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SUMMARY

The flotation process is uéed in extractive metallurgy to concentrate the
mineral contents of ores by 'floating' the mineral particles out of an ore
pulp with air bubbles. The pulp consists of finely ground ore, water and
}eagents, whose purpose is to make the mineral partic]eé attach themselves
to the air bubbles passing through the liquid. These bubbles reach the
éurface of the pulp and form a layer of froth, containing the ore

concentrate, which is skimmed off for further processing.

In order to optimise the process, it is necessary to have a reliable method of
monitoring Tiquid level in the flotation cell. The presence of the flotation
froth complicates this measurement as it obscures the surface from visual
.observation and clogs conventional mechanical level measurement systems.

The presence of air bubbles in the pulp and foam, makes acoustic systems
~equally unsuitable due to attenuation effects 1011102

-Thé absenée of a microwave system for level measurement in flotation cells
led to the proposal of this thesis. It is therefore concerned with

investigating the feasibility of using a microwave level measurement system

for automatic 11quid'1eve1 cbntrol“in flotation cells (figure 5.13).

The hostile industrial environment dictates that the final level measuring
instrument be robust and of a design requiring a minimum of maintenance.

The need for a great number of these units (an average mineral processing
plant contains hundreds of flotation cells) means that they should be cheap
to produce, using locally obtainable components. A resolution of 10 mm was

regarded as being sufficient.
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It is well known that a system's response time and reso]ution are related.
The longer the time taken for a measurement, fhe more accurate the measurement
will be. A compromise between resolution (10 mm is regarded aé being adequate)

and response time will have to be found for the flotation cell level control

system.

This is not regarded as being too big a problem as the response time of the
liquid level control mechanisms in the cell are slow in compariéon to that of

any electrical level-measuring system.

A survey and discussion of the various microwave level measurement systems
available was carried out. ~Considerations of complexity (i.e. cost) and
resolution led to the proposal of two systems for the liquid level

measurement.

They were:

1. A multiple frequency continuous wave (MFCW) system using a carrier

frequency.of 9,9 GHz and a modulation frequency of 100 MHz.

2. A baseband pulse Time Domain Reflectometry (TDR) system utilizing

pulses of less than 1 nS.

Experiments with froth revealed that 10 GHz radiation experienced very high
attenuation ( = 400 dB/m) on passing through it. Further experiments
demonstrated that this was net due to scattering or reflection of the
incident radiation in the froth; The observed attenuation is far higher
than is theoretically explainable using the observed froth conductivities
measured at 1 kc/s. A possible cause of this high attenuation is thought to
be some loss mechanism that only manifests itself at high frequencies end is

therefore not detected by the low frequency conductivity measurement.
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Baseband pulses are attenuated to a far lesser degree (2.5 dB/m) in the froth
and this is thought to be as a result of the relatively lower frequency

components in the pulse spectrum as compared to the 10 GHz radiation.

~ The Tow attenuation of baseband pulses in the froth and the fact that this
attenuation effect could be compensated for, led to the adoption of Time

Domain Reflectometry (TDR) techniques for the measurement system.

The theory and applications of Time Domain Reflectometry (TDR) are fu]]y
covered, special attention being given to the definition of pulse parameters
and the behaviour of puTses on transmission Tines. This is important, as
in the case of pu]ses of less than 1nS duration, it is no longer possible to

regard coaxial cable as a perfect transmission line.

Uéing the principles described above, a basic TDR.system utilizing a guided-
wave transmission‘line to minimise unwanted reflections and attenuation, is
proposed.  Theoretical expressions for system reso]utioh are derived and

the two detector comparison method of attenuation compensation is described |
in detail. The design and practical rea]isation_of the component parts is
covered and tests on the completed instrument show that the resolution

criterion of 10 mm is-satisfied.

Information about the use of TDR for the identification of material properties
(Time Domain Spectrosc0py) is given and use of the 1eve1 measuring

instrument for this type of work is discussed as a future development.
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TERMINOLOGY

In order to facilitate the readibility of this text, a number of terms are

referenced below.

"fast" pulses -

Baseband pulses-

FFT -
FMCH -
GHz -
HISS -
MFCH -

pS -
SAR , -
TDR -
DS . - -
TWT -

‘X Band -

pulses with fast rise and fall times (in the region of 500pS
in most cases mentioned here).

carrierless pulses usually of Very short dufation and
producing spectral components of a very high frequency.
Fast Fourier Transform

Frequency Modulated Continuous Wave

10° Hertz

Holographic Ice Survey System

Multiple Frequency Continuous Wave

1077 second

10712 second

Synthetic Aperture Radar

Time Domain Reflectometry

Time Domain Spectroscopy

Travelling Wave Tube

8 to 12 GHz

permittivity (F/m)
dielectric éonstant
reflection coefficient
specific conductivity (mhos/m)
permeability (H/m)

equivalent conductance (mho cm2/eq)
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1.2.1 Holographic/Imaging
Initially, the imaging method of level detection was' regarded as
being very promising as it related directly to the problem at hand. Further-
more, experimental verification of the feasibility of this method could

easily be carried out.as a similar system working on this principle had already

been built as part of a research project at UCT.

The resolution of a holographic imaging system is determined primarily by the
size of the sampling array of antennae and not by the bandwidth of the system.
16vobtained results.with resolutions ofjmany;centimetres using
an 8 m receive/transmit array, consisting of 32 transmit and 32 receive
elements (Figure (1.2)). Theoretically, better results would be expected
and the authors regard this aé being causedvby quantization errors in the

instrument. The complexity and cost of this particular system at once made

it impractical for the application in mind.

4 An exper_iment44 using a monofrequency source of 9,9 Ghz and én aperture of 300
‘mm. (Figure (1.3)) was carried out to investigate the depth resolution of a
simpler versioﬁrof this system. The scattered field from a\c00perative“target
was Sampled across the antenna aperture and this data used to compute image
positions for various antenna focal lengths. A complete copy of the original

“article describing this eXperiment is enclosed in Appendix B.

From the results of the experiment it was concluded that high depth resolution

is not an intrinsic property of microwave imaging systems.

