion

P -
/N -
- e e
# T p—— h&"ﬁ-\_
‘v-'““x_ﬁ T et i
-
y g -
= ;f - 5 ti

Figure 2.5 Ovientation Polarisation [ 10]

Molecular polarisation necurs in materials that have permanent dipole moments, On
application of an electrie field, the molecules align themselves, resulling in strong
polatisation (sc¢ Figure 2,50 A good example i water molecules and associated Van Der

Woanl forces,
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Figure 4.6 RMS to DC Converter

From the RMS converter the DC signal is fed to the ICL 7107 chip which directly drives
the LED displays. This chip offers the advantage of being easily calibrated as a volt meter

with an accuracy of 0.01V.

Cy = QAF
Gy = O.4TUF
Ty 0.230F
Cgm 100pF
Cg® 0.02uF
Ry ® 24k
Ry = 4Tk
g = 100K0
Ry 1k
Rg= 18802

Figure 4.7 A/D Converter and LED Display Driver
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Figure 4.8 Circuit Connections for 2V Input voltage.

4.3 Power supply

4.3.1 Transmitter and Receiver Power Supply

The mains power supply has to be regulated down to +15V using a transformer rated at
18V-0V-18V with a current rating of 2A was used (Figure 4.9). The signal is then fed
into a bridge rectifier circuit. Capacitors C1 and C2 are used to smooth the output of the
bridge rectifier. 7815 and 7915 voltage regulators are then used to provide a stable +15V
supply. The outputs of the voltage regulators are further smoothed using capacitors C3
and C4. For short circuit protection, diodes are connected in parallel to the capacitors

[21].
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Figure 4.9 Power Supply of 'Transmitter and Recoiver

4.3.2 ICL 7107 Power Supply

The voltage is further regulated w £ 3V lor the ICL 7107 chip, using the same valyes of

capacitors and diode as in the ransmitior and receiver supply,

+15V -t 1] :‘:;' P | . e
— 1020 yF Jd; 1020 0l AN 1144007

oy —ip L I % oy
o & +
—— 1000 YF — 1000 F A 1H4nn?
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Figure 4,10 Power Supply w [CL 7107 Display Chip

31



4.4 Wave Propagation

4.4.1 Attenusator

A 10dB attenuator 15 wsed to reduce the power eeeived by the deteelor diode, so as to
ayoid operating outside the square law region. Without using any attenuation and with
zuro attenuation in the wavesoide, the deteelor diode 1 doven 1o saturation (sce Figure
310 This attenuaror provided 20dRB 1solation betwieen the Cunn oscillator and the mineral
sample. Thus redueing the reflections o the sample alleeing the output power ol the

Crunn oscillator,

4.4.2 Higher Orders Modes in Wavesaides

Waveguides can be rectangular, circular or a varnety of other shapes, Ther application

usually defines the wavepuide’s particular shape.

A rectangular waveguide operating in the fundamental 'THEjp mode was used for this
apphcation because 11 ollers the least possibility of propagation of ligher order modes.
All of the cnergy is concentrated into the {undamenial Transverse Dlectric mode (TH
mode), Lhus oplinnising measurcment accuraey. This 1s better undersitood  ltom Figure

4,11 ard 4.1 2 below.
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Figure 4,11 Attenuation of Circular Guided Modes as a lunetion of Frequency [24]

£



e s
A c«z'_-.1 I ‘!_
A [ J : MATL = COPPER

1 g b | =

Attenaution, dB100 fir

Frequency, Go's

Figure 4.12 Adenuation of Reclangular Guided Mades as a lunction of Frequency [24]

Comparing Figure 4.9 for circular waveguides and  Figure 4,12 [or rectangular
wavepuldes, with a rectangular wave guide there is a greater (requency gap between Lhe
fundamental mode and the next mode than with a circular waveguide, Hence, there s less

chance of higher order modes propagatmg i the rectungular wavegaide.

4.5 Final Design

Figures 4.13 and 4.14 show the [ina] design of the analyser, The transmitter, receiver and
A converter are each encased in a separate alumimum box which 15 grownded w
provide shiclding [rom almospheric intcrference. Wavepuides with 907 bends wure
permancntly fixed on the outside of the metal case and a 30cm picee ol staight
waveglides was used 10 swre the sand sample while measurement were to be taken. 1t
was [ound that the best way to mount the wavepuide with the sand sample ways n (he
upright position, as illustrated in Figure 4,16, In this contipuration, any air gaps resulting
[rom e sand sample settiing resulted in a minimum change to allenuation measarcment,
Meces of Leflon (has a very low diclectric logs lactor) were used in the straight pizce of
waveguide and one of the 907 hend to act as sloppers to avoid sand gutling into the 907

hends and the detector diode { see Figure 4,161,
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i?hapter 5

5. Experimental Results and Methods of Calibration

5.1 Choosing Optimum Power to Supply Diode

The graph balow (Figure 513 shows the output voltage, after the band pass filter, of the
detector diode varies according to different power inpuis (power inpuls measured using a
power moeler). I the power excecds 10mYY, the diode starts o salurate and no longer
follows the square faw characteristics. Thus, an optimum power input of UMW in the
absence of a sand sample should be 1deal and 15 easily achieved by a 10dB wavepuide
aftenuator placed in-hetween the Gunn diode and waveguide (sce Tigure 5.2,

Fowel Charac et s of et iol
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‘igure 5.1 Characteristics of Detcctor Diode

Cut put of Detector Dicde After
Waveguide Attenuator is added
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B
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Figure 5.2 Output from Altenuation



5.2 Relationship between Attenuated Voltage and Percentage of Zircon

It has been established that the mineral sumples consist of Zircon (msiulator), Rutle
(conductory and Leweoxene (conductor). Lhere are traces of other minerals but the
percenfages are so small that they can be tgnored. Figure 5.3 shows g clear and distinet
relationship between attenvated RMS voltage and the percentage of Zircon m the sand
sample. Thus, as the pereentage of Zitcon is mercased in the sample, the output detected

vellage inereases due to decreasing attenuation.

Yobagre Dwipwn vs Percentogpe Tmoon
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Fivwre 3.3 Graph of Voltage Oulputl vs, Percentage Zircen

The graph above alse mdecates that samples with less thun 31.58% Zarcon will exhibit very
high attenuation, which is approaching the limit of sensitivity of the svstem. Howoever
such low valucs are of hitle interest lor this system. Fipure 5.4 shows the relationship

butween attenuated RMS voltage and the percentage of conductors in the sample,

Voltage Output vs. Percentage of All Conductors
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Figure 5.4 Graph of Voltage Cutput va. Percentage Conductors and Semi- conductors
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5.3 Method of Calibration

Onee the results were obtained. the next step was to [ind a gimple and accurate way o

calibraw thu gystem.

Since the graph in Figure 5.3 followed a polynomial function, it was decided 10 find the
hest fit curve, which could be imurpreted using a mathematical function. his was
achieved using Microsoft Excel and the curve is shown in Figure 5.5, where the best [l

hine 1s lghlighted in red.

Voltaze Cutpur vs Percentage Znoon

000 T T T T T = ir ——— 1
12C 1:20 15820 31.680 4290 f210 96.70 99.62
Zircon (%)

Figure 5.5 Best fir Line for output Voltage vs. Percenlage Zircon

The [inal step was 1o crcate a Jook up table which an individual may use to translate the
voltage displaved into its corresponding percenlage of Zircon. This 1s shown in Appendix

5.4 Conclusions Based on Results
A protolype instrument was built and delivered to the Mamakwa Sands Scparation Plamt
for kong term on-site testing. The sysierm was wsted at the plant on ditterent sand sample

[or cight months and showed an accuracy of | 3% It also showed that an elteel Jue w



varying relative humidity was neghigible, Thus, the system delivered had met the user

requirements as a quick and rcasonably accurate mineral analyzer,

The report [rom the plant showed that the technique worked well. However, for a

production instrument there were major problems with this system:

# They preferred the instrument to have smaller dimensions,
7 To measure the voltage o’ a particular sample, readings had to be taken at least
five times to get the best average. This was hecause of the reflections caused by

the sand sample 10 the wavegwdes {(eaplamed in scetion 5.4.1),

5.4.1 lnconsisteney in Results Recorded

I e measurenients of vollage taken [or a parlicular sample led o incomsistency belween
collected data. Henee, the readings bad to be taken al least five times to get the best
averags, This was because af the reflections caused even afler an attenuator was added o
the instrument. The reflections were a result of the interface of the air to mineral and
mineral tooarr mpedance nusmalches, This inconsislency m reading (5 shown an Table

5.1 with the Figures marked in bluc.

