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ABSTRACT

On-line measurement of the moisture content of process
streams in a mineral processing plant is vital for their
efficient operation. Although many industrial moisture
meters are available, most of these were designed to
determine the moisture content of low density, fine grained,
uniformly surfaced and low resistance materials.
Consequently these meters operate poorly on mineral
treatment plants as the measured material, rock, is dense,

uneven and consists of mixtures of various minerals.

A literature survey revealed that of the many methods
available, only three techniques could be used for on-line
moisture determination in mineral processing operations.
These were microwave attenuation, phase and frequency

techniques.

Microwave transmission attenuation was attempted fi:st'due
to its simplicity. In this method a signal is passed through
the material and the resulting attenuation gives a measure
of the moisture content, as water is highly resistive to
microwaves. ‘Normally gamma rays are used in this technique,
for density compensation, but this is undesirable for safety
reasons. Thus an attenuation alone system was designed and
built. The operating frequency was chosen at 23GHz as this
is a particularly moisture sensitive frequency. Tests on
various materials revealed that 23GHz was indeed a very
strong moisture sensitive frequency, however, kimberlite

(a diamond ore) also attenuated the signal very strongly so
that the signal could not be detected. Thus this technique
was not taken further. However, for a low attenuating,
homogeneous material with low moisture content, this method

could be used with great success.
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The moisture in a material changes the phase of a coherent
signal which passes through the material because of the high
dielectric constant of water (€,=80). Thus phase methods
monitor the phase shift of a signal passing through the
measured material. This method was not considered viable
since this technique also requires a direct path through the
material. A reliable system could not be developed, however,
because of the high loss seen for the attenuation method. A
long development time and associated high costs of the
complex system excluded this method from further

consideration.

The high dielectric constant of water also effects the
frequency and qdality factor of a resonant structure;
frequency shift methods were therefore considered. Open
resonant structure devices were first designed as these
allow easy installation and do not interfere with the
processing plant operations. The devices tested were loop
antennae, resonant patch antennae, and a microstrip filter.
In addition, due to low quality factors and loading
problems, a partially closed structure, a hybrid loop-gap
resonator, was tested. Although the results of the loop-gap
resonator were more promising than for the open structures,
the field distribution was not strong or uniform enough to

provide sufficient sensitivity and reproducibility.

Finally an almost closed structure, in the form of a
rectangular waveguide resonant cavity, was developed.
Although very high moisture sensitivity was observed, the
structure itself was impractical for the application due to
the closed cavity. This meant that passing a large sample
through the cavity was impossible. Thus the cavity was
separated into two, with one half placed above the sample,
and the other below. The moisture sensitivity was 0.891%
frequencylshift for 1% moisture change, with a correlation
coefficient of 0.999. Although there were loading effects
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due to the kimberlite, these problemsAwould be ameliorated
using a full size structure, as the lower frequency would
provide greater penetration and sensitivity. However, since
this was a feasibility project, development was not taken
further.

Thus a viable on-line technique for the moisture
determination of kimberlite rocks has been discovered and
demonstrated.
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CHAPTER 1

BACKGROUND THEORY

1.1.

l1.2.

1.3.

INTRODUCTION

The moisture determination of bulk solids is required
in many industries including mining, food, timber and
paper. Diverse applications require a host of both
direct and indirect methods used in a wide range of
situations. The most common of these are outlined, with

their advantages and disadvantages.

TEMPERATURE DIFFERENCE

In this method the input and output gas temperatures in
a dryer or the temperature difference between the
drying gas and the material being dried are determined.
This method works similarly to the wet and dry bulb
hygrometer. The advantage of this technique is that it
is on-line, cheap, reliable and easy to maintain.
However, it has poor accuracy and in the latter case
contact is required for measuring the material
temperature. The system is not very good in dusty

environments [1].

RELATIVE HUMIDITY EQUILIBRIUM

This method assumes the relative humidity of a gas in a

chamber is in equilibrium with a solid, and is thus

correlated to the moisture content. This system is
cheap, on-line and easy to install. Its disadvantages

include temperature dependance, problems in dusty
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1.5'

environments and accuracy. The accuracy problem exists
since the gas does not have time to reach exact

equilibrium with the moist material [1].

THERMAL CONDUCTIVITY METHOD

Thermal conductivity increases with moisture content.
Two measuring methods exist for this technique. In the
first, a heat emitting source is buried in the
material. The thermal gradient through the material is
then monitored using thermo-couples. In the second
method the resistance of a heating element is monitored
as the temperature changes. Both these methods can not
estimate the moisture content either continuously or

automatically, thus not being on-line systems [2].

ELECTRICAL RESISTANCE METHOD

Resistivity decreases with moisture content due to the
conductivity of water. This method measures the free
moisture rather than the total moisture, where free
water is not bound to the host material. Total moisture
includes water that is absorbed in the fine structure
of the material, so reducing the freedom of rotation of
the water. This method is very dependent on the packing
density, static, temperature and most strongly on
electrolytes [2-5]. This is due to salts dissolved in
the water setting up conduction between the electrodes.
Unless all these factors are controlled, the accuracy
will be poor. Since probes are required, the system is
only on-line for fine grain products. A good contact
between the sample and probes also needs to be

maintained [4].
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1.7.

NUCLEAR MAGNETIC RESONANCE

Hydrogen atoms behave like small magnets, and when
placed in a suitable magnetic field, the magnets can be
displaced from their aligned positions by radio waves
at frequencies corresponding to the quantum of energy
required for the displacement. If the absorption at
these frequencies is measured, it can be used to
determine proton and hence water content. This is
obviously not useful for organic materials where the
hydrogen varies in the dry material [2]. However,
pulsed magnetic field techniques seem to overcome this

problem ([1].

The biggest problem is that the material must be in a
powerful magnetic field for measurement. In practice
the maximum possible gap to sustain this magnetic field
is 50mm, so the material is usually contained in a tube
or leveling is required. This also solves the problem
of bulk density control, that is essential for
accuracy. As this technique is flow raté dependent,
"on-line" applications often use stopped flow-

intermittent measurements.

NEUTRON MODERATION

Fast or energetic neutrons are selectively slowed by
certain atomic nuclei, usually hydrogen. So by
measuring the number of slow neutrons around a fast
neutron source, indicates the number of protons in the
measured sample. Using this, in association with bulk
density measurement, usually gamma rays, the moisture
content of many non-hydrogen containing materials can
be measured [1]. This technique is penetrating, so

giving the total moisture, and a large volume is
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sensed. However, it has poor limits of detection, needs
radio isotopes and is proton selective. This means the
measurement of organic materials which contain varying

hydrogen content is not really possible [3,6].

INFRA~RED REFLECTANCE

This technique is based on the characteristic
absorption bands of water at 1.94pum and 2.48um [2,3].
Its advantages are easy installation, insensitive to
bulk density as it is a reflection method, and wide
sensitivity. Its disadvantage .is that black (strongly
absorbing) and shiny (specular reflecting) materials
are difficult to examine. Since it is a reflection
method, the reading is dependent on the surface
moisture, so can only be used where the surface
moisture is representitive of the bulk of the sample
[1-5]. The dependence on particle size and distance
from the material to the instrument [3,7] means this
system should not be used for uneven conveyor
applications. Since only a small part of the stream is
sampled its accuracy is questionable for non-
homogeneous materials [3]. Dust should also be

eliminated from the systems windows [1].

CAPACITIVE METHOD

This method is based on the high permittivity of water,
compared with most dry materials. Hence measurement of
this parameter allows moisture to be determined in bulk
solids. The advantage of this system is that it is
simple, rugged with a wide range of electrode pairs,
suited for a particular case. Parallel plates or

fringing type sensors are commonly used. The latter
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suffers from having a non-uniform field, so materials
being measured should be homogeneous [2]. Capacitive"
systems are usually cheap and cover a wide sensitivity

range [1].