This conclusion along with its cost and the fact that such a system would be
. susceptible to interference from the stirrer and nearby objects led to its

being shelved as a method of level measurement.
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the necessary technical and theoretical information for the construction of

such a system is contained in his paper. A resolution of better than two

inches in thirty miles is claimed.

Stuchley, Hamid and Andrewsqzapply the MFCW technique to the monitoring and
confro]]ing of surface levels in tanks and reservoirs. A waveguide projecting
into the liquid is used as a sensing element for 1iquids in reservoirs while

a horn antenna is used for the sensing of solid levels in tanks.

Wantenaar, Bacon and Goodhead43 describe the use of Lecher wires to guide
microwaves through regions whose dielectric properties are to be measured.
This technique lends itself to the confinement of microwaves for interfero-

metric measurement purposes as well.

1.2 A Discussion of the Proposed Sysfems in the Light of System
Requirements
Before continuing it is necessary to define the requirements. of the

liquid Tevel measuring instrument.  They are:

(a) A resolution of 10 mm at a distance of two metres. Higher accuracy
js unnecessary as the surface of the flotation liquid is in continuous

agitation.

(b) Immunity to external disturbances such as the movement of the flotation

cell stirrer and people moving nearby.

(c) Cheap to produce and maintain, using locally obtainable components.
This requirement is necessary because of the great numbers of these

instruments needed.

(d) Robust construction to survive in a hostile industrial environment.
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The use of wire-guided transients for remote sensing is first mentioned by
Danielson and Gardner35 in 1966. They used a slotted air-dielectric coaxial

Tine as a TDR probe for determining the thickness of various liquid layers.

36

Gerharz™ uses TDR in conjunction with open (unshielded) transmission 1ines

laid alongside a road as a sensor wire to determine the position of traffic

32

on the road. Ross -and Bennett™" mention the use of a similar but more

complex system as a basis for a ground collision avoidance system at airports.

In the same article the use of a guided-wave reflectometry system for the
measurement of 1iquid level is also described. The relative simplicity of
this system when compared with the hologram matrix radar of the previous

section, makes it extremely attractive.

1.1.3 Modulated Continuous Wave (CW) systems
Altimeters were the earliest and most successful form of frequency
modulated continuous wave (FMCW) devices used for distance measurement. With
a few exceptions most modern altimeters use wide deviation FM at low

modulation frequencies with various sweep rates as a basis for operation.

Their

Their theory and operation is fully discussed by Sko]nik37’38.

adaptation to shorter range work for vehicle anticollision systems is de-

39; while their adaptation for very short range

" work is described by C]arkicoats40.

scribed by Zur Heiden/Oehlen

H proposed the use of a multiple frequency continuous wave (MFCW)

Wadley
technique to eliminate distance ambiguities in his Tellurometer. The basic

idea of MFCW is that the fundamenta],frequency(f1) provides the basic accuracy
for distance measurement while a set of frequencies (fz, f3, f4, etc.) permit

the resolution of ambiguities. If more frequencies are employed, the spectrum

and distance resolution approach that obtained with pulse or FMCW radar. All
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This information is processed using a microcomputer implementing a Fast

17,18,19,20 to give information about the

Fourier Transform (FFT) Algorithm
target. The essence of the data processing is the dual focusing of the
transmitter and receiver ét the same 1ocatipn. Moving the focus downwards
pfoduces a maximum scattering intensity when an object such as the ice layer

surface or bottom is encountered.

Further development on the data processing side21

in 1977 provided a
significant expansion in the radar's dynamic range, allowing the bottom of

lossy ice to be detected more easily.

1.1.2 Baseband Pulse/Time Domain Reflectormetry (TDR) systems
Baseband (carrierless) pulse techniques provide an alternative

solution to the measuremeﬁt of target distance. The 11terdture contains a

number of applications including automobile pre-collision sensin922’23,

24,25 26

geophysical prospecting and the measurement of ice thickness™".

Time-domain techniques have been in use for more than a decade to characterise

networks, materials,antennae and radar targets.

The principle involves the use of subnanosecond pulses to excite the transient
(i.e. impulse) response of networks and materials. Processing of the
resultant waveform provides information about the frequency response of such

networks and the dielectric constants of materials over a,wide frequency range.

Further details of this investigative technique, called time-domain

27,28 29 30

spectroscopy, are given by Fellner-Feldegg s Nicolson and Ross™", Cole

and Suggett31.

The basic theory and app]ications of time domain methods are well covered

32

by Ross and Bennett ™, while Tektronix33’34, describe the more practical

aspects of time domain reflectometry measurements.
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Synthetic Aperture Radar (SAR) utilises quasi-microwave holography to form
one dimensional holograms from satellite or aircraft records. Tomiyasu4

5 6

| Brooks”, E11is”~ and Sko]nik7 all describe app]iéations of this technique.

In the case under consideration, it is only necessary to be concerned with tnue-
microwave holography. De Velis and Reyno1ds8 nrovide the necessary theoretical
background for understanding tne physics of holography, while Trico]es/Farhat9
and A_nderson10 between them describe the theoretical considerations and

applications of microwave holography in particular.

As far back as 1967 Deschamps11 proposed a number of Systems for recording

holograms formed using radiowaves. In 1973 Ogura/Iizuka12

defined the
hologram matrix and used computer simulation to apply it to a microwave holo-
graphic -radar. The;development and testing of this radar is later described
in 197413. Although errors of between 9 and 30 per cent are reported for the
hologram matrix radar, the guthors still claim that it can provide better
performance in the shont range than conventional radars with large bandwidths

14

or very narrow pulses. Ogura/Fukuoka ° carried out a further computer

simulation in 1976, applying the hologram matrix to the imaging of a two
dimensional target using two orthogonal antenna arrays, while Nﬂsen/Swingler15
used a (10 x 16) orthogonal array of helical antennae to produce a hologram of
a point scatterer and demonstrated the feasibility of this method for collectin;

ho]dgraphic information.