Table 5.1 Mineral Composition of Samples Measured

Zircon | Rutile | Lencox. | Others vultagé - voltage i-'qlltage i
No, | (%) {"o) {fo) ' (") V1 V2 V3 Ave, voltage
1 9962 | (LY (o8 (1] .54 3.0 4.3 A58
2 96.70 1.20) (L9 1.20 il | 292 2.61 280
3 F0.10 | 16,10 Q.70 4.10 1.97 . 1.95 2.09 2.00
4 42,90 | 23.50 4.060 2901} b 15 1.20} 1.1% 1.19
5 JLEG | 2200 | 2580 9.40 (.78 -« (L&} {0.79 0.74
6 | 10620 | 3190 | 26.00 250 (.89 9 039 (.39 (L59
70 120 | 45200 | 4680 ! &0 (.58 - 058 {38 (58
8 | 120 |ev3n ! 2820 | 130 | 058 05K | 058, 0.58]
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5.4.1.1 Orientation of waveguide

Sand Sample

Eront View Ind View
Sand Sample -
Horizontally Positioned

Waveguide (1)

Sand Sample
I i |

Vertically Posilioned
Waveguide J

Front View End View

Horizontally Positioned
Waveguide [Z)

Figrure 5.6 Onentation ol Wavegwde
Several results were recorded Tor the veroieal and peo horieontal omemations (Figure 3.0)
of the wavcauide and it was tound that the vertical orientation showed the least variation

i measured values.

5.4.1.2 Reflections in waveguide due (e sund sample

o
[ Alr Gap
it} ; ; ' Reflected Wave

Extra Air Gap Created Afer

Minerals Settle Down

Mineral Sample

Qlrectlon of InpLit Waye

2 "E

Figure 5.7 Impedance Mismatch (Zo AND 21} of Waveguides

4)



Figure 5.7 shows a waveguide flled with a sand sample. When the mineral (sand) sample
is shaken, the air gap increases as the mineral settles down, This causes a relative phase
change, which 1 difterent from the phase of the input wave and results in reflections.
Retectons within the waveguide occur and injection Jock the Gunn diode oscillator. This
reduces the outpul power of the Gunn diode oscillator, This problem was solved by using

a wavegmde isolator between the Gunn diode oscallator and the mimeral sample.

However, o variation in detected power levels existed as a vesalt of the phase of the
icflections at the second discomtinuiy changing as Lhe sand sample scettled and the sample
length reduced. To meduce the variations tn the output signal level, the [ength of the wave
swde needed 1o be nereased 1o nercase the attenvaton i the mineral sample. This
variation should be less than 19 for an mstrument with a required accuracy of 3%. The

nexd subsection describes the method used 1o caleulate this Tength.

Wave Travelling in Wave Travelling in
Air Medium (Zw) Air Medium (Zw)
Tx - Rx

VWave Travelling In Dielectric Medium (Zw:,)

Figure 5.8 Wave Travelling m Duflferont Media

To caleylate the Jength needed, Mrst the impedance of @ wave travelling in a diclectric

medjum, Zwr of permullividy £ was found using the following Eguation:

2’ =
Zwe, =2 (5.1)

i,

T

where Zw 15 Lhe charactenistic impedance of wave travelling in free space {wave

impedance) and 18 equal 0120n = 377Q(see Figure 3.8 The permittivily value aof the
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mineral samples is about 6 (ths is the average value for of the minerals present in the

sand sample). Hence BEquation (5.1} becomes:

T (5.2)
245
v
Zwe =L = 153,90
245
3 B &
| "\
sl == = B I v ey i, e —r—
a Zo . Z1 \\\ Zo
A B

Figure 5.9 Cross Sectional View of Rectangular Waveguide

The characteristic Bguation of a wave travelling in a wavegide ull ol air, 2y, was
calculated (see Figure 3.9
A B
L, =Lw—.— {

ty

_n
fad
P

a, b are divensions of the caviny (see Figure5.9)
A, = wavelengtl in free space at 1L 5GHz

)L_L, = group wavelength

gl (5.4)

F i the freguency of Hhe wave

o speedd af il
: ax 10" .
theretore Yy =t = 0285
10510
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Equation (5.5) was used to calculate the group wavelength:

1 1 i
ETETE 5
0 (4

£

where the cut-off wavelength A =2-a

=2-0.02286
= 0.04572m
v Ay = 0.03659m

substituting the values of Ay, Ag, Zw, a and b into Equation (5.3) gave the following:

Z, =377x 0.03659 N 0.01016
0.02857 0.02286
= 214.6Q

The next step was to calculate the impedance of the wave in a dielectric medium in the

waveguide, Z; (see Figure 5.10):

A
Z = Zwe,.—gy—-.é (5.5)
A, a

Ver

where the wavelength of signal in air in the waveguide, Ao, Was:

3t 002857

o Je. 245

=0.01166m (5.6)

and the wavelength of signal in the dielectric in the waveguide, Age, was:

i 1 1
A2 2

= 2 2
Qer ﬂ’ger ’1

(4
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o Ay =0.01206m

substituting the values of Ager, Ager, ZWE;, a and b into Equation (5.5) gave:

0.01206 N 0.01016
0.01166 0.02286

=70.75Q

Z, =153.9x

thus the voltage wave standing ratio VSWR was:

VSWR = -2 = e = 3.0 5.7
Z, 7075
and the reflection coefficient was:
| |=@_“LR_"_1=2_=0,5 (5.8)
VEWR+1 4

using the reflection coefficient, the reflected power at the air to mineral interface was:

lo|* =025 or 25% (5.9)

therefore the power absorbed in load at junction A was 1—| plz =0.75 or75%  (5.10)

The loss due to reflections at junction A (see Figure 5.8) was:

~10log,, 0.75 = 1.24dB (5.11)

Consequently the loss due to reflections at junction B was 1.24dB.




Hence if the mineral sample under test is loss free then the total loss due to reflection is
when junctions A and B are in phase to give a value of 2.49dB. However, if junctions A
and B are in anti-phase then the total loss due to reflections is 0 dB. This would give an

output variation of 2.49dB.

Table 5.2 Table of Variation Power As function of Dielectric atienuation

Attenuation in Min Power Max Varlation
Dielectric{dB) (dB) Power(dB) (dB)
0 0.00 2.49 2.49
1.5 0.67 1.82 1.15
3 0.97 1.52 0.55
6 1.18 1.31 0.13
8 1.22 1.27 0.05
8.5 1.23 1.26 0.03
10 1.24 1.25 0.01

For an instrument with an accuracy of 3%, required by Namakwa Sands Mineral
Processing Company, an output variation should be about 1% maximum. This translates
to a signal variation of 0.04dB. The final step was to measure the attenuation of almost
pure Zircon (using a network analyser) sand sample as it had the most inconsistency in
results recorded and compare it to the required attenuation in Table 2 to achieve 1%
variation. In other words, if the maximum power at the receiving end was 1mW, the
result recorded with a 1% variation would be anything between 0.99mW and 1mW or -

(.044d8 and 0dB.The maximum variation should be 0.04dB.

The attenuation of 99.62% pure Zircon sand sample was recorded to be 3.5dB. Thus to
achieve a variation of less than 0.04dB, the attenuation of the 99.62% Zircon sand sample
needed to be increased to 8.5dB (see Table 5.2). To improve the accuracy of the system
the length of the waveguide needed to be increased by a factor of approximately 2.5
(from 300mm to 700mm). This would reduce the amount of reflections caused during
measurements and improve repeatability. However, increasing the waveguide’s
dimension to two and a half times its present size would make the whole instrument

much too large and hence impractical. The other solution would be to take several
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measurements for a particular sand sample and find the average. This is, however, very
time consuming and would lead to inefficiency in process control. Swept frequency
techniques could be used in order to eliminate the reflections. However, the output power
of a Gunn oscillator varies with frequency and in order to eliminate the power variation, a
completely different measurement system is required. As a result other measuring

techniques were investigated.
The resonant cavity perturbation technique was therefore looked at in order to enhance

the loss and at the same time reduce the test sample’s size. The Microwave Resonant

Technique will be discussed in the next Chapter.
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Chapter 6

6. Single Mode Resonant Cavity Technigue

4.1 Introduction

The Microwuve Cavity Perturhation techmgue involves the superposition of incident and
reflected waves, in o metal cavity of high conductivity, Lo form o standing wave. As a
result of the particular clectromagnetic contieuration that is cstublished, an E-Tield
maximnm will occur at some point in the cavity and the H-leld maxinmm will occur at a
different point in the cavity,  Placing the diclectric at the point of maximum E-lield
facilitates opromum transfer of energy inte the dielectric. Tt 1s the moeasure of this
absorprion of the I8 ficld in the dielectric that Tomms the basis of Resonant Cavily

Perturbaton technigue,
.2 The (- lactor of a Resenant Cirvenit
In transmission line theory any value of impedance s easily realised as having

ransnission line characwristic impedance Zo terminated with a load impedance of 210 as

seen in Figure 6.1 helow[15]

e
H
;
:
i

e

Figure 6.1 Transnmssion Line of Lenath £ Termenited in 2



Similarly, micrawaves resomant circuns can be represented in the form of a paralle] RLC

carcuit.