The disadvantages include, maintaining a stable contact
between the probe and the sample [4,7], sensitivity to
temperature, bulk denéity, particle size and material
thickness [1,2,8]. Some of the very high dielectric
constants measured at low frequencies are due to
electrode polarization and interfacial problems [9-12].
However, the greatest problem is due to salt
concentration as this forms an electrolytic solution,

so allowing conduction to take place [1-4].

MICROWAVE TECHNIQUES

The high permittivity of water extends to microwave
frequencies, so influencing the dielectric properties
of moist materials. An advantage is that at these
frequencies the effect due to electrolytes is much
smaller and almost disappears [4,5]. In addition, at
microwave frequencies water shows dielectric loss due
to dipole relaxation [3,13]. This allows the
measurement of either permittivity or dielectric loss

for moisture content determination.

Three methods can be used, namely resonators,

reflection or transmission measurements.

1 Moisture determination using transmission methods:
The most common method used is that of dielectric
loss determination, where the attenuation of the

signal through the transmitted layer is measured. The
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maximum dielectric loss for water within a practical
frequency range occurs at 23GHz, due to the electric
dipole moment of the molecule [3,14]. If the
absorption is too high, lower frequencies are used
for better penetration. This of course gives a lower
moisture sensitivity. Advantages are good
sensitivity, a reasonably wide range of
determination, low cost, and fairly easy development.
The disadvantage of this system is that the
attenuation is very dependent on the bulk density.
Thus all attenuation systems include a bulk density
compensation by gamma radiation [3,6,7,15,16], or a
second moisture dependent measurement, usually phase.
The excepfion being for low loss, uniform density and

uniform thickness samples [17].

The inclusion of phase is explained as follows. The
propagation velocity of an electro-magnetic wave is
influenced by the permittivity of the material it is
travelling in. Hence by measuring the phase
difference between a wave that has travelled through
the sample, and around the sample, the permittivity

can be measured [3].

Some attempts have been made to méasure moisture
using phase, with gamma radiation compensation for
bulk density [3,7,17,18]). However, the best results
have come from the attenuation and phase combination.
Since both measurements are dependent on density, a
quotient of the two provides a reasonably density

independent moisture measurement [3,5,16,17,19,20].

Although horn antennae are commonly used for on-line
transmission applications, these often deliver
inconsistent results. This is due to the sample being

measured the near field [21] and mismatch caused by
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varying layer thickness [7]. This can be eliminated
by sweeping the frequency [{3]. The usual off-line
method uses a wavegquide or coaxial transmission liné
filled with either a suitably machined or pulverized
sample [22-25]. The latter method, however, then

gives a solid/air measurement.

Moisture determination using resonant methods:
Resonators are ideal for measuring thin or small
samples, since this method follows from the
perturbation theory. The dielectric loss can be
measured by the change in quality factor, while the
change in frequency allows the calculation of the
permittivity. Details are given in [19,26-30]. This
method provides great accuracy, especially for very
high quality factor devices. However, it is very

narrowband for waveguide or resonant cavities [10].

Moisture determination using reflection methods:
Although dielectric losses can not be measured from
reflection measurement {3], permittivity is often
measured this way [10,25,29-33]. Since it is a
reflection measurement, it is suitable for bulky
materials, but only gives an indication of surface

moisture.

Open ended coaxial lines are commonly used. This
allows very broadband readings to be made.
Measurements are done with various terminations into
the sample [29], or the sample is machined or
pulverized to fit the sensor. In the latter case, as
with the transmission method, a solid/air measurement
is given. Even this can be overcome using a

powder/liquid technique where the liquid’s-dieleétric



constant is varied until it matches the powder
[32,337.

In many cases a combination of transmission and
reflection measurements are used to determine the

moisture content.

1.11 OTHER METHODS

Some materials change colour depending on their
moisture content, thus spectrum analysis of these

materials will be a function of their moisture content.

Noise emitted by conveyed or mixed powders is a
function of moisture content. Hence sonic and ultra-

sonic techniques have been used.



CHAPTER 2

INTRODUCTION

Mineral processing treatment operations are sensitive to
changes in feed moisture contents. In addition, the
knowledge of the moisture content in the rocks at many
points of the process route offers valuable information
about the efficiency of certain processes. Although many
industrial moisture meters are available, employing a wide
range of detection techniques, none have been developed
specifically for the diamond mining industry. In most cases
the meter is designed for a host material which is of low
density, fine grain, uniform surface level, and offers low
resistivity to microwave signals. In this case, however, the
problem is far more complicated since the host material
consists of a mixture of rock types. For example, at Premier
diamond mine the rock types include kimberlite, gabbro,
felsite and quartzite, with each having different
properties. The rocks vary greatly in size and packing
density on the conveyor belt, and the loading on the belt is
not even. A leveling process is not a viable option due to
the high speed and volume of the rocks. The rocks are highly
attenuative to microwave signals, with the attenuation
varying according to the rock type [(34,35]. Finally, the
moisture content of the rocks is at most 15% [36]. This is
distributed between surface and absorbed internal moisture,
the ratio between the two moisture types is dependent on the
rock type, since some rock types absorb more water than
others. Thus a moisture meter that would offer a resolution
of 1% for a range of 0-15% moisture content is required.
Since many moisture meters would be required around the
plant, the meter should be both cheap and versatile.
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As throughputs of 1000 tonnes per hour are common in many
plants, it is essential that the moisture measurement system
be on-line and non-intrusive. This eliminated many of the
techniques discussed in the previous chapter, including
temperature, humidity, and resistive methods. Nuclear
methods were not considered due to the hydrogen content
problems, as discussed before, as well as safety regqulations
in industrial environments. This also eliminated gamma ray
compensation for many moisture meters using microwave

techniques.

Infra-red moisture meters give unsatisfactory results with
kimberlite. This would probably be due to the dark
kimberlite, which is shiny when wet [1]. In addition, the
material thickness on the conveyer belt varies considerably,
which means that the distance between the rocks and the
meter changes. This leads to inaccurate results [3,7]. Since
only the surface moisture is measured, this would lead to

further errors as the kimberlite is highly adsorbent [36].

Investigating microwave techniques, the attenuation
transmission method was first attempted because of
simplicity. Since gamma ray compensation was undesirable for
safety reasons, and phase measurement would increase
development time and cost due to its inherent complexity, an
attenuation alone system was designed and built. Moisture
sensitivity at 23GHz was compared with measurements at 10GHz
and 35GHz. More tests were then carried out at 23GHz on
various materials, to establish viability of the system. The

results were analysed and conclusions drawn.

Both capacitive and microwave permittivity measuring
techniques were also investigated. Open structure devices
were first attempted as these allow easy installation and do
not interfere with the processing plant. The open structure

resonant devices tested were loop antennae, resonant patch
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antennae, and a microstrip filter. Due to low quality
factors and loading problems, a partially closed structure,
a hybrid loop-gap resonator, was tested. Finally various
rectangular waveguide resonant cavities, an almost closed

resonant structure, were tested.

All these methods were tested for their moisture sensitivity
and more extensive tests were then carried out on the most
promising devices. The results were then analysed and

conclusions drawn.
The scope of this thesis project was:

1. To conduct a literature survey to establish possible ways

of determining the moisture content of bulk solids.

2. To determine the best frequency at which attenuation and

phase shift readings could clearly show moisture content.

3. To build and test hardware at this frequency and compare
moisture sensitivity to similar systems working at
different frequencies.

N

4. To establish whether a moisture meter working at this

moisture sensitive frequency would be viable using the

attenuation alone technique.

5. To look at alternative methods of performing moisture
measurements using dielectric constant determination
techniques. Phase shift methods and frequency shift
techniques should be considered as discussed in section
1.10.2.

6. To make recommendations based on the findings.

11



CHAPTER 3

MICROWAVE ATTENUATION TECHNIQUE

3.1.

INTRODUCTION TO ATTENUATION TECHNIQUE

Since a cheap, simple, low maintenance moisture meter
was required, an attenuation alone design was
developed. This is in contrast to most attenuation type
industrial moisture meters, which have an additional
measurement, commonly phase or gamma rays, as discussed
in Chapter 1. The operating frequency of these meters
is usually between 1GHz and 10GHz.