The culmination of the wonk by Ogura et a216 is the incorporation of the
hologram matrix radar in a Hn]ographic Ice Surveying System (HISS) for the
mapping of ice thickness profiles. The system utilizes two antenna arrays,
one for transmit and one for receive. Holographic information is obtained
by scanning the illuminating source, as well as thé receiver, in order to
acquire information about the target with every geometric configuration of

source, receiver and target (Figure (1.1)).
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1.  MICROWAVE SYSTEMS FOR LEVEL MEASUREMENTS

1.1 A Survey of Proposed Microwave Level-Measuring Systems
Investigation of the literature available shows that microwave
distance/level measuring systems can be divided into three broad categories

according to their principle of operation.

They are:

(a) Holographic/Imaging systems,

- (b) Baseband Pulse/Time Domain Reflectometry (TDR) systems (including
Pulse Compression systems), and

(c) Modulated Continuous Wave (CW) systems.

The last of these includes the classic pulsed carrier systems normally

associated with radar.

1.1.1 Holographic or Imaging systems
During the past ten years micrOwaQe holography has been developed
as an extension of optical and acoustic ho]ography1’2. Unlike conventional
measuring systems it determines distance by observation of the spatial
distribution of the scéttered wave rather than by the lapse of time and presents

a means of remote imaging with unique properties.

Leith3 defines true and quasi-microwave holography. Quasi-microwave holography
utilises ﬂu]sed radiation to measure range and doppler fecords to measure
azimuth while true holography uses measurements over a two~dimensional area

to obtain holographic information. Also, in true-holography coordinates are
two orthogonal distances both orthogonal to radial distance, while in quasi-

holography one of the coordinates 1is range.



OBJECTIVES

To summarise then, the aim of this thesis is:

. 1. To conduct a survey to determine what methods of level measurement

are avai]ab]e;

2. To carry out experiments to determine which method of level measure-

ment is most practical for use in a flotation cell;

3. To produce a cheap, robust instrument, using this measurement
technique, with the following specifications:
Resolution:

10 mm

Response time:

to be fast enough to control the level in the flotation cell
effectively. As a first approximation, it was decided that it
shoqu take 20 seconds to reach 90 per cent of the final value

after a step input;

4. To test the final system and see how its performance measures up to

the design criteria above.
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An instrument that gives information about froth characteristics as well as
liquid level Qould help a great deal in this respect, and this consideration
was also regarded as being important in the choice of the final technique
used.

Further,more detailed information about the flotation process and the constru-

ction of flotation cells appears in Appendix A.



INTRODUCTION

Froth flotation is a method of concentrating finely ground ores and is one

of the most widely used processes in extractive metallurgy today. Nearly all
the world's supplies of copper, lead, zinc, platinum and lesser proportions
of nickel, molybdenum, chromium, tungsten and titanium are obtained using

froth flotation at some stage.

The process involves chemical treatment of ah ore pulp to create conditions
favourable for the attachment of certain mineral partic]és to air bubbles.
These air bubbles carry selected minerals to the surface of the pulp (water
and crushed ore mixture) to form a stabilised froth which is skimmed off.

The other unwanted minerals and rock remain submerged in the pulp.

The height of the liquid in the tank determines the thickness of the froth
_ layer that can form and this in turn affects the efficiency of the extractive

process. A reliable method of Tiquid level control was therefore sought.

Experience has shown that conventional mechanical systems for level measure-
ment are unsuitable. These problems led to an investigation into the
feasibi]ity of using a microwave-based system for level measurement and control
in a flotation cell. The éim of this thesis was to investigate what microwave
measurement systems are available for Tiquid level measurement and to decide,
by experiment, if necessary, which of them is most suited to carrying out the
measurement in theAflbfatjon cell. Ultimately, a working prototype was to be
constructed and tested, the aim being to produce an instrument that is cheap

and robust, with a resolution of 10 mm.

As the flotation process has been developed mainly by empirical methods,
scientists are still trying to explain why it works so well. The stage has
now been reached where any further substantial improvement in the process will

demand a more profound understanding of the fundamentals involved.
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1.2.2 Time Domain reflectometry (TDR)

In TDR systems, resolution is dependent on pulse risetime, which

is the same as saying that it is dependent on system bandwidth.

Very promising results (resolution <10mm) are reported by Chudobaik et azzs

“for an X-band impulse radar. This instrument is far less complex (Figure (1.4))

than the hologram matrix radar previously discussed but unfortunately uses
expensive microwave components (i.e. 2 travelling-wave tubes) which are not

easily obtainable locally.

An alternative baseband pulse system using a minimum of microwave hardware is

described by RossZ3.‘ This simp]ification>is made possible by the integration

of the transmitter and transmitting antenna using distribdted network theory

(Figure (1.5)).

The interesting properties claimed for this system are:

(a) Good resolution (<<1 foot).

(b) Low cost (<R100) because of the use of available components.
(c) Low average radiated power, as the available power is spread over a
wide frequency range, producing virtually no electromagnetic pollution.

(d)- Gating to remove extraneous refliections.

1

The use of pulse lengths of less than a nanosecond presented special con-
structional (e.g. Wideband antennae) and processing (e.g. pulse detection)

problems but the promise of this system warranted further investigation.

1.2.3 Continuous Wave (CW)
In an FMCW system the theoretical accuracy with which distance

can be measured depends on the swept frequency bandwidth of the transmitted

~signal. In addition, measurement accuracy is affécted by practical considera-
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tions such as the accuracy of the frequency measuring device, errors caused by
multiple reflections and transmitter leakage, and the frequency error due to

the turn around of the frequency modulation.

The discreteness of the frequency measurement gives rise to an error called

the fixed or step error. This quantization error limits the resolution of the
system to a finite value given by (8R = 76,3/Af(MHi)) where Af is the frequency
deviation in megacycles and R is the resolution in metres. A frequency de-
viation of 2 Ghz would only give a resolution of about 4 cm which is in good
agreement with the resu]fs of C]arricoats40 who usés a swept frequency bandwidth

covering 2-4 Ghz.

In order to obtain the required resolution of 10 mm it would be necessary to
use a swept frequency bandwidth aAf of almost 8 Ghz. This is obviously

impractical.