;in %r_ R ELE \

: [ -/ N

Figure 6.2 R1.C Resonance Circuil

The masnitude response of the resonant cireuil is shown m Figure 6.2, The measure of

the quality of magnitude response is known as the O-factor and is simply delined as [24):

2 LnergyStored 6.1}

o fnerey - fssipated - per - Cuele

Fuor lumped circuits this becomes
LR .
- (0.2
& = resonant frequency

F= Mnefucioree
& = resisianes

In resomant cireuits the Q-tuctor can be measured from the resonance curve by taking the

3B bandwidih thall power bandwidth) as indicated in the graph below (Figure 6.3 )

ET) u-g,,\ b
b ADTfmpmo e ok
] ]
1 L
: I. ’F U L I 1)
£ B S e WL B3Rt G RIB 4]
[ A 1
| F i |||i']"':.’. h'l:ll.li']]'lf"r!
i ¢ 1
d gt T = Sy
up\ ¥
M pheise
7L OO ...
W

Froure 6.3 Measure of Q-factor [22]
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For high-0 tuned viremt the Q-factor of the cirewt in Equation (6. 1) may be shown to be;

) : I'.UI._, L :'ﬁ_j}

2-0m A

£ = centre frequency
Af = frequency change at 3d8 s

6.3 Microwave Resonanc Circuits

Section 6.2 deseribed circuits that consist of lumped inductors and capacilors and are
only suited to oporate at frequencics below 3006z, At microwave [requencies these
lumped circuits are replaced by distnbutive components. The advantage with these
distributed components 15 that they result in much higrher OQ-faclors, because energy

storage is much greater in these circuits.

This scetion hriefly looks inte the three main types ol microwave resonant circuits

together with their advantages and disadvantages,

63,1 Microstrip Resonant Circuit

fl I Fovdante B ooaver

Cngtput Cogx sl Saaled resopant
e

r— - fﬁ-’}:‘.-‘ﬁ“ﬁl_ﬂ_ﬂﬂ--—f?ﬂmn i step

alekorric N e o
Elf’ia/ta/ . 18

ot d plarnes

e ey

; .
Pelinriyaw e Poweer
Ir|p.|l(i"|-uu|u| lI';-.lLlIr-_'l:l

Figure 6.4 Microstrip Resonanl Syslem

The use of Microstop as a résonant cavily structure for determining the foss langent

of mineral sample has a number of disadvantages:

# The Q-factor is limited to about 1040,

#  There 15 an inerease m radiation loss wilth the increase in operating [tequency,
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» Precision connections are tequited to comnect to Microstrip at microwave

frequencies. These are not smied o opurations i g mining cnsvironment.

e to the disadvantages mentioned above, Microsinp Resenant Cireuit is not considered

further.

6.3.2 Coaxiaf Line Method

In this method the diclectric sample 18 placed in the centre of the coaxial line. ‘The
reflection coefticient and transmissuen cocllicient for change m O-factors and (requency
shift) are measured and henee the relative permittivity is caleulated [ 12]. The setup of this

cireuit is shown in Fiaure 6.5

Loupler
QOuter Coaxial ' Wicrowaye
Conductor « poyier
input

T

Inner Coaxial TT———Test Sample

Conductor Movalble

o plunger

Figure 6.5 Coaxial Resonant Structure

The advantage of thig system is that coaxial structures do not sufter the radiation losses
that sre characteristic of microstrip and consequently they have a better (-factor than
micrastrip, | lowever, since the system 2 used to measure a wide range of loss tangents,
the Q-lactor obtained may still not be high cnough to camy out sensitive measurements.
Further. precizion connectors are also required tw connect to coaxial circuirs al

microwave frequencies.
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6.3.3 Wavegnide Cavity

Scetion 6.1 noted that when an electromagnetic ficld is applied to 2 conducting cavity
there will be points in that cavity whete the E-field 15 ol a8 maximum. This gives a

response with i Q-lactor govemed by Equation:

L {06.4)

In cavity perurbation methods a diclectric 1s placed in the cavity al a region where the -

Lield 15 ut ¢ maximon, The inttoduction of this dielectnic sample has two major effects:

# Frequency shilt - Tniroducing a dieleciric increases the relalive permittivily and
henee stoted  energy. This o teem increases  Lhe wavelength and  therclore
decreases the resonant frequency. Phe shift in frequency 1s proportional to the DO
permiitivity €7 or the real part of complex pomiiluvity (see Chapler 2) and has
been shown experimentally with the Tesults obtaimed in Chapter 5, Sections 5.2

and 5.3,

# Q-factor and artenuation — The prosence of o dieleetre alse inercases the cnergy
losses, causing a Teduction in Q-factor and increase in attenuation. The change in
0 15 mversely proportional to the dielectne loss faclor €7, and the atlenuation s

ditectly proportional to the dielectric loss tactor €7 (reter 10 Figure 6.6).

.
______ G Reference
B L evel
o [ =
z|E
e
%[22 1
5|2
o | =
L) ]
I /
e {_oaded

Frequency

Figure 6.6 Resunanl Changes Due 1o Intreduction of Diclecimes Sample

51



By measurmg the changes in Q-factor and frequency shill, the conmplex permittivity of

samples can be measured.

There are a varicty ol shapes in which waveguides resonant cavities can exist. This thesis,
however, 15 concerned with onby the simplest of them. These are cylindrical and

rectangular cavitics 10 then lundamental modes,

6.3.3.1 TEq .y Circular Cavity

Vigure 6.7 shows the E-[ield ol a evlindrical cavity excited in the fundamental mode, This
15 the Thig mode. which has an e-field masimum along ils cenwal axis. For efficient
energy transfer, the diclectne sumple 15 placed alonyg this axis as shown in Figure 6,7,

Circular -

Cavity

Coupling

/ Loop

S Dutput ——

-1 lest Sample | |
A2

Ihput

Fipure 6.7 TEomo Cireular Resonant Cavity

The dimensions of o cireular cavily at a particular resonant freguency Soperating in TEm,

mode 15 caleulated vsing the llowing Egualion [24]:

§ P : =1 2 d\ll
7y =] S +.fﬂw o) B 6.5
EEe ) L) (6

Where ¢ 15 the speed of light.d is the diameter of the cireular cavity. £ s the number of

tungential fulk periods, w2 ig the radial hall periods and # is the axial halt period variation

ol field, 15 the muh oot of B(x=0 for TE modes [24, pe195].

o
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Which reduces to Equation (6.6) for TEg;o mode [25]:

_ 3.832¢
mT-d

f (6.6)

By connecting the setup shown in Figure 6.7 to a network analyser and measuring the
frequency shift and change in Q-factor, the relative permittivity of the sample can be

found by the following Equations [26]:

Yo&y

£'=1-0.539 6.7)
fo
where: Vo is the cavity volume and
V the specimen volume, and
fois the original resonant frequency
Af is the frequency shift
and
£'= 0.269E(—1————1—') (6.8)
V.o @

Q is the quality factor of the cavity with the specimen

Q' is the quality factor of the cavity with no specimen
6.3.3.2 TE1g; Rectangular Cavity
Exciting a rectangular cavity in the fundamental mode of TE1o01 produces a different E-
field configuration to that of a circular cavity, but as in circular cavity the E-field is

maximum at the centre and therefore the sample is also placed in the centre of the cavity.

This can be seen from Figure 6.8 below [26].

53




Magnetic

field
7 b
44 7 E b
e &
//"IC 1 |

| A 7 f “' a o
1
| a ‘{\Eiectric

Field

Figure 6.8 TE .. Rectangular Resonant Cavity

The dimensions ol a rectangular cavily for a particular resonant frequency operaling in

1E: iy mode is calculated using the tollowing Fguation [25]:

{ WdF Fat
£ = c.[__ ! J (6.9)

i drave divensions of the cavity fsee Figure 6.5)
o i the cut-off frequency af cavity
o speed of Heht

which reduces o Equation (6.1 for T g mode:

fd

A = {6.10)
o

A
1|II |'\{J J “ b /l

Qe foe the fundumental mode
low dimension a and b the standand dimensions for rectangular waveguides can be used,

as shown in Appendix 1v. [imension d. can be found by finding the phase velocily

{hence wavepwmde wavelenglhy using Equation {(6.11)] 15].
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! L, L (6.11)

_=—+
ROER

<

Ay = free space wavelength at resonance

A, = waveguide wavelength

A, = cut-off wavelength

A

and d, =-*% (6.12)
2

According to A.C. Metaxas, the relative permittivity of a sample in rectangular resonant

cavity with TE;o; mode can be found by using the ‘Mehmet and McPhun, 1973’ Equation
[26]. This is shown below.

Test Sample

e l
- o, o

Section olong ABODR

Figure 6.9 Cross Section of Resonant Cavity
£ =1-A(éf—) (6.13)
o
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s"=A[i—- ! ] (6.14)
20 20,

where

-1
Al |, _a ,2m (6.15)
abt 27 a

w, = loaded resonant frequency
Aw = frequency shift
Q, = unloaded Q value

Q = loaded Q value
t = the thickness of sample

6.4 Conditions for Resonance
A resonant cavity can be translated using a quarter wave long transmission line with one
end terminated in a short circuit and the other end terminated in an open circuit (see

Figure 6.10).