In an attempt to overcome the bulk density problem
generally encountered, the operating frequency was
chosen to be at a moisture attenuation peak. Figure 3.1

shows a plot of water attenuation against frequency.
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Figure 3.1: Graph of water attenuation verses frequency
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The chosen operating frequency was 23GHz since this is
where a moisture attenuation peak occurs [3,14]. Using
this frequency as well as time averaging the résults,
it was hoped to overcome the usual bulk density and

surface unevenness problems.

3.2. DESIGN OF MICROWAVE TRANSMITTER AND RECEIVER

The design of the transmitter and receiver was reported
by Mercer [34] and Aldera [35].

3.2.1, Transmitter designi _
The transmitter power supply is modulated by a lkHz
oscillator followed by an adjustable attenuator. This
allows the output voltage to be altered so that a
variety of Gunn oscillators, requiring different bias
voltages, can be used after the current driving
stage. The block diagram of the transmitter is shown
in Figure 3.2 and the circuit diagrams of the power
supply and the transmitter are given in Figures 3.3
and 3.4 respectively.

tkHz
oscillator Adjustabie Puise Gunn

with 507%
duly cycle

attenuator driver : oscillator

15V-0V-15V
regulated

d.c. power

supply

Figure 3.2: Block diagram of transmitter circuit.
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Since no oscillators were avéilable for 23GHz, one
had to be developed. The Gunn diode was mounted in a
K-band wavequide section, especially designed to
allow D.C bias to be applied to the diode, while not
allowing the R.F to escape. The details are given in
Appendix A. The final design is shown in Figure 3.5.
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Figure 3.5: Final waveguide cavity design.

The oscillator frequency is determined by the
position of the diode from the short circuit side of
‘the waveguide cavity. The frequency was tuned by
varying this waveguide transmission line distance
using four ‘“spacers’. These are brass plates which
have slot dimensions identical to the waveguide
cavity. They must also be attached to the transmitter
cavity, hence the bolt hole positions are predefined.

The spacers are shown in Figure 3.6
: 23mm ;

2

-3~

4mI .

@ @ |

Figure 3.6: Spacer design.
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The thickness of these spacers are 1, 2, 4, 8mm so
that any waveguide transmission line distance may be
extended between 1 and 15mm. Finally a blank plate
was fabricated, which acts as a short circuit. This
allows the waveguideldistance between the diode and
the short circuit to be altered to give the correct
frequency.‘The results for the different spacer

distances are given in Table 3.7.

Table 3.7: Frequency and power outputs.

DISTANCE FREQUENCY |- POWER OUTPUT
( mm ) ( GHz ) (MW )
0 23.894 29.0
1 22.914 31.0
2 21.776 27.5

From the results shown in Table 3.7 the spacer chosen
was lmm. This makes the total distance between the

Gunn diode and the short circuit equal to 1l=12mm.

The reactive impedance of the short circuit length of

waveqguide = +jZ;TAN (2nl /-Xg) .

where )\g=)\/\/l—()\/2*a)2‘
= 16.48mm since =c / f
= ¢ / 23GHz
= 13.04mm
and a = 10.67mm

and where 2, is the waveguide characteristic
impedance given by 2) = 377 * ()\q /XN) * (b / a)
= 192.85Q as b = 4.32mm
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Hence the reactive impedance of the short circuit
length of waveguide = +3j%)TAN (2nl /‘Xg)
+j192.85*TAN (2n*12 / 16.48)
+31396

i

This inductive reactance resonates with the
capacitive reactance of the packaged Gunn diode at a

frequency of 23GHz.

Since the output power also peaked at the required
frequency, no alterations were made to the matching

posts.

3.2.2. Antenna design:
Antennae had to be designed for both the transmitter
and the receiver. Although high gain was desirable,
horn antennae could not be used because of the
nearfield inconsistency [21]. Thus slightly
undersquare open waveguide antennae were used. This
allows the antennae to be brought closer to each
other as the far field of 2D?/\is only about 2cm.
The antennae are well matched to the impedance of
free space as shown below:
Antenna impedance = 2, = 377 * (Ag /XN) * (b / a)

Thus for the dimensions and frequencies used here,
a = 10.67mm and b = 8.47mm, Zp = 377Q, which is the

impedance of free space.
Waveguide matching transformers are required, so that

the antennae are matched to the K-band rectangular

waveguide cavity. Figure 3.8 shows the final design.
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Figure 3.8: K-band waveguide matching transformer.

The waveguide antenna’s internal dimensions are given
by 10.67 * 8.47mm. The length of the antenna is not
electrically critical and so a length of 5cm was

chosen for convenience. The antenna design is shown

in Figure 3.9. ‘
l-vl
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Figure 3.9: A wavequide antenna.
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3.2.3.

Note that an isolator could be included between the
rectangular waveguide cavity and the antenna. This
prevents any possible impedance mismatch, due to a
sample, from interfering with the operation of the
Gunn oscillator. However, the performance of the
oscillator was satisfactory without the use of the

isolator.

Receiver design:

The receiver consists of a detector diode, mounted in
a waveguide cavity, followed by a low noise
amplifier. The detector diode was matched into the
waveguide cavity in much the same way as the Gunn
diode. The signal is then bandpass filtered to remove
the 1kHz fundamental, A.C amplified, rectified and
finally low pass filtered to produce a D.C level.
This D.C level is then displayed on an analogue
ammeter. The block diagram is given in Figure 3.10
and the circuit diagrams of the receiver and its

power supply are given in Figures 3.11 - 3.13.

The hardware was fabricated, assembled, tested and
finally mounted in boxes. The transmitter and
receiver were kept separate so they could be moved

around as required. The final product is shown in

Photograph 3.14.
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4. The l4cm felsite sample exhibited an unusually high
attenuation. This is not due to attenuation alone,
but also as a result of the surface reflections as
this sample’s sides were not completely parallel.
Further, the attenuation recorded was a function of

the rock orientation [37].

Due to the very high attenuation of the large rock
samples, and the inconsistent results obtained for the
wood and brick samples these were not used for the wet
test. Thus wet measurements were only performed on the
2cm rock samples and paper. The results are given in
Table 3.17.

Table 3.17: Wet samples attenuation readings.

SAMPLE 10GHz 23GHz 35GHz
K 1 15.3 *
K 2 17.4 *
GO 4.1 3.0 7.0
G 1 5.4 3.0 4.7
G 2 5.3 5.4 7.6
G 3 4.9 4.1 6.7
Paper with 8.7 33.9 17.6
25% water

* means that the output was too small to be recorded.

The results above do not show that 23GHz is a good
working frequency. This is because the kimberlite
attenuation was too large to be measured for two of the
cases. The 10GHz readings increased by 4dB showing that

the kimberlite absorbs quite a lot of water.
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5.2.2. Loop antennae:
A loop has the ideal structure for a conveyor
application since the belt can pass through it very

easily, as shown in Figure 5.1.

To the
network T

Figure 5.1: Loop antenna construction.

A loop antenna was made and tested on the network

analyser but there were two main problems.

Firstly, quite a lot of the field radiated outwards,
and so the readings were dependent on the surrounding
environment. This could be overcome by using

reflectors to redirect the field towards the centre.

Secondly, the quality factor of the loop was very
low, with a bandwidth of 80MHz in the 400MHz region
(Q=5). This was increased by using a stub tuner to
improve the match between the network analyser and
the antenna. However, even with this improvement, the
frequency shift for a cup of water was only about 1%.
This shift would be too small for good resolution

readings.
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5.2.3'

The field within the loop was also very non linear,
thus the frequency shift was highly dependent on the

position of the sample in the loop.

Resonant patch antennae:

Resonant patch antennae have a much higher quality
factor than loop antennae and are also more directed,
thus they were tested next. A resonant patch antenna
consists of two radiating slots separated by a A\/2
low impedance microstrip transmission line. The
radiation from the two slots adds in phase at a
frequency determined by the A/2 section. A resonant

patch antenna is shown in Figure 5.2.

etched copper strip
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Figure 5.2: A resonant patch antenna.