41

The alternative is to use a MFCW system as described by Wadley ' and Stuch]ey

et aZ42. As previously stated, the fundamental frequency (f1), provides the
basic.distance accuracy while a further frequency or frequencies is/are used

to modulate f1, for the resolution of ambiguities.

Experimental results are given42 for a carrier frequency of 8.75 Ghz and
“modulation frequencies of 30, 100 and 300 Mhz; The results (Figure (1.6))
clearly show how the measurement error decreases with increasing modulation
frequeﬁcy. A modu]a%ion frequency of 100 Mhz is necessary for a resolution

less than 10 mm,

The use of heterodyne methods greatly simplifies phase measurement of the
distance measuring pattern frequencies. This allows all amp]ifier; display
and relaying circuits to operate at a lower comparison frequency while
carrying the phase information derivéd from the highef frequency measuring

waves.
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This in turn allows the uSe of readily obtainable components for the major

part of the instrument thus keeping construction and mainteqance costs down.

- 1.2.4 To summarise
A number of microwave level-measuring systems have been evaluated

in the 1i§ht of the stated design criteria.

. Two systems offering similar resolutions (10 mm) but operating on different

principles are proposed:

(a) A multiple freqguency continuous wave system using a carrier frequency
of 9,9 Ghz and a modulation frequency of 100 Mhz.

(b) A baseband pulse system ufi]izing pulses of about 1nS.
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2. INVESTIGATION OF FROTH PROPERTIES

*l.(‘

Examination of the available literature brought 1ittle information about
the electrical properties (dielectric constant, conductivfty and attenuation)
of froth and foams, to light. This necessitated an investigation of these

properties.

2.1 Experimental Apparatus, Instrumentation and Techniques

2.1.1 The Experimental Flotation Cell
The design criteria for the cell were that it should allow easy

observation of, and access to the froth.

The general constructional details of the flotation cell are illustrated in
(Figure (2.1)). To allow observation of the froth and pulp, 6 mm clear
Perspex was used for the sides, while 6 mm PVC was used for the remainder of the

cell. A pipe in the bottom féci]itated emptying.

In order to ensure a good pulp/air mixture, a motor driven stirrer was
installed above the sintered glass dish used to supply air to the pulp.

A special stand for the cell was constructed out of Dexion angle iron sections.

2.1.2 Microwave Hardware

| - The energy source used for microwave measurements on the flotation
froth was a Gunn diode X-band device with varactor diode tuning. The bias
on the varactor was adjusted to give an operating frequency in the région of
9.8. GHz.. This was'chOSen to be the same as the operating frequency of the

MFCW system proposed in Section 1.2.4.

Other passive microwave hardware used in measurement systems for the
investigation of the froth include isolators, directional couplers, power

dividers, etc.
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2.1.3 The Measurement of Microwave Power
An 8555A Hewlett Packard Spectrum Analyser was used for microwave
power measurement. It is well suited to the task as it has absolute amplitude

calibration from 10 dBm to -125 dBm over a 10 MHz to 18GHz frequency range.

2.1.4 Fast rise-time short-pulse generation
In order to carry out TDR eXperiments on the froth it was necessary

to provide a source of very short pulses with fast rise-times.

The design of a suitable unit using avalanche transistors and with 500 pS

rise- and fall-times is described in Section (5.8).

2.1.5 Fast-Pulse Measurement and Display
A Tektronix 7000—Sé}ies Samp{ing Oscilloscope System was used-to
display the fast pulses used inﬂthe TDR experiments. The osci]]oscope builds
a composite picture of an individual pulse by sampling each identical pulse

in a repetitive pulse train and displaying these samples on an expanded time

scale.

Using an S-4 Sampling Head, with a 25 pS rise-time and an Equivalent Bandwidth
of DC to 14 Ghz, it was possible to measure pulse risetimes of the order of

500 pS with an accuracy better than 0,5 per cent.

2.1.6 The Measurement of Conductivity
The conductivity of the froth and pulp was measured using a
conductivity cell with parallel p]ateé (Figure (2.2)). The electrolytic
nature of the froth and pulp maae it necessary to use an AC measurement
‘voltage to avoid polarisation effects. It was found that using a-frequency

of 1 kc/s minimized these effects sufficiently for accurate measurements to

be taken.
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Further design information and a calibration test appear in Appendix (C).

2.1.7 The Measurement of Attenuation
The 8555A Spectrum Aﬁa]yser was used to monitor the power trans-
mission through the flotation cell with it both full of froth and empty.
The power loss in the foam was found by subtracting the power transmitted with
the cell full from the power transmitted with the cell empty. 'The attenuation
per meter was found by multiplying this figure by ten (as the cell is 100 mm wide

(Figure (2.3)).

2.1.8 The Measurement of Dielectric Constant
There are a number of ways normally used for the determination of

dielectric constant of a material at microwave frequencies. They are:

(a) Cavity Resonance45’46
(b)  Brewster Angle Measurement47,
(c) Phase Variation Measurement48’49’50, and

(d) Time Domain Technique327’29330.
The fact that the froth does not support itself and must be continuously
generated to prevent its dielectric properties from changing,renders a number

of the above methods impractical.

(a) Cavity Resonance
jhis method uses a cavity of known resonant frequency. The material
to be tested is placed in the cavity and its new resonant frequency
measured. The materials' dielectric constant is calculated from the

change in frequency caused by it.

Providing a continuous flow of foam through the cavity causes changes

in the resonant frequency for geometric as well as dielectric reasons.
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would couple energy out of the cavity and would cause erratic frequency

fluctuations.

Brewster Angle Measurement
The determination of the necessary formulae relating electromagnetic fields
reflected from, and transmitted through a dielectric,'are dealt with by

51 and Lorrain/Corsonsz. From such analyses it may be

Jordan/Balmain
shown that an angle eB (The Brewster Angle) can be found for which the
reflected wave from the interface between two dielectrics is a minimum.
By determining the angle that effects minimum reflection, it is possible

to calculate dielectric constant for a low 1oss medium.