»
’ ¢ . X
Figure 6.10 Conditions for Quarter Wavelength Resonance [25]
It is more efficient, however, to have a system terminated with short circuits on both

ends, half a wavelength apart (Figure 6.11). Consequently, resonance can be achieved in

systems at multiples of a quarter or half a wave length [25].
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£=A72

Figure 6.11 Conditions for Half Wavelength Resonance [25]
The Figure below shows the resonant length of a rectangular waveguide section which is

half a wavelength long. Energy is reflected from each closed end of the waveguide

section in the correct phase so as to sustain oscillations (see Figure 6.12).

e Y —

BN

Figure 6.12 Resonant Section of Rectangular Waveguide

6.5 Coupling for Cavity Resonators

Excitation of the cavity can be achieved using coupling loops or apertures. Both of these

methods are described briefly in this section.
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6.5.1 Coupling Loops

Figure 6.13 shows the equivalent circuit when the coupling loop is inserted into a
resonant cavity. The coupling loop acts as an antenna which converts radio frequency
power into electromagnetic energy which can propagate in the cavity. When a current is
applied, the loop produces a magnetic field in the direction of the xy plane (according to.
Figure 6.14) and thus produces a standing wave at a particular frequency [27].

R
MW

£l
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[

LINE L L

LOOP CAVITY

Figure 6.13 Equivalent Circuit of Cavity Coupling and Coupling Loop
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Figure 6.14 Coupled Cavity
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The contiguration in Figure 6,14 shows one of the simplest ways to couple into a cavity
for both transmitting and receiving signals. Changing the orientation of the coupling
loops or varving the dimensions of the loop affects the input and output impedance of the

TesONance cavily.,

6.5.2 Aperture Coupliog

This involves couphing the wavepuide with small slols which allow imjection of power
into the cavity and the extraction of power from the other side (Figwre 6.15). Combining
the mductive and capacilive apurtures shown in Figure 615 a and b gives rise o a
resemant aperture shown in Figure 6.15¢. For resonant cavities halt a wavelength long,
the apertures st as a bund-pass Tiler, cnabling only the requencics whose wavelength (s
related to the cavity length to pass. These apertures are optimized experimentally to

achieve the best Q-factor [25], [26].

!
e

o

b. Capacitive rture

s

¢. Resonant Aperture

Figure 6.15 Apecture Coupling
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6.6 Choice of Approach

After reviewing the theory behind microwave resonant structures, it is quite evident that
using wave guide cavity perturbation would result in higher Q-factors than microstrip or
coaxial structure. The rectangular waveguide cavity perturbation technique operating in
its fundamental mode was chosen as opposed to a circular waveguide cavity for the

following reasons:

» Higher mode propagation is less likely in rectangular guided structures.

» Rectangular waveguides were readily available

An operating frequency of 10.5GHz was first chosen to compare the measurements
obtained in this system to the attenuation measurements reported in Chapter five. This
resulted in resonant cavity being very small which is highly desirable in reducing the size
of the equipment. However, it will be shown in the next Chapter that this required the

mineral sample to be impractically small.

In order to increase the sample to a convenient size, a larger cavity was used. This

resulted in a resonant frequency of about 1.5 GHz.
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Chapter 7

7. Design of Cavity Perturbation System

At the end of Chapter five it was concluded that the microwave attenuation technique
worked and fulfilled all of the user’s operating requirements. However, on feedback from
the client on the system’s user-friendliness and, more importantly, physical size, other
measuring techniques were investigated. In Chapter six resonant cavity techniques were
discussed and it was concluded that rectangular cavity perturbation technique is the best
option. This Chapter covers the design and implementation of the rectangular cavity

technique operating in its fundamental mode.

7.1 TEp; Rectangular Resonant Cavity

An operating frequency of 10.5GHz was initially chosen in order to compare the
accuracy and of the resonant system with that of the attenuation system. Standard X-band

waveguide dimensions were used with the dimensions 22.86mm and 10.16mm.

To calculate the value of dimension d,, first the cut-off wavelength was found using

Equation (6.10):

ﬂcmm =2-a
=2-0.02286
=0.04572m
The resonant free space wavelength:
A, = (7.1)
_ 3x10°
10.5x10°
= 0.02857m
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Next Equation (6.11) was used to calculate the group wavelength:

11,1
R R

o Ay =0.03659m

Therefore, the value of ¢ using Equation (6.12) was (for half a wavelength resonant

structure);
A

2
=0.01830m

¢ =

7.1.1 Construction of Resonant Cavity

The cavity was made of two solid brass metal pieces which were tightly screwed together
as shown in Figure 7.1. Although copper can be used instead of brass, to achieve higher
Q-factors, it has the disadvantage of being very difficult to work with. The insertion hole

is 5.5mm in diameter, as this was a reasonable size for the sand to pass through without

2k

clogging the tube.

5.5mm Diameter \Z—:‘%\ 6 S Dismets
H ] ram JHamater
Drinking Straw ~. =~y } /7 Inssrtion Hole
? - [}
b »
= |10 46mm
18.3mmY P

=

Figure 7.1 Blown-up Diagram for Construction of Cavity
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Aperture coupling was chosen instead of loop coupling as it is much easier to construct
for such small dimensions. The size of the aperture was determined experimentally. The

plates were attached to the cavity by means of screws (see Figure 7.2).

Aperture NG %

" Coupling
6.3mm %6
Diameter S

=

Figure 7.2 End Plates Aperture Coupled

The cavity was then connected to the network analyser as shown in Figure 7.3.

5 [ "R E B R T
@ e “
AR TroEr cEdE pRus KRR ]
EREIERED ] [~ 4 I |
. A RELILE LK XYY .

Sweep Oscillator

Device Under Test

Figure 7.3 Network Analyser Setup for Measuring Cavity Response
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The Q-factors of the emiply (loaded with drinking straw, and no sand sample) cavity was
measured as 15000 Measuremenls were taken using pure Zircon samples and it was
discovered Lhal there was a huge change in both resonant frequency and the Q-factor,

when the mineral samples were placed in Lhe resonant cavity.

Q-foctar ofsand s amples

Frequensy (Hz7 §

[ it Zitern ——36% Areon | I

Vigure 7.4 Graph Showing Magnitude Response of 96%0 Pure Zircon Sample

Thus, only relatively low loss Zircon samples that were purer than 95% could be
measured (sec Figure 7.4} The rest of the sand samples had resonant frequencies below
the cut-off treguency of the X-band wuveguide cavity and ¢could not be mousured. In
order Lo reduce the change in the resonant frequeney and the Q-factor it is necessary to

reduce the coupling of the cavity. This could he achieved in 3 ways:

7 hunge the posttion of the inserton hole 1o be near the edge ol the cavity insfcad
b the eentre to achieve the least amount of ctierey transter possible, as shown n

ligure 7.5

e

| i 4 e Eul

Inbe placed at the edge of cavity
to achicure iess energy trensfor

Figure 7.5 Positioning tube fur least energy transter
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This system was built and tested. However with a 5.5mm diameter mineral
sample it was still too strongly coupled and only samples that were greater then

85% Zircon could be measured.

» Reduce the diameter of the sample drastically to about 1mm or only partly insert
it into the cavity. Sample tubes of less than about Smm caused clogging of the
mineral sample. Only partially inserting the samples resulted in inconsistent

measurements.

» Reduce bring down the operating frequency to anything between 1GHz - 2GHz
hence the 5.5mm diameter sample will occupy a much smaller percentage of the
larger cavity, and it will have a much reduced effect on the resonant frequency
and Q-factor. This was tried and details of construction are given in the next

section.
7.1.2 Construction of Resonant Cavity operating between 1GHz to 2GHz

An aluminium box of suitable dimension to operate in the required region was readily

available and thus used. The dimensions of the cavity are shown in Figure 7.6.

b=78mm

he!2=580mm

a=110mm

Figure 7.6 Rectangular Resonant Cavity Operating between 1GHz to 2GHz
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The utlvaded resomant frequency of the cavity is shown below (using Fynation (6.11)).

| | 1
=
v A i)
| I 1

A0 6x10 )7 (22x10
A =BT F220034x 10" m

r

ja_

fy = = 1L S9RI0781 G2

(e}

5

where e =3=10"mi s

Figure 7.7 Reclangular Waveguide Resonant Cavity

The structure was coupled using copper coupling loaps of [(Qmm diameter connected to
BNC sockers (shown o Figure 7.7 ) w achicve g Q-lactor of 1650, The insertion hole was
made to be 3.5mm in diameter. The wall thickness of the tube contaming the sand sample

was ghout 0.25mm (drinking straw), resulting in the diameler of the sand sample bemng

S0mm.
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10mm Diameter
/\_
0

fnl

._,_I I £ <) F =

Figure 7.8 Method of Coupling

Althougzh the above system wag able womeasure all of the sand samples available. the
coupling was too weak to record sigmficant changes between mineral samples. Thus, Lhe
digmeter of Lthe inserfion hole was increased Lo 12mm and a 12mm diameter tube was
used. ‘This showed significant improvement. The results and the interpretation of the
graphs oblained are discussed in the next Chapter. T is evidenl that a smaller cavity
operatimg at a frequency of about 2GHz would have resulted m oplimum coupling of the
mineral samples with o lube diameler of 3.9mm. Lowever. the physical size of Lhe 1.598
Gillz cavity was acceprable for the application and there was a significant advantage to

using 4 1 2mm diameter tube to avowd cloceing of the sand samples in humid congditions,
2 going [
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Chapter 8

8. Experimental Procedure and Results

8.1 Introduction

As discussed in Chapter one, Zircon products normally come with two major impurities,
which are conductors. The fist step was to experimentally determine the relative
permittivity of each of the impurities and compare the results with that of pure Zircon.
Further tests were carried out to test the feasibility of using cavity perturbation and to see
the effect of varying impurities on Q-factor, frequency shift and attenuation

measurements.
8.2 Permittivity Tests

These tests were performed in order to understand the electrical properties of the minerals
concerned. The tests were done at an operating frequency of 1.5GHz with the 5.5mm
diameter insertion hole. Table 8.1 shows the chemical compositions of the minerals under
investigation. The chemical compositions of the four samples were provided by

Namakwa Sands in their purest available.