The possibility of using this antenna as a moisture
meter exists since the resonant frequency of the
antenna is also determined by the coupling of the
field to the environment. The frequency shift will
depend on the dielectric constant of the material,
thus a large shift is anticipated for water. For the

final industrial moisture meter, the antenna would be
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arranged above or below the conveyor belt so that the
field would couple with the conveyed material, as

shown in Figure 5.3.

E-field coupling

to conveyor belt

Figure 5.3: Resonant patch antenna configuration.

The concept was tested on the network analyser, using
a 9GHz resonant patch antenna. The equipment was set

up with the antenna connected to a circulator so that
the input and output are separated. This is shown in

Figure 5.4.

circulator

in —’ O RPN

out

Figure 5.4: Usual arrangement for resonant patch.

41









5.2.4.

Most of the microstrip field is concentrated between
the copper conductor and the ground plane. Ideally
one would like to run the conveyor belt through this
high concentration field. However, the distance
between the ground plane and the conductor is small
and filled with a high dielectric substrate. This is
because the E-field in the conductor and ground plane
must be in phase for the microstrip to behave as a
transmission line. This distance is thus restricted
to be less than one tenth of the wavelength. So for a
system to be developed where the conveyor belt is to
run through the high field concentration, the
frequency must be reduced. This increases the
wavelength, so allowing the sample to pass between
the conductor and the ground plane. Thus low

frequency microstrip was tested next.

Low frequency microstrip:

For normal microstrip the distance between the ground
plane and the conductor is quite small, as explained
in Section 5.2.3. Most of the field is concentrated
between the two planes but there are also some stray
field effects. As the frequency reduces, the height
of the dielectric can be increased. The idea for the
low frequency microstrip design is to reduce the
frequency to a point where the conveyor belt can run
between the conductor and the ground plane. This
means that the material will pass through the main E-
field instead of the fringe field, as in the resonant
patch case. Thus this method can almost be regarded

as a capacitive technique.
Since the maximum height of the conductor above the
ground plane is 3mm at 10GHz, using the one tenth

wavelength rule, for a conveyor belt of 30cm, the
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frequency should be 100MHz. However, the principle
had to be tested at a higher frequency due to the

size constraint for the prototype design.

As a high quality factor structure was required for
accurate measurements, a filter design was
considered. This is because multi-element filters can
be designed to provide high quality factors and good
bandwidths. Either a band-pass or band-stop filter
could be used. The latter was chosen since a band-
stop filter has a higher quality factor. For this
design radical mismatching is required between the
elements. This is done by using alternate high and
low impedance quarter wavelength sections, as the
referred impedance for a quarter wavelength section

is given by 2;% / Z, as shown in Figure 5.7.

Zeo

Figure 5.7: Quarter wavelength impedance
transformation.

The complete design of the filter is given in

Appendix B, and the final arrangement is shown in
Photograph 5.8.
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5.2.5. Conclusions for open resonant structures:

In view of the results of the devices tested, the

following conclusions can be drawn.

Although a loop antenna has the ideal structure
for conveyor applications, its low quality factor
and non-directivity meant that it was insensitive
to moisture, easily loaded and affected by the
surrounding environment.

Resonant patch antennae have a better quality
factor and directivity, but the sample passes
through the fringe field of the microstrip device.
Thus it is easily loaded, highly position

dependent, and not very moisture sensitive.

Finally, using a low frequency microstrip filter
design, the sample was passed through the main E-
field of the device. However, this device was
still too moisture insensitive due to the low

quality factor.

Open structures are not generally moisture
sensitive and are easily loaded. This is due to
their low field concentration and low quality

factors.
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5.3. LOOP-GAP RESONATORS

5.3.1. Introduction to loop-gap resonators:
The biggest problem that has been encountered with
all the previous methods has been low field
concentration and/or low quality factor. This is
mainly due to the open structure of these devices. In
an attempt to solve these problems, a partially
closed device known as a loop-gap resonator (LGR) was
tested. A LGR is a resonant structure with a field
distribution that is intermediate-between lumped and

distributed [42]. Figure 5.11 shows the device.
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Figure 5.11: The LGR and cross-section view.

The question now arises; how could this device be
used as a moisture meter? In simple terms, the LGR
may be regarded as a LC parallel tuned circuit, with
the capacitor being the parallel gap. The LGR
frequency can be tuned by altering the dielectric in
the gap. In the case of a moisture meter, the high
dielectric constant of water would hopefully generate
sufficient change in frequency to determine the

moisture content of the host material.
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5.3.2. Development procedure of LGR:

Since the characteristics of the LGR were not known,
a few were designed and built to allow a better
understanding of them. Design equations for the
frequency and quality factor of the LGR were fairly
complicated and a closed set of equations do not
exist [42]. Thus an iterative program was written to
determine optimum design dimensions. These dimensions

are given in Table 5.12.

Table 5.12: Design dimensions of first phase LGR.

Res.No. Rg R W t yA
A 10.0mm 19.0mm 9.0mm 2mm 20m -
B 15.0 17.5 2.5 3 40
C 21.0 21.5 0.5 4 40

As can be seen from Table 5.12, these devices are
very small compared to the conveyor belt. It is also
obvious that if the conveyor belt were to pass
through the gap, then the LGR would be several meters
in dimension. However, it was hoped that by passing
the conveyor through the centre of the resonator the
fringing field from the gap would penetrate the
measured material strongly enough to allow readings
to be made. Thus initial work was to determine the
dimensions of the LGR which had the strongest E-field
near the gap. Photograph 5.13 shows the three
resonators.
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Photograph 5.13: First phase loop-gap resonators.

The LGR can be coupled to external circuits using
either an inductive loop coupling, or a monopole
probe for capacitive coupling, or a microstrip line
for magnetic coupling. Since the characteristics of
the LGR were not known, the microstrip method was
used for initial testing, as this is the easiest

coupling method. This is shown in Figure 5.14.
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Figure 5.14: Coupling of a LGR to microstrip line
a) schematic view b) electromagnetic
field configuration.

Three different microstrip boards were used. They
varied in their dielectric substrate thickness,
0.254mm, 0.813mm, and 1.575mm, so giving line width
variations. The board with the thinnest substrate,
0.254mm, gives a line width of 0.76émm, while the
widest line is 4.79mm. The resonators were tested by
connecting the 50Q microstrip boards to the HP 8410C
Network Analyser. The frequency is swept using a HP
8350B Frequency Sweeper. The transmission loss, Sjpj,
was observed for various LGR positions on the boards.
Although a shield is normally used with the LGR, to
increase the quality factor and reduce environmental
effects, tests were done without one. This is because
the ultimate moisture meter would not be able to use
a shield, due to practical size constraints. The

results are given in Table 5.15.
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Table 5.15: Frequency and coupling results for
initial loop-gap resonators.

0.254 0.813 1.575
Resonator (GHz / dBs) (GHz / dBs)
A * 1.195-1.251 1.362-1.894

* 20 40

B * 1.092-1.158 0.680

* 15 15

C * 0.815-0.837 1.410

* 7 5

* No distinguishable, consistent resonance.

In view of the results, the following points should

be made.

For the 0.254mm board, none of the LGR appear to
resonate. This is because there is only very small
coupling into the resonators. Thus the energy
transferred to the LGRs is not large enough to

allow them to resonate properly.

In contrast to point 1, the best results were
observed for the wide line, 1.575mm, board.
Obviously in this case there is enough coupling to

allow the LGRs to resonate.

The frequency variation is due to the different
positions of the LGR on the board.
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4. The strongest coupling was seen for resonator A.
This was expected since it has the greatest

capacitive area.

The best results were observed for Resonator A, as
noted in point 4. Since the LGR would be scaled up
almost 100 times for the full size model, such a
design would be completely impractical due to size,
mass, and cost. Thus two hybrid resonators were
designed having the same basic dimensions as
Resonator A. Hybrid 1 was a hollow version of the
original, while Hybrid 2 consisted of the inner
cylinder and the parallel gap. These are shown in

Photograph 5.16 with the original Resonator A.