It was found, unfortunately, that flotation froth is a high-loss medium
and fﬁat very little radiation is reflected from it at 10 GHz.  The uneven
surface of the froth also scatters what reflected energy there is, making

accurate angular measurements difficult.

Phase Variation Measurement

The speed with which electromagnetic radiation travels through a medium is
related to the dielectric constant of that medium.. Consequently, by
cqmsaring the phase of a signal passing through a sample in a test channel

with the phase of the signal passing through the test channel alone, it is

_possible to compute the dielectric constant of the sample (Figure (2.4)).

This system was eventually chosen for the dielectric constant measurement
because the test channel could be a free-space link, allowing continuous

generation of froth during measurement.
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(d) Time Domain Techniques

simplified by using a Guided-Wave Transmission Line as described by Goubau

This method normally Qsééjghe time déﬁéndence of the reflection of a step
pulse from the interface between an air and dielectric med{um in a coaxial
line to identify dielectric constant. As in the case of the cavity
resonator, introduction of froth continuously into the test apparatus

(Figure (2.5)) made this method impractical at the time.

Later, after further work and development .of a TDR system, it was realised

that the measurement of dielectric constant by this method could be gréat]y
54

. for sensing the transient response of the froth (Figure (2.6)).

2.2

(a)

More detailed information about this method can be found in Sections (4.1)
and (4.2), while a detailed analysis of Time Domain Spectroscopy and its

use in dielectric measurement systems appears in Appendix (D).

EXPERIMENTS ON FROTH

2.2.1 Conductivity versus Displacement in the Froth

Method

The flotation ce]T was filled with a quantity of pulp (Rustenburg flotation
tails H493), Ethyl Xanthate Collector and Cresylic Agjq,frother and the air

supply and stirrer switched on.

The froth was allowed to rise to the top of the cell and conductivity
measurements were taken at 1.5 cm intervals from the surface of the froth
to the water/froth interface using the apparatus and>procedure described

in 2.1.6 and Appendix (C).

Results
The resultant specific conductivities are plotted against displacement in

Figure (2.7). The actual readings taken appear in Appendix (E).
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(c) Discussion
The graph in Figure (2.7) can be divided into 3 distinct regions correspond-

ing to A, B and C.

B stretches from 60 to 270‘mm below the surface of the froth and is closely
approximated by a straight 1ine. The slope of the line is related to the

rate at which the water in the froth is falling back into the pulp mixture.

In this region water content or froth density increases ]1néar]y as the

water/froth interface is approached.

In the regions corresponding to A (0 to 60 mm) and B (270 to 330 mm) the
density does not vary linearly with depth. 1In the case of A, it is probably
as a resu]t of the bubbles becoming too large (i.e. comparable in size to
the conductivity probe) for accurate meaéurement of the bulk conductivity of

the:froth at that level. /

In the case of C, on the‘other hand, it could be as a result of the small
bubbles near the water/froth interface being more strongly 'pushed' from
below than the bubbles in region B. This would cause a stronger upwelling
of liquid in C, with a corresponding increase in the conductivity in that’
region. Once the bubbles coalesce and increase in size,‘higher up in the
froth,-this 11quid falls back ‘into thé pulp, restqring the normal froth/

liquid balance.

CIf it is accepted that ConductiVity is a measure of the froth density,
then Figure (2.7) becomes a dehsity profile of the froth. The shape of
this profile could have 1ntere$ting consequences for electromagnetic

radiation.

It is well known that if an electromagnetic wave travels from a medium

with a certain impedance into a medium with another fmpedance, then part of
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PR EEES 57

(4

the wave's energy will be reflected énatpart of it will be transmitted.

This is the case at an air/water interface.

On the other hand, it is equally well known that if electromagnetic
radiation encounters an interface with a gradual transition from one

impedance to another, then all the incident radiation will be transmitted.

Such a situation appears to exist in the froth. There is a gradual
impedance change from the air to the froth and from the froth to the pulp.
The nett result of this could be to make the froth/pulp 1nterfate invisible

to electromagnetic radiation.

2.2.2 An investigation of Microwave Reflection from a ffoth—covered
Liquid |

Method

A large tank half-filled with water and a frothing agent (soap) added.
The equipment was set up as shown in Figure (2.8) and the reflected power
recorded. The air supply was then switched on until the froth was about

150 mm deep. The reflected power was recorded again.

Result

The return from the tank fell by greater than 70 dB with the froth present.

Discussion

At first this seemed to show that the froth was matching the electromag-
netic radiation-into the water as postulated in Section 2.2.1. A closer
look at the experiment showed, however, that this was an unsatisfactory

explanation for the observed phenomenon.

If the microwave.energy could be matched into the water, then the reflection
from the: tank could be matched out into the air. The reflected signal woulc

appear at a slightly different position (Figure (2.9)) attentuated by the
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CLoap .
propagation loss in the water and froth. ' A search for this signal was

carried out but none was found.

o

The attenuation o through the water was calculated from

o = w/{? 1 +(%E)2 - 1) (25) Np/m see reference (55)
. : 2

10

with w = 21 X 10~ rads/sec

7

W o= 4x x 10" H/m

12)

e = 64(8.85 x 10" "¢)F/m

"6 = 0.121 mhos/m

This gives « = 2.85 Np/m or-24.7 dB/m.  The depth of the water was 150
mm and the wave passed thkough it twice, so the expected attenuation should
be

24,7 x 0.3 = 7.4 dB

If the attenuation in the water is only 7.4 dB the rest of the attenuation

(>60dB) must take place in the froth.

After this experiment it was decided that an investigation of the free-

space attenuation of microwave energy in the froth was necessary.

2.2.3 Measurement of the Froth's Free-Space Attenuation
Method
The measurement system described in Section (2.1.7) was used to measure

the attenuation of the froth (Figure (2.10)).

The flotation cell was filled with soapy water and the air supply
switched on to produce froth. The reduction in transmitted'power was

recorded. The experiment was then repeated using a flotation frother

(Cresylic Acid) instead of soap to produce the foam.
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(b) Results
The soap froth attenuated the signal by * 35 dB while the frother froth

attenuated it by * 45 dB.  This is % 350 dB/m and * 450 dB/m respectively.