Table 8.1 Chemical Composition of Minerals

Mineral Chemical Composition Percentages Tested
Zircon Z18104 99.70%
Rutile 94% TiO2, +/- 2% Si0O2 68.80%
Leucoxene 60 to 90% of TiO2 54.00%
limenite 46% TiO2, +/- 50% Fe20s3 99.70%

The change in Q-factor and frequency shift measurements were taken and the dielectric

loss and dielectric constants were calculated. Q1, Q2 and Q3 in tables 8.2 represent
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separate Q-factor measurements taken for each mineral sample from which the average

Q-factor was calculated. f1, f2 and {3 in table 8.3 represents separate resonant frequency

measurements taken for each mineral sample from which the average resonant frequency

was calculated.

Table 8.2 Dielectric Loss of Minerals

Diclectric |
Sample Q1 Q2 Q3 Ave. Q-factor g"
Zircon 2243 2245 2247 2245 0.000599
Rutile 1196.769 1196.077 1198.23 1197.025 0.074693
Leucoxene 1197.3 1198.38 1199.15 1198.277 0.074527
Ilmenite 174.8 178.632 175.92 176.4507 0.992755
Table 8.3 Dielectric Constant
Dielectric Constant

Sample f1(GHz) f2(GHz) f3(GHz) Ave. fo(GHz) E'
Zircon 1.5724 1.5715 1.5726 1.572167  3.600547
Rautile 1.5562 1.5566 1.5558 1.5562  7.433354
Leucoxene 1.5565 1.5564 1.5561 1.556333  7.401348
Ilmenite 1.5558 1.5569 1.5553 1.556  7.481364

These results were then checked with that of Pendock [1] in order to check the accuracy

of the measurement and are shown in Table 8.4.

Table 8.4 Comparison between Measured and Referenced Values

Mineral Measured gr Referenced &r
Zircon 3.600547 + j0.000599 3.3 +j0.00081
IImenite 7.481364 +j0.992755 7.5 +j0.91
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The relative permittivity of each mineral was plotted on a complex planc in urder to get a
better understanding of their clecineal propertics (see Figure 8.1). The Figure indicates
that theve is a grester dilference i the loss factor of the mineral than there was in their
diclectric constants. These measurements indicate that it would be better to separate

mincrals by measunng the change m Q-factor rather than change in resonant frequency.

It can abse be concluded that sinee Ilmemie 15 4 very lossy matenal, the presence of a
relatively small amount of Bmenite in almost pure Zircon would have significant cfteets
on the Joss tangent. However, Hmenite 15 nommatly present in very small quantities and

should not afteet the measurcments taken,

Propertiesof Minerals on a Complex Plane

1900 | - | ANE
‘ | ‘ , | ‘ llimenite
o £l | ‘ ‘ |
g L[]
O i AR
= Rutile | -
x [}
[ . i Iia
o i . Leucoxene—
v AN
| ® | |
i LL i : | i
i . i : Pl I
o LT T [ 2
0 ] : i .‘ ¢ i |
= ‘ SiE ‘ || Zircon| Al s
il ARERNESHBNEINNCHEBEEANNY

0 1 2 : 4 g b 7 g
Dieletric Constant

Figure 8.1 Mineral 'lane
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8.3 Sample Test Using 5.5mm Diameter Insertion 1inle

The samples piven by Namakwa Sands woere i the form of powdered sand with different
mincral contents in each sampie (see table 8.5). The powdered form imtroduces a lot of air
inte the sample as compared to a solid sample. Henee, the relative permittivity of the

powdered form would be |ess than that of a solid chunk of mincral.

Table 8.5 Mineral Compositions ol Sand Samples

Mineral content ("}
| Sample  Zircon Rutile Leucoxene  Ilmenite
ued 1 9970 {120 [r.111 {1.0H}
mic 33 | BORNG |05 X135 .35
mic 34 70,33 acF il 134
mic 37 06,11 L1086 | 7.28 1,99
mic 03 02 .40 17.30 1613 1.16
uct 4 A5.3H 19,494 |8 21 .16
mic 27 56.27 16.5] 2263 1.53
nmic 06 4758 29,34 | ¥.02 .54
nie 4l 47.74 2156 24.39 204
uel 5 44.90 27 .50 24,70 .60
uet b 7.2 J6.00 23,50 {1.90
uct 7 2716 39,14 31.34 (.60
uct 8 i 200,70 ands 2553 1. &0
uet Y 14.50 51.30 J1.20 FREIN
uct 10 200 6600 2030 (.70

A problem arose when packing the sample 0 the inscrion tube. The more densely
packed the minecrals, the greater the permittivity, adding fo variations in readings 1aken.
Thu best selution to this was to gently fap the samples o be measured: allowing the air

gaps to be filled and grealy improving the consistency of readings,

Figure 8.2 shows the clfects on Q-lactor for different percentages of Zircon. From this
graph 1t can be seen that there is not a distnetl relationship between Q-lactor and the
variation in the pereentage of Zircon. This is because the size of the insertion hole was
oo small and thus the cffect of inscrling the samples into the cavity was oo smali. The
same ¢an he conciuded Lor the frequency shift and attenuaton graphs shown in Figures

B.3and 8.4,



Ciraph of (Rfactor vs Perventage Lircon Using a
S5 Diarme e r Inse rtion Hole
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Figure 8.2 Graph of Change w Q-tactor lor different percentages of Zircon

Ciraph of Adtenuation vs Percentage Aircon Hising 3.5mm
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Figure 8.3 Craph of Change in Atlenuation for different percentages of Zircon
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8.4 Sample Test Using 12mem Diameter Insertion Hole {and a larger sumple)

In order to achteve increased coupling the size of the insertion tube was increased to a
1 2mm diameter, The messurements were repeated and the graph of Q-factar responscs is

shown in Figure 8.5

Q-factor Vs Percentage of Zrcon in sample

1830 - |
1600 i—s~— o £ Gt A et Y (] .l_ i o] [ s ]
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1290  —
1000 '
20C
GOC - o : I s =gk — ) =
_1_|:||: " == - —4

200 1 S LV (RS | SR S 1 ——
i [ |
T T

087 B89 JUR BB BAAH S84 AB3 479 A7 F 449 FF L AFED MNF 145 2T¥ 0
i Zircon %)

Q-factor
\t/
=

»
f

| /

Figure 8.5 Graph of Change in J-Factor [or diflerent percentages ol Zircon

From the gruph above a distinet comelation ¢an be made between the Q-factor and the
percentage of Zircon. This commelation is good when the mpunitics are predominamtly
Rutile and [eucoxenc. The samples highlighted in blue, 1n table 8.5, were deliberately
added to show that if the pereentage of Ilmenie 1s greater then 1L.2% 1t will sigmificantly
merease the loss tangent and cannot he ignored. This is in Figure X.5 (circled in red). This
makes it very difficult 10 find a clear relationship lor suniples which contan more than

1.2% Ilmenite.

On the other hand if this effect is romoved. a simple exponential decay trend line can be

dravwn, This effeet 15 shown in Flewre 8.6 where the comtamimated samples were remaoved.



Q-factor vs Percentage of Zircon ( excluding samples 6,
a7, 40)
1800 .
1608 - \\‘ | - : : :
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Figure 8.0 Graph of Change in Q-factor for different percentages of Zircon bxcluding

Sand Samples with more than 1.2% Dmenite

The nest two graphs (5.7 & 887 show the best [0 e wehen the contamimaled samples arg

present und when they are not.