Photograph 5.16: Resonator A with the two hybrids.

These were tested in the same way as before. The

results are given in Table 5.17.
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Table 5.17: Frequency and coupling results for
Resonator A and the two hybrids.

0.254 0.813 1.575
Resonator (GHz/dBs) (GHz/dBs) (GHz/dBs)
Original * 1.195-1.251 1.362-1.894
* 20 40
Hybrid 1 2.76 1.092-1.158 1.133-1.206
1%27 2.70052.740 1.51451.580
6 20 15
Hybrid 2 1.33 1.26 1.208-1.275
7 16 18

* No distinguishable, consistent resonance.

From Table 5.17 it can be seen that although the
original resonator performs the best of the three,
the hybrid designs perform better than Resonators B
and C. It is interesting to note that Hybrid 1
resonates at two frequencies. This is due to the
coupling into both cylindrical sections of this

resonator.

Although microstrip was useful for preliminary
testing, it is obviously impractical for the final
product. Thus inductive and capacitive techniques
were tested. Various capacitive probes were used, but
results were not very promising as the probe
positioning was extremely critical. This would be
useless for the final product, which must withstand a

harsh environment.
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Inductive coupling gave more promising results. The
loops radii, wire thickness, as well as the number
of turns were varied to optimize the coupling. This
technique also proved less sensitive to positioning.
The coupling to the LGR was as strong as for the

microstrip case.

Having determined that the hybrid LGR was a viable
structure for practical implementation, it had to be
tested for moisture sensitivity. The LGRs being used
were too small for such tests, so a larger one was
made. The Hybrid 2 design was used as this was the
most viable structure. For this design the diameter
of the "loop" was 9.0cm, while the parallel "legs"
were 7.5cm. Optimum coupling was obtained inductively
with two double loop couplers placed about lcm from

either end of the resonator, as shown in Figure 5.18.

inductive W

coupling loop

Figure 5.18: Intermediate LGR inductively coupled.

This LGR was first tested for moisture sensitivity.
The resonator was held in a vertical position and a
400ml glass beaker was placed inside the resonator.

Water was then added to the beaker in a controlled
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manner. The change in frequency 1is measured to give
an indication of the water sensitivity. The shift is
expressed as a percentage change from the empty
resonator frequency. Two frequencies were tested to
compare the sensitivity. The frequency was altered by
changing the width of the gap. The results are given
in Table 5.19 and then plotted in Figure 5.20.

Table 5.19: Water sensitivity results for
intermediate LGR at two frequencies.

Empty . 150.25 MHz 172.85 MHz
S0ml 2.3% 1.7%
100 4.5 3.4

150 6.5 5.1

200 8.3 6.6

250 9.7 8.0

300 11.0 9.4

350 12.1 10.6

400 12.8 11.4
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Figure 5.20: Plot of frequency shift against volume
of water for intermediate LGR, at two
frequencies.

As can be seen from Figure 5.20, the sensitivity is
greater at the lower frequency. This is because the
150MHz case had a narrower gap than the 173MHz case,
which allows a stronger E-field around the gap of the
LGR. This is also enhanced because greater dielectric
sensitivity is shown at lower frequencies as reported

by Parkhomenko [37] and Nelson [40].

Although these initial results proved encouraging,
they were not a true reflection of a realistic
system. This is because the water was very close to
the gap, which is the most sensitive area of the
resonator. In fact, frequency shifts varied by an
order of magnitude depending on the position of the
sample in the resonator. At first it was thought that
this could be used to the systems advantage, as this

would make it less sensitive to height variation of
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the material. Since the conveyor belt would be held
in a fairly constant position in the final
application, final tests were done as follows. A
polystyrene board (€,=1) was placed in the resonator
to separate the sample being measured from the gap.
The samples were then placed in a polystyrene
container and measurements taken. The configuration

is shown in Figure 5.21.

sample

polystyrene "boat"
polystyrene board

Figure 5.21: Test configuration for intermediate LGR.

The system sensitivity was tested for three cases.
The first was for water alone, then for kimberlite
gravel alone, and finally for a combination of water
and gravel. In all cases an attempt was made to keep
the sizes of the samples proportional to the final
application specifications. The results are given in
Table 5.22.
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Table 5.22: Frequency shift measurements using
intermediate LGR.

Water alone Kimberlite Mixture

ml % g % T % %
2.5 0.02 20 0.08 1.14 0.65 0.05
10 0.04 100 0.32 4.41 0.93 0.33
20 0.06 200 0.53 8.44 1.13 0.53
60 1.04 217 0.55 21.66 1.46 0.87

Notice that two sets of frequency shift data are
given for the mixture case. The first set is the
total percentage frequency shift, thus including the
shift for both the water and the gravel. The second
set is the shift due to the water alone. This means
that the reference frequency is that of the resonator
loaded with the gravel.

From the results in Table 5.22, it is seen that the
responses are not very uniform, particularly for the
water alone. However, once the cavity is loaded
slightly the response becomes more linear, as seen
for the mixture measurements. This is due to the
uneven field distribution at the gap. Most
importantly though, is the frequency shifts are very
small showing that the field is confined very close

to the gap.

To complete the investigation into LGRs, a full scale
model was built. The dimensions of this resonator,
diameter of 0.7m and parallel plates of 0.7m, allow a
conveyor belt to pass through the centre quite

easily. The resonator is shown in Photograph 5.23.
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Table 5.24: Frequency shifts for various samples in
full scale LGR, for different gap widths.

Width |Frequency| Q Water |Kimberlite Conveyor
cm MHz % % %
1.0 12.065 67 0.58 0.00 0.37
1.5 13.610 53 0.73 0.07 0.29
2.0 15.920 51 0.97 0.22 0.66
2.5 17.225 45 1.22 0.44 0.70
3.0 18.115 35 0.97 0.36 0.06
3.5 18.455 29 0.60 0.30 0.49
4.0 18.560 27 0.32 0.13 0.11
4.5 18.635 27 0.13 0.00 0.11
1.4 T
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Figure 5.25: Plot of percentage frequency shifts for
various samples in full scale LGR.
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5.4.2. Development of resonant cavities:
For the application of measuring the moisture content
of rocks, the conveyor belt is 1.5m wide with a
maximum loading height of 0.5m. In order to pass the
conveyor belt loaded with kimberlite rocks through
the waveguide cavity, a 100MHz TEy; mode cavity would
be required. For convenience a five times scaled
model, at a frequency of 500MHz, was designed and
constructed. To maintain proportion, the effective
conveyor slot cut in the resonant cavity had to be
reduced five times to 30cm wide and 10cm high. The
microwaves are launched using H-field coupling loops,
while the rocks move in and out of the cavity through
slots cut in the sides in non-radiating positions.

The configuration is shown in Figure 5.26.
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network analyser

H-field coupling
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Figure 5.26: Rectangular wavequide resonant cavity
confiquration.

In an ideal closed cavity the field distribution is
known and is shown in Figure 5.27. However, the
presence of a slot, to enable the conveyor belt
loaded with kimberlite to pass through the cavity,
will distort the field even if the slot is in a non-

radiating plane.
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Figure 5.27: Field pattern in a resonant cavity.

Three slot orientations were tested, all in non-
radiating planes. Figure 5.28 shows these three

cavities.
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Figure 5.28: The three resonant cavities.

All three cavities were then tested using identical
test samples consisting of water, kimberlite gravel,
and then a gravel/water mixture. The results are
given in Tables 5.29, 5.31 and 5.33 and plotted in
Figures 5.30, 5.32 and 5.34.
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Table 5.29 and Figure 5.30: Percent frequency shift

for water for cavities A-C.