(¢) Discussion
The reasons for the different attenuations in the froth is to be found in

their physical differences.

The frother froth was wetter in appearancé than the soap froth and
-co]]apsed far quicker when the ce]is' air supply was switched off. In fact,
the soap froth did not collapse at all. The water drained out of it
]eaving?behind,a_tenuous framework of bubbles that were dry to the touch. ..
The soap foam appeared more dense with an‘average bubble size of ¥ 1.5 mm

compared to 15 mm for the frother froth.

The conductivity of the soap froth was found to be lower than that of the
frother froth. A surprising result considering that the soap froth appeared
the denser of the two. The amount of water in the froth therefore has a

greater effect on its conductivity than bubble size...

The fact that soap froth was easier and less messy to generate, and
exhibited the same electrical characteristics as Cresylic Acid froth, led to

its preferential use in later experiments.

2.2.4 Free-Space Attenuatfon versus Froth Conducti?ity
The previbus_experiment showed a relationship between the con-
ductivity of the froth and its attenuation. This is in agreement with theory.
"To illustrate thi§, theoretical values of attenuation versus conductivity have
been plotted for a range of dielectric constant values (Figure (2.11)). The
attenuation equation used in Section 2.2.2 was used for_the calculation of
these values. = As can be seen, attenuation increases linearly with increasing

conductivity for k > 1.
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An experiment was set up‘fB”iﬁVéstigaté"thé attenuation versus conductivity

properties of the foam.

»

(a) Method -
The apparatus was set up for attenuation measurement as shown in Figure
(2.12) and described in Section 2.1.7. A soap froth Was chosen because
its stability simplified the measurement process. The conductivity probe
was placed in the froth at the level of the microwave horns and the air
supply switched off. As thevwater percolated out of the froth,

corresponging readings of attenuation and resistance were taken.

(b) Results
The resultant conductivities are plotted against attenuation in Figure
..(2:143)%  The actual. .resistance readings and their conversion to specific

conductances appear in Appendix (F).

The power readings obtained on the HP Spectrum Analyser are for transmitted

power and these were converted to attenuation.

(c) Discussion
From-theoretical cohsiderations, as f]]ustrated in Figure (2.11), it is
obvious that for a given conductivity, attenuation increases as.dielectric
constant decreasés. This seems contrary to expectations until it is-
realised that the power loss normally associated with moving from a medium
with one dielectric constant to-bne with another, is a manifestation of

~~thexpower-lost by reflections off the dieTectri; interfaces. The

important parameter governing power transmission in a medium is the ratio
of conductivity (o) to dielectric constant (k). If (o/k) decreases the

attenuation in the medium decreases, and vice versa.

The-fact that the observed and theoretical attenuations in the froth differ

so greatly, brought into question_the reliability of the conductivity
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measurement system'GSEd (ﬁéscribéﬁ'ih'Apbendix C). A re-evaluation .of
the conductivity calibration technique showed that it was providing the

correct readings at the measurement frequency of 1 kc¢/s.

Possible causes of erroneous conductivity readings

A possible reason for the theoretically unexplainable high attenuation in the
froth, is that some loss process is manifesting itself at the test frequency
of~9:97GHz, increasing the effective conductivity of the froth at that frequency.
The low frequency (1kc/s conductiVity) measurement would not reflect this loss

process in its conductivity readings.

57,58,59 shows that the physical structure of

A look at the available literature
foams and froths is exfreme]y complex and not fully understood. The molecules
at a 1iquid/gés interface allign themselves in such a way as to form what is
called a 'monolayer'. Figure (2.14) illustrates this bhenomenon. The
_aerophi]ic parts of the molecules in the 1iquid orientate themselves towards the

air at the air/liquid interface, forming a stable film or monolayer at this

interface.

A number of ionic substances, including 1bng chain fatty acids (i.e. frothers
and soaps), can.form stable, inso]ubié monolayer membranes. Sebba59 proposes
the foam model shown in Figure (2.15). The air/liquid monolayer forms a

film, or shell, aro;nd the air bﬁbb]es which allows a continuous film of liquid

to exist and flow between them. ‘

This model explains how the water in the soap froth generated in Section 2.2.4
could percolate out and leave a tenuous, dry framework behind without collapsing

the bubble structure.



FIGURE 2.17

A SINGLE LAYER OF CONDUCTING
BUBBLES FORMING A GRID.

FIGURE 2 18 - e e o]
. . . .=q Alternate
: L bubble
A SECTION THROUGH THE FROTH . . o o= <§§1§Zen ‘
WHEN VIEWED FROM ABOVE. |
_ . . . e from abqve,




- 24 -

A possible reason for the‘high propagatlon loss in the froth can be found in
its physical structure. Consider a siﬁg]e bubble as seen from a certain

direction (Figure (2.16)).- As a result of the thin bubble wall, the centre
of the bubb]e_appears transparent while the sides (as viewed from the front)

appear as a circle.

A single layer sheet of bubbles would therefore appear as a conducting grid
(Figure..(2.17)), while a foam would appear as a number of these grids stacked
one behind the other (Figure (2.18)). As a result of the bubble size being
less than 1/4 wave]ength (at 9.9GHz), the radiation would see each grid as a
continuous sheet with a bulk con&dctivity détegmiﬁed'by'fhe cbﬁductivity of the

liquid between the bubbles and the bubble size.

Circulating currents set up in each layer, would then cause the radiation to
be progressively attenuated as it passed through the froth. The gradual
nature of the transition from one layer to the next would explain the lack of

reflections from the froth.

The effect of a dielectric constant of less than one

faﬁiggne$£2£ﬁ1) shows that theoretical attenuation in a conducting medium
increases steeply for dielectric constants of Tess than one. This seems a
trivial statement as dielectric constants of less than one are not normally

encountered. Plasma physics is a special case where they do occur60.