Q-factor Vs Percentage of Zircon in sample

Q-factor
[wn]
=

y =0.0517x" - 24318x° + 38.414x7 - 280.47x + 18377

i : | | | - | p ; ! | o r—
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Figure 8.7 Craph of Best T'rend Line 1o Represent Diaty
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Q-factor vs Percentage of Zircon { excluding samples b,
37, 40}
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1600 +
1400 |
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y % 1693.6¢
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Zircon [%]

Figure 8.8 Graph of best fit Trend Tine lo Represent Data Excludimg Contaminsted Sand

Samples

It was [urther observed that the Eguation of the line found in Figure 8.8 was far more

simple when the contaminated samples were ramosved, compared 1o the Eguation in

Figure B.5.
Graph of Centre Frequency vs Parcentage Zircon
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Figure 8.9 Graph of Change in Centre Fregueney for different percentages of Zircon
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The increase in velume of the mineral sample greatly improved the coupling and the
consequent etfect on Q-factor. Clearly there s not a good correlation between centre
frequency reading and pereentage Zircon (liauwre .9, The area circled in purple shows
an almost at ne which clearly indicates that freguency change measurcments will not
be able 1o distinguish between sand samples of varyving Zircon content. Iigures 810
shows an improvement in attenualion measurements with 12mm diometer sample. The

etfect of llmenite comaminated samples is also scen {circled in red).

Graph of Attennation vs Percentage Zircon
32— . .
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Figure 5,10 Graph of Change in Attenuation tor ditferent percentages of Zircon

8.5 Conclusions Based on Results (Yhtained

The resonunl cavity perturbation technique proved to provide an acceptably accuraie
measuring technique to distnguish between diflerent percentages of Zircon in samples.
Bepeutabilily 1s also consistent, provided the samptes are tapped gently to Hit most of the
air gaps present. The effects ol adding Wlemnite are shown o chunge readings
appreciably where it is more than |.2% of the overatl mix. however, llemnite s net
normatly presemt i larpe amounts and should not have any significant effects. A clear
correlation between the (J-factor and varying percentape of Zircon ig shown in the foan

of an exponentiat decay curve in Figure 8.8, Figure 8.9 also mdicales that any reading
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Laken Lo measure the dielecimic constant of o sample by mcasuwing the frequency shilt 1s
not a reliable measure of the percentage of Zircon in a sample. The attenualion curve
shown in Figure 8 L0 represents a beller correlation with percentage of Zircon, although
the Q-factor measurcment was more accurate, However, in mine operating conditions the

percentiage of lnenite 15 normally less than 1.2 percent.
Final conclusions and comparisons hetween  the  adenwalion  medsurement  syslem

desertbed it Chapters 2 1o 3 and resonant cavity measurement, described in Chapter 6,

are made 0 the next Chapter.
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Chapler 9

9, Conclusion and Recommendations

This thesis has investigated two microwave measunng techniques which were tested on
various  mineral  sand  samples provided by Namakwa Sands Mineral  Processing
Company. The samples contained Zircon product with two major impurities. Rutile, and
Leucoxene, It was found that Hmenite has a very high loss Langent and 17 10 1% present wath
more than LL2%:. 1t procluced cvrors i the measurement sysiem wiich has been calibraced

for Rutle und Leucoxene impurilies.

The lirst ol the two methods, microwave ateenuation techniques, was considered because
of s simplicity, An operating frequency of 10.5GHz was chosen for the [ollowang

[ RINIR

= Companents were readily available at minimum expense.
# The range of attenuation measurcments was about 30dB. This was an casily
manageable dynamic runge 1o achieve nsing o simple detectar diode with goaod

ACCUTACY,

A Gumn diode oscillator was used to transmit the operating trequency of 105Gz and
was modulated to [KIlz producing a OV square wave supplyving a current of 60UmA.
The recerver made use of the Schottky Jow-level detector operating 1n the square aw
region, ‘The vollage outpul way read using the ICL 7107c¢hip (A2 converter) and
displaved on a LED sereen, This svsiem showed a clear correlation between atrenuated
villuges and Lthe percentuge of impurities in the sand sample, showing an accuracy of +
3%, "I'his method also indicated that change in relative hurmidity had insignificant aflects
on the measurcments taken. Thus all of the user requirements were mel. However,
fecdback indicated that this method did not provide consisient readings when measured.

Thiz wus o divect result of the reflections from Lthe interface between the air ta minerl



sample. In order o redoce the inconsisiehcy 10 Lhe measumements a long waveomde wis
required. 'T'his cnsured that the rellections from the second mineral (oo inlerface was
sulficiently atlenuated 1o have a neghgble cffect on the measurements. However, the
long waveguide resulted in an unacceptable larpe size of the instrument. Theretore o larpe

number of readings had to be taken and an average found.

A second method, resonant cavity porturbation technigue, wias consequently developed 1n
order W improve the consistency in readings and redoce the analyser's physical size. A
1,398 Gllz rectangalr wavegoide cavity operating m TR mode was chosen and G
systent was exciled wsing coupling loops. The resull obtained showed a great
inprovement 10 the consistency of the results recorded, The resomanl cavily i oalso
substantially smaller than the waveswide used in the attenuation system, This analyser
wis dlso able to caleulate the complex permitiraty of the vavious minerals in the samples

provided.

The experimental data obtained further indicated that il Bmenite wus present 10 goantities
greater Lhan 1.2%, then 11 would have significant effects on the readings taken since it 13
art extremely Jossy material, I was also found that any microwave svslem that muasured
the dielectric comstant as opposed Lo diclectric loss faclor would not work as there was

not much difference belween he dicleelnie constails of the minerals.

As g result of the lindings and conclosions of this reporl, the following recommendations

are mady:

F A major problem with the microwave atlenuation lechnigue arose from the
reflections al the air to mineral interface, This could be etiminaied using a swueep
oseillaton as opposed 1o a fixed oscillator and averaging the measuremenis over
the trequency rang.

Furtiher studics should be cweried out in order to understand the hygroscopc

v

nature of the sample and the relatonship of mbound moisture content and relative

humidity.

P



» A network analyser was used for the resonant cavity technique. It is
recommended that a much cheaper version of the network analyser for this system
in order to have a cost effective system. This system need be no more expensive
or complex than that used in the attenuation system.

» A suitable method of packing the sand sample should be investigated to achieve

greater consistency.
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Appendix i

Look-up table for Microwave Attenuation System

Voltage | Percentage Voltage | Percentage
0.79 | 32.18925831 119 4241943734
0.80 | 3244501279 1.20 42.67519182
0.81 32.70076726 1.21 42.93094629
0.82 | 32.95652174 1.22 43.18670077
0.83 | 33.21227621 1.23 43.44245524
0.84 | 33.46803069 1.24 43.69820972
0.85 | 33.72378517 1.25 43.95396419
0.86 | 33.97953964 1.26 44.20971867
0.87 | 34.23529412 1.27 44.46547315
0.88 | 34.49104859 1.28 44.72122762
0.89 | 34.74680307 1.29 44.97698210
0.90 | 35.00255754 1.30 45.23273657
0.91 35.25831202 1.31 45.48849105
0.92 | 35.51406650 1.32 45.74424552
0.93 | 35.76982097 1.33 46.00000000
0.94 | 36.02557545 1.34 46.25575448
0.95 | 36.28132992 1.35 46.51150895
0.96 | 36.53708440 1.36 46.76726343
0.97 | 36.79283887 1.37 47.02301790
0.98 | 37.04859335 1.38 47.27877238
0.99 | 37.30434783 1.39 47.53452685
1.00 | 37.56010230 1.40 47.79028133
1.01 37.81585678 1.41 48.04603581
1.02_ | 38.07161125 1.42 48.30179028
1.03 | 38.32736573 1.43 48.55754476
1.04 | 38.58312020 1.44 48.81329923
1.05 | 38.83887468 1.45 49.06905371
1.06 | 39.09462916 1.46 49.32480818
1.07 | 39.35038363 1.47 49.58056266
1.08 | 39.60613811 1.48 49.83631714
1.09 | 39.86189258 1.49 50.09207161
1.10 | 40.11764706 1.50 50.34782609
1.11 40.37340153 1.51 50.60358056
112 | 40.62915601 1.52 50.85933504
1.13 | 40.88491049 1.53 51.11508951
1.14 | 41.14066496 1.54 51.37084399
1.15 | 41.39641944 1.65 51.62659847
116 | 41.65217391 1.56 51.88235294
1.17 | 41.90792839 1.57 52.13810742
1.18 | 42.16368286 1.58 52.39386189
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Voltage Percentage
1.59 52.64961637
1.60 52.90537084
1.61 53.16112532
1.62 53.41687980
1.63 53.67263427
1.64 53.92838875
1.65 54.18414322
1.66 54.43989770
1.67 54.69565217
1.68 54.95140665
1.69 55.20716113
1.70 55.46291560
1.71 55.71867008
1.72 55.97442455
1.73 56.23017903
1.74 56.48593350
1.75 56.74168798
1.76 56.99744246
1.77 57.25319693
1.78 57.50895141
1.79 57.76470588
1.80 58.02046036
1.81 58.27621483
1.82 58.53196931
1.83 58.78772379
1.84 59.04347826
1.85 59.29923274
1.86 59.55498721
1.87 59.81074169
1.88 60.06649616
1.89 60.32225064
1.90 60.57800512
1.91 60.83375959
1.92 61.08951407
1.93 61.34526854
1.94 61.60102302
1.95 61.85677749
1.96 62.11253197
1.97 62.36828645
1.98 62.62404092
1.99 62.87979540
2.00 63.13554987
2.01 63.39130435