Water Cavity A Cavity B Cavity C
(MHz ) 513.0 515.7 492.75
(Q) 190 147 177
(dBm) -12.0 -14.0 -12.6
2.5ml 0.292% 0.252% 0.406%
5.0 0.585 0.634 0.873
7.5 1.053 1.202 1.086
10 1.384 1.532 1.542
15 2.125 2.308 2.182
20 3.060 3.122 3.064
30 4.600 4.673 4.698
40 5.965 6.069 6.494
50 7.154 7.466 7.935
100 12.787 12.786 12.532
(Q) 30 28 100
(dBm) -20.0 -21.0 -17.8
14 T
F o yphd — CAVITY A /i
r ~— caITY B /
9 10H =¥ CAVITY C
u
e
n
o 8
Y
s 6
i
H 4
t
% 2
0
0 20 AQ 80 80 100
Water (ml)
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Table 5.31 and Figure 5.32: Percent frequency shift
for kimberlite gravel for cavities A-C.

Gravel Cavity A Cavity B Cavity C
(MHz) 513.0 515.7 493.0
(Q) 190 147 160
(dBm) -12.0 -14.0 -12.2

20qg 0.097% 0.097% 0.182%
50 0.234 0.272 0.335
100 0.487 0.582 0.609
150 0.760 0.912 0.913
200 1.033 1.222 1.146
250 1.267 1.494 1.602
300 1.520 1.804 1.765
350 1.754 2.056 2.059
400 1.969 2.328 2.343
450 2.242 2.638 2.718
500 2.495 2.890 3.100
550 2.749 3.220 3.628
(Q) 82 62 55
(dBm) -19.0 -22.0 -20.7
4
—— CAVITY A *
—— CAvVITY B /
3 % caviTy C
2
1 :
0
0 100 200 300 400 800

Kimbertite gravel (g)
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Table 5.33 and Figure 5.34: Percent frequency shift

for kimberlite and water mixture for cavities A-C.

Moisture Cavity A Cavity B Cavity C
(MHz) 497.9 498.05 474.8
(Q) 82 63 55
(dBm) -19.9 -21.7 -23.0
0.452% 0.190% 0.151% 0.190%
0.901 0.341 0.331 0.390
1.345 0.603 0.622 0.590
1.786 0.934 0.873 0.864
2.655 1.557 1.426 1.495
3.509 2.119 2.108 2.045
5.172 3.585 3.413 3.444
6.780 4.559 4.467 4.844
8.333 5.593 5.662 6.203
15.385 10.118 10.742 11.384
(Q) 29 20 29
(dBm) -31.2 -33.3 -30.2
12 T T
—— CAVITY A J/;
101 —4 caniTy B //7
—% CAVITY C 1//¢§§§§j
8 //’
e /%
4 //4ﬁ;$
Z_M/
0
0 2 4 e 8 10 12 14

Molsture Content (%)
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Note that the percentage shifts for Table 5.33 are
given relative to the cavity frequency loaded with
gravel. Thus the shifts shown are for the moisture

alone, not the water and gravel.

From the results in Tables 5.29, 5.31 and 5.33 and
Figures 5.30, 5.32 and 5.34 it can be seen that
Cavity C seems to offer the greatest sensitivity for
all three cases, while being loaded least easily.
This is because the slot in this cavity is furthest
from the center of the cavity, where the E-field
concentration is a maximum, so causing the least
distortion. Cavity A suffers from high attenuation as
the slot orientation is in the same direction as the
E-field maximum. This means that the attenuation is
constant and high along the whole length of the slot.
Since the sample size was small, only occupying one
third the area of the slot, this is not clearly seen
from the results. Cavity B has the maximum
attenuation at the centre and then decreases
outwards. Again due to the size of the sample holder
this effect was not exaggerated. The most important
point to note is the high frequency shifts that were
recorded for these cavities. Compared to the 1% to 2%
frequency shifts that were seen for the previous open
structure devices, now there was over 10% shift for
15% moisture content. Best fit curves of moisture
content verses frequency shift show a slope
sensitivity range from 0.680, for the worst case
(Cavity A), to 0.768 for Cavity C. What is also
striking about the results is the high linearity,
with all three cavities having a correlation
coefficients of above 0.999. Thus the results for the
rectangular wavequide resonant cavities show beyond

doubt that they are the most promising devices.
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Since the cavity being used only had two slots in it,
a full size design would be undesirably large. This
is because the conveyor belt runs through the
narrowest side of the resonant cavity. Ideally the
cavity should be separated into two sections thus
enabling a smaller cavity to be used with one half
placed above the belt and the other below. However,
this would have the disadvantage of radiation leakage
occurring through the gap between the two halves of
the cavity. This will result in a distortion of the
field distribution and a reduction in the quality
factor will inevitably result. A sketch of the form
of the E-field pattern is shown in Figure 5.35. The
H-field is not shown as only the E-field couples to

the rocks, as they are dielectrics.

.

distorted E-field
undistorted E-field

PYLLLILTN

N

Figure 5.35: E-field distortion due to extra gap.
Experiments were performed to try and establish

whether sufficient accuracy of moisture measurement

could be achieved if the gap was small.
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Noting the above points, Cavity C was then altered as
follows. Two extra slots were cut into it, also in
the same horizontal plane but this time in the
opposite walls to the existing slots. This almost
splits the cavity into two but the corner strips were
left intact to maintain the structure. This "multi-

gapped" cavity is shown in Figure 5.36.

Figure 5.36: "Multi-gapped" resonant cavity.

This cavity was also tested using the water, gravel,
and water/gravel mixture samples. The extra-gap width
was adjusted for four different cases of 1, 2, 5 and
10cm. The results are given in Tables 5.37, 5.39 and
5.41 and are plotted in Figures 5.38, 5.40 and 5.42.
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Table 5.37 and Figure 5.38:
for water for the multi-gap cavity.

Percent frequency shift

73

No gap lcm 2cm 5cm 10cm
(MHz) | 492.75 500. 3 500.0 500.8 505.2
(Q) 177 80 65 60 108
(dBm) -12.6 -19.2 -19.8 -20.4 -13.8
2.5ml 0.406% 0.540% 0.380% 0.479% 0.475%
5.0 0.873 0.770 0.540 0.699 0.851
7.5 1.086 0.999 1.009 1.258 1.188
10 1.542 1.559 1.549 1.717 1.504
15 2.182 2.414 2.324 2.661 2.351
20 3.064 3.283 3.193 3.395 2.959
30 4.698 4.917 4.797 4,932 4.315
40 6.494 6.606 6.706 6.799 6.027
50 7.935 8.125 8.245 8.307 7.443
100 12.532 12.787 12.952 12.839 11.594
(Q) 100 48 48 80 51
(dBm) -17.8 -24.5 -23.8 -23.3 -23.3
14 I
- CavITY C
F 12 H
; -8 cAvITY Ci 4//////5
q 4ol ¢ caiTy C2
o ~0— CAVITY C6
2 gl —& cavity cio
b4
8 8
"
{ 4
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Table 5.39 and Figure 5.40: Percent frequency shift
for kimberlite gravel for the multi-gap cavity.

Kimberlite gravel (g)
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No gap lcm 2cm 5¢cm 10cm
(MHz) 493.0 500.1 500.3 500.0 505.3
(Q) 160 74 54 57 144
(dBm) -12.2 -18.3 -20.7 -21.7 -16.7
20qg 0.182% 0.140% 0.139% 0.159% 0.138%
50 0.335 0.330 0.290 0.350 0.317
100 0.609 0.570 0.610 0.630 0.633
150 0.913 0.880 0.849 0.940 0.970
200 1.146 1.210 1.149 1.180 1.168
250 1.602 1.510 1.499 1.180 1.168
300 1.765 1.740 1.709 1.800 1.672
350 2.059 2.140 2.089 2.110 1.989
400 2.343 2.380 2.409 2.420 2.296
450 2.718 2.699 2.718 2.760 2.513
500 3.100 3.215 3.154 3.098 2.906
550 3.628 3.520 3.695 3.758 3.306
(Q) 55 39 34 36 56
(dBm) -21.7 -24.5 -26.3 ~25.2 -21.9
4 I
=¥~ CAVITY C
l: - CAVITY O1 /
e 9[] = caviTy c2
8 —&— CAVITY C6
g —A— CAVITY C10
c 2
y
8
h
] 1
f
t
0
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Table 5.41 & Figure 5.42: Percent frequency shift
for kimberlite and water mixture for multi-gap cavity.