Plasmas are partly or completely ionised gases, usually encountered in the
ionosphere. Due to their physical characteristics (positively and negatively
. charged ions, free electrons and neutral polar mo]ecu1es) they e*hibit special
bropertiés as media for electromagnetic wave propagation. ‘ It is felt that
the froth, a medium consisting of a mixture of air and‘ionised Tiquid might

approximate a dense plasma.
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NOTE:

These explanations for the high attenuation experienced in froths have not been
investigated in any way and are offered only as possible solutions. Further
work still needs to be done to determine the exact nature of the loss mechanism

' causing the high attenuation of microwave energy in the froth.

Such work is regarded as being beyond the scope of this thesis and the fact of

the attenuation's existance will be accepted and used without further comment.

. 2.2.5 The Measurement of Froth Dielectric Constant

(a) Method,
The schematic diagram of the system._used for dielectric constant measuré—
ment appears in Figure (2.19). Isolators are used to prevent unwanted
reflections from entering the systeﬁt " Dynamic range improvement is
obtained by attenuating the reference wave to a point where it is comparable
to the test Wave Qith the cell empty. The output of the'microwave source
is split equally between the reference and test channels. After passing
through the cell, the test’signal is fed into one side of a slotted line

standing wave detector.

In order %p.measure dielectric constant the standing wave pattern is plotted
with the cell empty. Froth isl%ntroduced into the ‘test channel by
switching on the tank's air supply. The amount that the standfng wave
pattern shifts is related to the dielectric constant of the frgth (see

Appendix G for further information and results).

A useful consequence of this method is that it automatically compensates
for the phase shift introduced by the flotation cé]].

(b) Result |
The high attenuation in the froth made accurate determination of the shift
in the standing wave pattern-difficult. However, approximate values for
the dielectric constant-of the froth were obtained. These ranged from

1.1 to: 1.3,
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Discussion o .
The result of this experiment showed that the froth dielectric constant
lies close to one. This is in agreement with the results obtained by
Williams who found that the dielectric constant of a froth with 3 mm bubbles

lay between 1 and 1.1 (reference 56).

Increased measurement accuracy for a more detailed study of the effect of
bubble size and liquid content on the dielectric properties of froth, would
merit thé uge of a more sophisticated phase detection system offering
increased dynamic range. The measurement accuracy obtained was sufficient
for the purposes of this thesis, so no further work was done to develop

such a phase detection system.

This result tends to invalidate the theory that the froth behaves in a
manner similar to a p]asma.1' Although it will be accepted that the
dielectric constant of the froth is close to one, it is felt that the
inaccuracies in the measuring equipment used, allowed errors eithef side of
one to occur. Consequent]y, the plasma theory should not be scrapped

until further, more accurate research shows that it is incorrect.

2.2.6 Measurement of Reflected Power

Method |

THe apparatus was set up as shown in Figure (2.20). The directional
coupler couples only reflected ﬁower into the spectrum analyser. This

pbwer was measured with the tank empty and then with it full of soap froth.

Results

The reflected power fell by about 4 dB with the foam in the tank.

Discussion
This experiment demonstrates that the apparent attenuation of the micro-

wave energy in the froth is not due to the incident wave being reflected
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from the perspex/froth interfaces. The reason for reduced reflection

is that the froth provides a better match into the flotation cell than

air.

2.2.7 Measurement of Scattered Power

The possibility that the .power is not being dissipated in the froth

but is being re-radiated or scattered in all directions led to this investiga-

tion.

(a)

(a)

Method
The apparatus was arranged as shown in Figure (2.21). The power appearing

at the mouth of the tank was measured with the tank empty and full of froth.

Results
The radiated power with the flotation cell empty was -23 dBm and it fell to

-65 dBm with the froth present.

Discussion

THe first power reading appeared to be due to a surface wave travelling up
the inside perspex faces df the cell from one horn to the other. The
reduction in power observed is due to the attenuation of this wave by the

froth.

This experiment demonstrates that the apparent attenuation in the froth

is not caused by scattering of the incident radiation.

2.2.8 The effect of Froth on a Pulsed TDR Return

Method

A system for Time Domain Reflectometry measurements was constructed as
éhown in Figﬁre (2.22). The construction of the'individual parts is
dealt with in Section 5.0 so a short description of its operation will

suffice here.
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The pulse generator produces a 1nS pulse with a rise-time of about 500 pS.
This pulse passes down the guided-wave or Goubau transmission line and
encounters the 1iquid interface. The sudden impedance change presentéd

at this interface causes the pulse travelling down the line to be

reflected back towards the pulse generator. A portion of the reflected
pulse's energy (determined by the bandwidth of the coupler) is coupled into
the directional coupler and is disp]ayed by the sampling osci]]bscope.

A large plastic container was used as a flotation cell.

Reflected pulse amplitude was measured with and without a layer of froth

(100 mm thick) present.

Results
The pulse amplitude dropped by about 5 per cent ( = 0.5dB) with the foam

present. This is an attenuation of about 2.5 dB/m.

Discussion

The TDR pulse return is attenuated far less than its 10 GHz microwave
counterpart. This can be attributed to the fact that the major part of
the pulses' spectral components are far lower in frequency than 10 GHz and

therefore suffer less attenuation.

2.3 Froth Properties

The following facts have been established about the froth

experimentally:

(a)

(b)

1

It has a conductivity varying from 10 ' to 10-2 mhos/m depending on where

it is measured in the froth, and a dielectric constant close to one.

It attenuates electromagnetic radiation in a frequency dependent manner.
The trend is as theory predicts but the amount of attenuation is too high
to be explained in terms of the observed froth conductivity and dielectric

constant.
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(c) The apparent attenuation is not diué to the reflection or scattering of
the incident radiation. ;

(d) The process causing the increased attenuation has not been satisfactorily
explained or experimentally determined.  Such work is regarded as being
beyond the scope of this thesis although a tentative explanation,

incorporating the monolayer phenomenon and physical structure of the froth,

is advanced.

(e) The matching effect of the froth is not gradual enough to match the

pulsed TDR signals into the pulp.
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3.  CONSIDERATION OF THE PROPOSED MICROWAVE LIQUID-LEVEL MEASUREMENT SYSTEMS
‘IN THE LIGHT OF EXPERIMENTAL RESULTS
In Section 1. a number of microwavelleve] measuring systems were described
and two of the most promising wefe proposed for the measurement of liquid
height in a flotation cell. Now that something is known about the electrical
properties of the flotation froth, it is possible to choose the most suitable

system of the two.