Voltage | Percentage
2.02 63.64705882
2.03 63.90281330
2.04 64.15856777
2.05 64.41432225
2.06 64.67007673
2.07 64.92583120
2.08 65.18158568
2.09 65.43734015
2.10 65.69309463
2.11 65.94884910
212 66.20460358
2.13 66.46035806
2.14 66.71611253
2.15 66.97186701
2.16 67.22762148
2.17 67.48337596
2.18 67.73913043
2.19 67.99488491
2.20 68.25063939
2.21 68.50639386
222 68.76214834
2.23 69.01790281
2.24 69.27365729
2.25 69.52941176
2.26 69.78516624
2.27 70.04092072
2.28 70.29667519
2.29 70.55242967
2.30 70.80818414
2.31 71.06393862
2.32 71.31969309
2.33 71.57544757
2.34 71.83120205
2.35 72.08695652
2.36 72.34271100
2.37 72.59846547
2.38 72.85421995
2.39 73.10997442
2.40 73.36572890
2.41 73.62148338
2.42 73.87723785
2.43 74.13299233
244 74.38874680
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Voltage | Percentage |
2.45 74.64450128
2.46 74.90025575
247 75.15601023
2.48 75.41176471
2.49 75.70627000
2.50 76.07615894
2.51 76.40728477
2.52 76.7384106
2.53 77.06953642
254 77.40066225
2.55 77.73178808
2.56 78.06291391
2.57 78.39403974
2.58 78.72516556
2.59 79.05629139
2.60 79.38741722
2.61 79.71854305
2.62 80.04966887
2.63 80.38079470
2.64 80.71192053
2.65 81.04304636
2.66 81.37417219
2.67 81.70529801
2.68 82.03642384
2.69 82.36754967
2.70 82.69867550
2.71 83.02980132
2.72 83.36092715
2.73 83.69205298
2.74 84.02317881
2.75 84.35430464
2.76 84.68543046
2.77 85.01655629
2.78 85.34768212
2.79 85.67880795
2.80 86.00993377
2.81 86.34105960
2.82 86.67218543
2.83 87.00331126
2.84 87.33443709
2.85 87.66556291
2.86 87.99668874
2.87 88.32781457

Voitage | Percentage
2.88 88.65894040
2.89 88.99006623
2.90 89.32119205
2.91 89.65231788
2.92 89.98344371
2.93 90.31456954
2.94 90.64569536
2.95 90.97682119
2.96 91.30794702
2.97 91.63907285
2.98 91.97019868
2.99 92.30132450
3.00 92.70105263
3.01 92.91157895
3.02 93.12210526
3.03 93.33263158
3.04 93.54315789
3.05 93.75368421
3.06 93.96421053
3.07 94.17473684
3.08 94.38526316
3.09 94.59578947
3.10 94.80631579
3.11 95.01684211
3.12 95.22736842
3.13 95.43789474
3.14 95.64842105
3.15 95.85894737
3.16 96.06947368
3.17 96.28000000
3.18 96.49052632
3.19 96.70068000
3.20 96.80074400
3.21 96.89970646
3.22 96.99719704
3.23 97.09321574
3.24 97.18776256
3.25 97.28083750
3.26 97.37244056
3.27 97.46257174
3.28 97.55123104
3.29 97.63841846
3.30 97.72413400
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Voitage | Percentage
3.31 97.80837766
3.32 97.89114944
3.33 97.97244934
3.34 98.05227736
3.35 98.13063350
3.36 98.20751776
3.37 98.28293014
3.38 98.35687064
3.39 98.42933926
3.40 98.50033600
3.41 98.56986086
3.42 98.63791384
3.43 98.70449494
3.44 98.76960416
3.45 98.83324150
3.46 98.89540696
3.47 98.95610054
3.48 99.01532224
3.49 99.07307206
3.50 99.12901500
3.51 99.14533589
3.52 99.16179456
3.53 99.17805101
3.54 99.19410524
3.55 99.20995725
3.56 99.22560704
3.57 99.24105461
3.58 99.25629996
3.59 99.27134309
3.60 99.28618400
3.61 99.30082269
3.62 99.31525916
3.63 99.32949341
3.64 99.34352544
3.65 99.35735525
3.66 99.37098284
3.67 99.38440821
3.68 99.39763136
3.69 99.41065229
3.70 99.42347100
3.71 99.43608749
3.72 99.44850176
3.73 99.46071381

Voltage | Percentage

3.74 89.47272364

3.75 99.48453125

3.78 99.48613664

3.77 99.50753981

3.78 99.51874076

3.79 99.52973949

3.80 99.54053600

3.81 £9.55113029

3.82 99.56152236

3.83 98.57171221

3.84 99.58169984

3.85 99.50148525

3.86 99.60106844

3.87 99.61044941

3.88 99.61962816

greater than 3.88V = 100 %
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Appendix ii

Data Collected from Resonant Cavity Test

DATA COLLECTED WITH THE 5.5MM DIAMETER INSERTION HOLE.

Q-Factor
Sample ID Test 1 Test 2 Test 3 Test avg. % Zircon
uct 1 1982.60 1982.75 1982.75 1982.70 97.30
mic 33 1982.63 1982.75 1982.63 1982.67 89.86
mic 35 1982.75 1982.63 1982.63 1982.67 89.04
mic 34 1981.63 1981.63 1981.62 1981.62 70.55
mic 38 1981.75 1980.75 1981.25 1981.25 69.86
mic 37 1980.63 1980.75 1980.50 1980.63 66.11
uct 3 1980.13 1980.75 1980.75 1980.54 64.99
mic (3 1980.63 1980.13 1980.63 1980.46 62.46
uct 4 1759.78 1759.67 1759.11 1759.52 58.38
mic 27 1759.00 1759.82 1759.44 1759.42 56.27
mic 06 1758.33 1757.44 1757.78 1757.85 47.88
mic 40 1757.89 1757.55 1757.44 1757.63 47.74
uct 5 1757.11 1755.60 1757.67 1756.79 44.90
Attenuation(att.)
Sample ID Test 1 Test 2 Test 3 Att. Avg % Zircon
uct 1 13.20 11.80 12.80 12.60 97.30
mic 33 13.60 12.20 13.30 13.03 89.86
mic 35 13.40 12.20 13.30 12.97 89.04
mic34 14.00 12.40 13.50 13.30 70.55
mic 38 13.40 12.70 13.70 13.27 69.86
mic 37 14.00 13.80 13.30 13.70 66.11
uct 3 14.40 12.10 13.90 13.47 64.99
mic 03 13.40 12.60 13.60 13.20 62.46
uctd 13.80 12.40 13.70 13.30 58.38
mic 27 13.80 12.80 14.00 13.53 56.27
mic 06 14.60 13.20 14.50 14.10 47.88
mic 40 14.60 13.80 14.50 14.30 47.74
uct 5 14.10 14.10 14.50 14.23 44.90
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Centre fequency(Fc) in GHz

Sample ID Test 1 Test 2 Test 3 Fc avg % Zircon

uct 1 1.59 1.59 1.59 1.59 97.30
mic 33 1.59 1.59 1.59 1.59 89.86
mic 35 1.59 1.59 1.59 1.59 89.04
mic34 1.59 1.59 1.59 1.59 70.55
mic 38 1.59 1.58 1.58 1.58 69.86
mic 37 1.58 1.58 1.58 1.58 66.11
uct 3 1.58 1.58 1.58 1.58 64.99
mic 03 1.58 1.58 1.58 1.58 62.46

uct4 1.58 1.58 1.58 1.58 58.38
mic 27 1.58 1.58 1.58 1.58 56.27
mic 06 1.58 1.58 1.58 1.58 47.88
mic 40 1.58 1.58 1.58 1.58 47.74