No gap lcm 2cm 5cm 10cm
(MHz) 474 .8 481.95 481.85 481.3 488.55
(Q) 55 39 36 38 53
(dBm) -23.0 -25.8 -26.8 -25.7 -22.8
0.452% 0.190% 0.197% 0.166% 0.073% 0.215%
0.901 0.390 0.415 0.291 0.353 0.399
1.345 0.590 0.716 0.664 0.665 0.686
1.786 0.864 1.006 0.882 0.945 0.931
2.655 1.495 1.494 1.557 1.538 1.545
3.509 2.053 2.075 2.148 2.150 2.231
5.172 3.444 3.351 3.393 3.449 3.132
6.780 4.844 4.959 4.939 4.914 4.391
8.333 6.203 6.121 6.112 6.160 5.250
15.385 11.384 11.744 11.809 11.344 10.695
(Q) 29 22 21 28 19
(dBm) -30.2 -33.1 ~33.6 -30.2 -34.0
=K~ CAVITY C
F 1211 = CAVITY Ct
r ~ o1
e | = CaviTY C2
10 L~
Jd —— CAVITY C5
e -4~ CAVITY C10
n Br /
o ~
Y 8
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h )
| 4
f
t 2
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moisture sensitivity ranged from 0.700 for the
10cm case to 0.791 for the 2cm gap. Again all five
cases showed exceptional linearity with the
minimum correlation coefficient of 0.9988 for the
10cm case. Thus the concept of separating the
cavities is very promising, particularly if the
gap is kept small.

The split cavity concept was then taken one step
further by separating the two halves completely. The
sections were then held apart by wooden struts, which
are electrically insulating. The cavity was then
tested for separation gaps of 1, 1.5 and 2cm. The
results afe given in Tables 5.43, 5.45 and 5.47 and
plotted in Figures 5.44, 5.46 and 5.48.
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Table 5.43 and Figure 5.44: Percent frequency shift
for water for the split cavity.

No gap 1.0cm 1.5cm 2.0cm
(MHz) 492.75 523.7 519.1 514.1
(Q) 177 83 82 71
(dBm) -12.6 -17.0 -17.2 -17.3
2.5ml 0.406% 0.191% 0.270% 0.331%
5.0 0.873 0.458 0.694 0.759
7.5 1.086 0.821 1.060 1.011
10.0 1.542 1.298 1.560 1.420
15.0 2.182 2.654 2.716 2.237
20.0 3.064 3.704 3.699 3.404
30.0 4.698 5.748 5.317 5.524
40.0 6.494 7.180 7.263 7.139
50.0 7.935 8.803 8.804 8.559
100.0 12.532 15.116 15.026 14.486
(Q) 100 59 54 51
(dBm) -17.8 -23.6 -24.1 -24.3
" : k
—— CAVITY C A
14
—— QAP 1.00m l/,/’;;r >
12 —% QAP 1.50m //
10k -8 QAP 2.00m ,//
~ A
8
8 //
4
2
0
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Water (mi)
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Table 5.45 and Figure 5.46: Percent frequency shift

for kimberlite gravel for the split cavity.

No gap 1.0cm 1.5cm 2.0cm
(MHz) 493.0 523.4 518.2 513.4
(Q) 160 103 86 79
(dBm) -12.2 -21.0 -20.0 -22.0
20g 0.182% 0.115% 0.154% 0.156%
50 0.335 0.325 0.328 0.351
100 0.609 0.745 0.714 0.701
150 0.913 1.165 1.061 1.091
200 1.146 1.528 1.447 1.480
250 1.602 1.911 1.853 1.870
300 1.765 2.293 2.142 2.162
350 2.059 2.713 2.509 2.513
400 2.343 3.076 2.895 2.863
450 2.718 3.458 3.223 3.194
500 3.100 3.802 3.589 3.506
550 3.628 4.203 3.956 3.915
(Q) 55 43 40 41
(dBm) -21.7 -26.0 -27.0 -27.0
6 T
—— CAVITY C
4 —+— QAP 1.00m
—¥#— GAP 1.5om
-8~ QAP 2.0om
3
2
1
o
0o 100 200 300 400 600 600
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Table 5.47 & Figure 5.48: Percent frequency shift

for kimberlite and water mixture for the split cavity.

~w—TJ0 <O0J0COoo0o~™T

No gap 1.0cm 1.5cm 2.0cm
(MHz) 474 .8 498.8 495.3 491.8
(Q) 55 46 44 42
(dBm) -23.0 -26.2 -26.5 -27.0
0.452% 0.190% 0.321% 0.252% 0.325%
0.901 0.390 0.391 0.474 0.641
1.345 0.590 0.642 0.797 0.824
1.786 0.864 0.872 1.030 1.057
2.655 1.495 1.644 1.746 1.728
3.509 2.053 2.356 2.403 2.501
5.172 3.444 3.960 3.846 3.853
6.780 4.844 5.373 5.310 5.307
8.333 6.203 6.736 6.824 6.771
15.385 11.384 13.362 13.234 12.932
(Q) 29 24 25 28
(dBm) -30.2 -33.1 -33.3 -33.2
14 T T
o —— CAVITY C
127 - AP 1.0om
10H —A— GAP 1.50m
—8- GAP 2.0om
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From the results in Tables 5.43, 5.45 and 5.47 and
the graphs in Figures 5.44, 5.46 and 5.48 the

following observations can be made.

1. As in the case of the multi-gapped cavities, the
transmission loss and quality factors of the no-
gap case are better than the separated cases. This
is again due to the increased radiation for the

latter cases.

2. The sensitivity shown by the separated cavities is
better than for the no-gap case. This is probably
due to increased radiation, due to the slot,
reducing loading problems and hence increasing
sensitivity. The moisture sensitivity for these
cases almost gives an exact correlation between
moisture content and frequency shift, with the
slopes varying from 0.854 to 0.891. The linearity

was again a strong feature of the responses.

3. For the cases of light load, the no-gap cavity is
more sensitive than the separated ones. This is
because the field is more concentrated in the no-
gap case so being forced through the sample, thus

providing greater sensitivity.

5.4.3. Conclusions for resonant cavities:
In view of the results for resonant cavities, the

following conclusions can be drawn.

1. Although dielectric constant determination is
extremely accurate using almost closed resonant
cavities with a small non-radiating slot,
employing the perturbation technique, such a

system is not viable as an industrial moisture
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meter for moisture measurement of kimberlite. This
is due to the large size of the cavity structure.
However, compromising accuracy for cavity volume

has allowed the development of a viable system.

The principle of separating the almost closed
cavity proved to be the most viable system since
this allowed the two cavity halves to be
positioned on either side of the conveyor belt.
This is ideal for an industrial on-line moisture

meter.

The greater sensitivity of the split cavity
compared to the multi-gap cavity is most likely
due to the field distortion of the discontinuities
caused by the metal corner struts of the multi-gap

cavity.

In the case of the water/gravel mixture tests, it
is seen that the sensitivity is not as great as
the water alone measurements. This is particularly
noticeable at the low moisture readings. This is
due to the initial absorption by the kimberlite
gravel, which is highly porous. This means that
the water does not behave as free water, but is
rather bound into the gravel, so reducing its
freedom of rotation [12]. In addition, after
initial absorption, a single water layer forms
around the gravel which is particularly strongly
bound to the gravel. Only once this layer is
complete and multi layers start forming does the
water start behaving like free water [43]. Thus as
the water volume increases the sensitivity
approaches that of the water alone case, since
this water is not bound to the gravel and behaves

more like free water.

82



The graphs for the water alone measurements show
that this response is not as linear as for the
other cases. It is seen that for the increased
volume of water the sensitivity starts to
decrease. This is because the water acts as a
complete body, unlike the mixture case, so
allowing the strong cohesion bonds between the
water molecules to reduce the freedom of rotation,

and hence the sensitivity.