uct 5 1.58 1.58 1.58 1.58 44.90
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Q-factor
Q-
Sample Q1 Q2 Q3 factor | Zircon
uctl | 1605.00 | 1610.00 | 1615.00 | 1610.00 | 99.70
mic 33 | 1390.00 | 1390.00 | 1390.00 | 1390.00 | 89.86
mic 34 | 1300.00 | 1306.00 | 1295.00 | 1300.33 | 70.55
mic 37 { 1088.00 | 1090.00 | 1093.00 | 1090.33 | 66.11
mic 03 | 1160.00 | 117400 | 1167.00 | 1167.00 | 62.46
uctd4 | 1086.00 ) 1088.00 | 1087.00 | 1087.00 { 58.38
mic 27 | 1025.00 1 1030.50 | 1034.50 | 1030.00 | 56.27
mic 06 | 882.00 890.00 886.00 | 886.00 | 47.88
mic 40 | 810.00 810.00 810.00 | 810.00 | 47.74
ucts5 | 913.00 907.00 911.00 | 910.33 | 44.90
uct 6 | 855.00 852.00 852.00 | 853.00 | 37.20
uct7 | 790.00 792.00 788.00 | 790.00 | 27.16
uct8 | 706.00 712.00 713.00 | 710.33 | 20.70
uct? | 633.00 633.00 633.00 | 633.00 | 14.50
uct 10 | 577.00 578.00 576.00 | 577.00 | 2.70
Centre Frequency (fc) in
GHz
Sample | fcl fc2 fc3 Average | % Zircon
uct 1 1.52 1.52 1.53 1.52 97.30
mic 33 1.52 1.52 1.52 1.52 89.86
mic34 | 1.52 1.52 1.53 1.52 70.55
mic 37 1.51 1.51 1.52 1.52 66.11
mic 03 1.51 1.51 1.52 1.52 62.46
uct 4 1.51 1.51 1.51 1.51 58.38
mic 27 1.50 1.51 1.51 1.51 56.27
mic 06 | 1.50 1.50 1.50 1.50 47.88
mic40 | 1.51 1.51 1.51 1.51 47.74
uct 5 1.50 1.51 1.51 1.51 44.90
uct 6 1.50 1.51 1.50 1.50 37.20
uct 7 1.51 1.49 1.49 1.50 27.16
uct 8 1.48 1.49 1.48 1.49 20.70
uct 9 1.48 1.48 1.49 1.48 14.50
uct 10 1.47 1.47 1.48 1.47 2.70

DATA COLLECTED WITH THE 12mm DIAMETER INSERTION HOLE.
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ATTENUATION

(dB’s)
Sample ID Att-1 Att-2 Att-3 Attenuation | % Zircon
uct 1 20.00 20.00 25.00 21.67 97.30
mic 33 21.50 20.00 25.20 22.23 89.86
mic 34 21.55 20.20 25.00 22.25 70.55
mic 37 22.00 22.20 28.00 24.07 66.11
mic 03 22.00 21.55 28.00 23.85 62.46
uct 4 23.00 22.00 30.00 25.00 58.38
mic 27 22.96 24.20 30.00 25.72 56.27
mic 06 24.00 24.00 30.54 26.18 47.88
mic 40 24.50 24.00 31.00 26.50 47.74
uct 5 23.00 22.20 30.00 25.07 44.90
uct 6 24.50 24.00 32.00 26.83 37.20
uct 7 25.00 25.20 32.00 27.40 27.16
uct 8 26.50 25.20 33.00 28.23 20.70
uct 9 27.00 27.00 33.00 29.00 14.50
uct 10 29.00 28.00 34.00 30.33 2.70
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Appendix iii
Reference Table of Rigid Rectangular Waveguide Data [24]

inside dimensions,
in
TEy
British | American Cut- Power
R.C.S.C E.LA. off, Operating | Altenuation,dB/100 | rating,
type type Width Depth Gels | range, Gels fi kW
WG 1 WR 1800 | 18000 9-000 0327 | 0-41-0-61 0-0334 115,000
WG 2 WR 1500 | 15-000 7-500 0383 | 051-0:75 0-0438 85,000
WG 3 WR 1150 | 11-500 5750 | O-517 | 1-61-0-96 1-0614 45,000
WG 4 WH 975 9-750 4-875 0605 | 075-1-12 0-0807 33,000
WG 5 WHR 770 7700 3850 0-765 | 0-96-1-45 0120 21,500
WG 6 WR 650 6-500 3250 0-908 1-12-1-70 0154 14,800
WG 7 WR 510 5100 2-550 1-154 1-45-2-20 0222 9,300
WG 8 WR 430 4-300 2150 1-375 1-70-2-60 0-286 8,500
WGOA | WR340 3400 1-700 1737 | 2-20-3-30 0-450 4,200
WG 10 WR 284 2:840 1-340 2:080 | 2-60-3-95 0-555 2,800
WG11A | WR229 2-280 1-145 2:579 | 3-30-4-90 0-750 2,000
WG 12 WR 187 1-872 0-872 3155 | 3-95-5-85 1-047 1,200
WG 13 WR 159 1-580 0-795 3710 | 490-7:05 1-259 900
WG 14 WHR 137 1-372 0-622 4-285 5-85-8-20 1-700 620
WG 15 WR 112 1122 0497 5260 | 7-08-10-0 2-338 420
WG 16 WH 80 0-900 0-400 6-56 8-20-12-4 324 250
WG 17 WR 75 0-750 0-375 7-87 10-0-15-0 392 205
WG 18 WH 62 0-622 0-311 9-49 12-4-18-0 521 145
WG 19 WR 51 0-510 0-255 11-57 15-0-22-0 7-00 95
WG 20 WR 42 0:420 0170 14-08 18-0-26-5 10-9 52
WG 21 WR 34 0-340 0170 17-37 | 22:0-33:0 128 43
WG 22 WR 28 0-280 0-140 2110 | 26-5-40:0 17-3 28
WG 23 WH 22 {-224 0112 26-35 | 33-0-50:0 240 18
WG 24 WR 19 0-188 0-094 31-4 40-0-60-0 31-3 14
WG 25 WR 15 0-148 0-074 39-9 50-0-750 447 8
WG 26 WH 12 0-122 0-061 484 60-0-80-0 59-7 5
WG 27 WR 10 0100 0050 59-0 750-110 80-7 38
WG 28 0-0800 0-0400 738 90-0-140 113 2:3
WG 29 0-0650 00325 90-9 110-170 154.00 15
WG 30 0-0510 00255 | 1158 140.220 225.00 0-80
WG 31 0-0430 00215 | 1375 170-260 286.00 0-65
WG 32 0-0340 00170 | 1733 220-325 405.00 042
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Appendix iv

Instruction Manual for Microwave Attenuation System

PLEASE FOLLOW THESE INSTRUCTIONS

e Switch on machine

o Leave idle for one hour before use

o Fill funnel with sand sample

e Place finger over outlet of funnel

e Gradually fill waveguide until full

e Make sure sand is level with top of waveguide

e Slide waveguide in from left between two terminals

e Do not touch waveguide (This disturbs sand level)

s Tighten screws on bottom plate (anti clockwise direction)
¢ Tighten screws on top plate (same direction)

e Do not tighten screws too much (thread damage)

e Measurements to be taken are only for products in region of 70 to

100% pure Zircon
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Instruction Guide

The deviee is required o be switched on and to be left idle for al least an how before use,

Transmilter

Insert wary 2 guide here

- Receiver




Digital Display:

2 decimal point dimital chsplay.

Transmitier and Receiver

—* Transmitter

Eeceiver

Lhd



Waveguide

A copper wavegutde Lhal is to be tsed to contain the sand 18 1o be placed between the
transmitter and recerver shown above

Filling the waveauide:

1. Fill funnet with sclected sand sample isec belowl.
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2. Fill wavegurde until a bweap of satd torms at the mouth (see below).

A Hit waveewide om o Mat hard surfuce to allow the contents 1o sctile, (Note: do not
use a surlace that can absorb any impact, this will affect the contenis and the
final results).
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4, The tatal volume of the sand will decrease {see helow).

Add more off the sample Lo the waveguide while hitting the waveguide on the table
surface.
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5. When the waveauide is compacted enoush leave a heap of sand on the mouth,
{Discretion most be used when determining how compact the sand is.
Huowever, consistency must be maintained tor all sample readings. )

Using a ruler, clear Lhe excess sand Trom the mouth.
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6. Insert Lhe waveguide into the unit (Note: Insert the waveguide between Lthe
transimiller and the receiver from the left side, as indicated in the image below)

7. Lme the holes up carcfully withour disturbing the wavegnde, or the unit 1seil.
{(Nore: any violent imovement disturbing the wavegsuide will result in spurious
results),
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K. Insert the 4 mm oo the transmtler as shiosen below.

P

LM SIreNs
£

[nseirt 1he same size serews nie the receiver.

Fer

I

V> =

T

-m

{Note: The direction of the insertion of the serews 1s important. Any variation 11
this arrangement will result in spurious results).
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9. Tighten the scrows:

When nghiening the serews the sequence used 1o tighten the serews for the
transimitter musl be the same 48 the recorver. The screws of Lhe recel ver miust be
tighrenad first,

Top View

L ghten nuts i arn
/ anti-clockwise diraction

\ \. .,,r‘ /"J

|

End here Startrars

The diggram shown above is the top view of the transmitter and the recciver.

{Note. The last scrow to be tightened must be at the position in the diagram above
lubelled ~end here”, The screws should nol be lightencd too much 50 as to avoud
strippiog of fhe thread, )

H).  Reading the results:

The ourput of the system con be read off the digital display,
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11, Remarving the waveguide:

To see if the readings that were accurate. the waveguide must be removed
carctully, The level of the conents detevmines the accuracy of the reading,

12



Unee the wavegiide is secure and a stable resuft is obtained on the screen the reading
should be recorded.

Please note fhat readings should only be taken For prodocts within 70% to 1S
Fircon.
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