Although resonant cavities provided the most
promising results of all the tested devices, they
were not developed further. This is because the
project was merely a feasibility study to
determine if the moisture content of rocks could
be established on-line. The high loading of the
system, which reduced the amplitude and quality
factor, despite using a small sample, would be
alleviated using a full scale model. This is due
to the lower operating frequency, which would
increase the penetration and sensitivity. Thus a
new on-line method for determining the moisture
content of rocks has been developed using a split

rectangular waveguide resonant cavity.

5.5. CONCLUSIONS FOR FREQUENCY SHIFT TECHNIQUE

From the tests and results of the frequency shift

method, the following conclusions can be drawn.

Open resonant structures do not have a sufficiently
strong and uniform field pattern to allow accurate
and significant moisture measurements to be made.
This is due to low quality factors which reduce the

accuracy [29]. In addition, the weak fields are
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.5.

.5.

easily loaded by both water and rocks, so not
allowing one to separate the frequency shift due to
the various individual components. Finally, the weak

field also causes low sensitivity.

A partially-closed structure, in the form of a hybrid
loop-gap resonator, provided more promising results
than the open resonant structures. This was
particularly noticeable at higher frequencies, where
the structure was quite small and hence the E-field
more uniform. However, even this device was not
effective enough in providing a final structure, as
the moisture sensitivity was not high enough for
accurate readings. When the structure was developed
to its full size, this was even more prominent, due
to the E-field being confined mainly to the gap and
not spreading strongly and uniformly through the rest
of the structure.

Finally an almost closed structure, a rectangular
waveguide resonant cavity, provided very promising
results. Although the initial resonant cavity design
was not adequate for on-line moisture measurement of
rocks due to size constraints, the separated cavity
proved to be a suitable structure as well as having
strong sensitivity. This is due to the almost closed
structure which keeps the field concentrated on the
measured sample. The sensitivity approached 1%
frequency shift per 1% moisture content. Although the
small sample size, which only occupied one third of
the slot volume, was able to load the cavity quite
heavily, a full size structure, which would operate
at a lower frequency so providing greater penetration
and sensitivity, would overcome this problem. Since
this was only a feasibility study, development of
this system was not taken further.
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CHAPTER 6

CONCLUSIONS

In view of the experiments performed and the results

obtained, the following conclusions can be drawn:

6.1. Although 23GHz was confirmed as a moisture sensitive
frequency, the attenuation of the host material at this
frequency was also very high. This meant that the
signal was not detectable after passing through the
sample. A more sensitive receiver would not solve this
problem as reflected signals from indirect paths would
generate incorrect moisture values. Thus an attenuation
alone system was not considered viable for this
project. However, for the case of a uniform height,
even surface, homogeneous and low density material,

such a system could be used very effectively.

6.2. Phase techniques were not considered viable as this
system also requires a direct path through the measured
material. The attenuation is again very high, so
reducing the potential of this method. The inherent
complexity of the system would result in long

development times and high component cost.

6.3. Open resonant devices have the ideal structure for
on-line applications since the sample can pass by
unhindered. However, the weak and non-uniform fields
result in low quality factors and allow the device to
be easily loaded by both water and rocks. Thus these

systems show low and inconsistent sensitivity.
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Although a hybrid loop~gap resonator provided a
stronger field with a higher quality factor than the
open resonant structures, this field was mainly
confined to the parallel gap. This resulted in high
moisture sensitivity near the gap, but due to the non-
uniform field the sensitivity decreased rapidly away
from the gap. Hence this system could not be used as a

rock moisture meter.

A rectangular waveguide resonant cavity provided a
strong predictable field due to its closed structure.
This resulted in the greatest sensitivity of all the
devices tested. Due to the closed structure, however,
it was impossible to pass a large volume of rocks
through the cavity. Splitting the cavity into two
halves and placing one half above the sample and the
other half below, provided both high sensitivity and a
suitable structure. Thus a new on-line rock moisture
meter has been developed using a split rectangular

waveguide resonant cavity.
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CHAPTER 7

RECOMMENDATIONS

As a result of the findings and the conclusions presented in

this thesis, the following recommendations are made:

7.1. In the case of a uniform height, even surface,
homogeneous, low density material Eg. paper or grain,
an attenuation alone moisture meter can be developed.
An operating frequency of 23GHz will highlight the
moisture very strongly so eliminating the need for the
usual density compensation. However, calibration curves
and an averaging system would be required for each

measured material.

7.2. For the on-line moisture determination of rocks, a
split rectangular waveguide resonant cavity has
provided excellent results. This has a practical
structure while still providing accurate moisture
sensitivity and high linearity. Although a full scale
model was not developed, the lower operating frequency
will provide greater penetration as well as increasing
sensitivity. Thus this device can be used as an on-line

rock moisture meter.
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APPENDIX A: Transmitter/receiver waveguide cavity design

When designing the waveguide cavity the following

considerations had to be made:

1. The waveguide slot should have standard K-band dimensions
(a = 10.67mm and b = 4.32mm ).

2. The bolt holes are also standardised, thus the position

of these are fixed.

3. The flange width and height of K-band attachments are
specified as 22.2mm, thus setting the cavity width. The
height, however, was increased to 27mm for ease of

manufacture.

4. The length of the cavity should be about half a
wavelength so that the microwave device can be mounted
approximately a quarter of a wavelength from a short
circuit plate. This would make the cavity length 8.24mm,
but machining this would be impossible as the RF choke
still has to be included. The next option is to set the
diode three quarters of a wavelength from a short
circuit. This makes the total cavity length 1%
wavelengths long, i.e 24.7mm. Thus the length of the
cavity was made 22mm so that general K-band frequencies
could be used, and fine tuned later.

5. The RF choke consists of three, quarter wavelength
sections, of 4mm each. These alternate from low, high and
then low impedance, so that the signal sees an effective
very high impedance. This is due to quarter wavelength
impedance transformations. Finally the RF choke is

insulated from the main cavity.
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6. The choke is held in place by a threaded section, but
this is also isolated from the choke itself by an

insulation washer.

7. Attached to the RF choke is the D.C post. The post
diameter is 2mm so that the microwave diode, whose
connection mounting is 1.5mm in diameter, can fit snugly
in it.

8. The lower matching post diameter is 7mm, and lmm thick.

The full design is given below:

1 Do

l {11 §.45m

ur
R3
|
r.

-

--Y..
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APPENDIX B: Band-stop filter design for microstrip

As in the band-pass case, the filter could not be designed
for 100MHz, so 600MHz was used instead.

Using the relationship that h = 3mm for 10GHz, then for
600MHz h = 50mm. This was then reduced to 30mm for better
field strength.

At 600MHz, \= 0.5m. Thus A/4 = 12.5cm.

The impedances chosen were 1002 and 2002. Higher impedances
were not considered as the width of the sections would then

get too narrow.

Since the dielectric is air ( € = 1 ) the w/h ratio is
w/h = 0.1 for 2008 thus w = 3mm
w/h = 1.7 for 100Q thus w = 51mm

using the Wheeler charts wide strip approximation.

A three section filter was used to get a reasonable

insertion loss. The layout is given below:

11]¢]

A0Q
A -0

(netwark
analyaer])

= MA =N NA M N4 —3— A M4 N4 M N4
| i i i | i i

Using the relationship
Zin = 201° / Zterm
for quarter wavelength impedance transformations, the total
impedance looking into the filter is given by
zZ = 205kQ
Since the impedance of the network analyser is 50Q, the
V.S.W.R = s = 4096.
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The reflection coefficient o= (s-1) / (s+1l) = 0.9995
.9990
- p2 = 30.1dB

The layout shown before was too bulky, so the layout was

o

The reflected power = p2 =

W
[

Hence the insertion loss

adjusted as seen below:

r i
] EDmmli

—2imn 125mm

(T

:

The filter was made out of brass foil and attached to

85mm Al

105mm

expanded polystyrene, to maintain the shape. The filter was
powered by the Network Analyser, so SMA connectors were
used.

The 2002 end sections were tapered, keeping w/h = 0.1. This
maintains the impedance at 2002 all the way to the ground
plane so that the SMA connector could be well earthed.
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