3.1 The Mu]tip]e Frequency Continuous-Wave System
The system based on the MFCW principle operates at a fundamental
frequency of 9.9 GHz in order to’provide the required resolution of 10 mm.
Unfortunately, as was shown in Section 2.2.3, the attenuation in the froth at
this frequency is large. The reflected signal can be expected to experience
as much as 80 dB of attenuation, perhaps more, in a ‘'wet' flotation foam 100vmm

thick.

This is not an insurmountable problem, as a well-designed coherent detection
system would still be able to extract this reflected signal from the background
noise. The price that must be paid, however, is in increased circuit

complexity and cost.

3.2 The Time Domain Reflectometry System
The reflected signal in the TDR system also suffers a certain amount
of attenuationfa]though to a far lesser degree than that suffered by the

signals in the MFCW system.

What makes it more attractive, is that by using a technique involving the
comparison of composite transmitted and reflected pulses at an instant in time
at different positions on a ‘'detector 1inef, it is possible to compensate fbr
the effects of attenuation simply and cheaply. A more detailed description

of this technique is to be found in Section 5.3.
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The proposed TDR system (Section 5.0) uses a guided-ane or Goubau line to
direct the pulses into the flotation cell and a combination of directional
coupler, delay line énd two sampling bridges to effect the composite pulse
comparison. An added advantage of this comparison technique is that it also
gives information about the direétibn of liquid-level change in the flotation

cell.

A further consideration in choosing the TDR system over the MFCW system, is
that of immunity to external disturbances.. The MFCW system would be susceptible
to spurious reflections from the cell stirrer and people moving nearby. This
effect would be enhanced by the fact that the desired'signal (i.e. from the
froth/1iquid interface) would be attenuated to such a degree that it could
easily be swamped by the unwanted reflections. The TDR system, on the other
hand, is immune to these external disturbances. This is as a direct
consequence of the use of the guided-wave transmission line and the pulse
comparison technique. The transmission line confines the pulses to the
flotation cell, reducing the number of unwanted reflections, while the effect
of sampling the composite transmitted and reflected pulse is to gate out any

spurious signals.

The ease with which a TDR system can be used for Time Domain Spectroscopy

measurements (Appendix D) was a further point .in its favour.

After consideration of these points, it was decided that a prototype TDR
system, for 1liquid level measurement in flotation cells, would be built and

fested.
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4. PRACTICAL CONSIDERATIONS IN THE DESIGN OF A TIME DOMAIN REFLECTOMETRY
SYSTEM

4.1 Introduction
It is well known that a linear, time-invariant network can be
completely specified by its impulse response61. The advent of sampling oscillo-
scopes, with effective bandwidths of 10 GHz, and baseband pulse generators, with
subnanosecond risetime capabilities, made it possible to observe the transient
response of distributed networks and materials direct1y71. |
Use of this technique for widebénd system analysis is known as Time Domain

Reflectometry (TDR) while its application to material identification is called

Time Domain Spectroscopy (TDS).

'“Early\workvbyxROSSGZ verified the correspbndence between transient network

63

analysis and experiment, while Davis and Loeb™™ were amongst the first to

demonstrate the use of time domain waveforms for obtaining wideband frequency

information of two port networks to 1 GHz.

The use of TDR for determining the dielectric constant and relaxation time of

27

various liquids was first reported by Fellner - Feldegg™" in 1969. Nicolson

and R05329

presented another method, utilizing reflected and transmitted
waves to obtain the complex permittivity of linear materials over a broad

range of microwave frequencies in 1970.

More redent]y, the convenience and accuracy of time to frequency translations

~ has been greatly improved through the use of computer controlled scanning

18’64. Andrew565 describes

procedures and Fast Fourier Transform techniques
an automatic time-domain network analyser, using a minjcomputer, with a DC to
18 GHz capability, while the use of a microprocessor to simplify die]ectric

constant and loss factor measurement is covered by Parisien and Stdch]ey66‘

in thefr-paper on microprocessor-controlled time-domain spectroscopy.
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At present, further work is beﬁng directed towards improving measurement

accurac_y67 and processing method568, introducing more automation, increasing

dynamic range70 and extending high and low frequency bound569.

4.2 A Basic Measurement System
A typical measurement configuration is shown in Figure (4.1). The

pulse from the pulse generator (with subnanosecond risetime) propagates down
fhe coaxial ]ihe, through the feedthrough sampling head of a sampling
oscilloscope, and is incident on the network or sample of material in the test
sample holder. The pulse is partially reflected and partially transmitted.
The transmitted pulse reflects from the short circuit and returns up the line,
passing through the sample on its way to the sampling head. It has been shown29
that these waveforms yield 511 () and 521 (0), where S,q and S11 are the

scattering coe1’f1’c1’ents72

of the network or sample. These scattering
coefficients define the frequency domain characteristics of the network or

sample.

4.3 Pulses
Since the pulse techho]ogist thinks in the time domain and the
microwave engineer in the frequency domain, their cooperation demands a thorough
understanding of the inherent relationship between the two domains. A
knowledge of pulse terminology and spectral content are necessary to promote

this understanding..

Calling a waveform a ‘pulse' tells practically nothing about it except that it
exists for a short time on the time scale of interest. The need for more

precise definitions led to the vocabulary of pulse electronics.

Ideal pulse waveforms have amp]itude»changes that occur in zero time or at a
rate linearly proportional to time. In practice neither are obtainable,

although. modern pulse generators are providing increasingly better approximations
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to the instantaneous amp]%t&ée'éhange as device switching speeds increase. For
analytical purposes it is convenient to use three 'standard' waveshapes.

These are the step, ramp and imbu]se funétionsk(Figure (4.2)) described
mathematically as U(t), t U(t) and 6(t) respectively. Their primary use is

for investigating and characterising linear networks in the time domain.

Many names are used to describe the various forms of pulse shapes and they
vary from one text to another. In this thesis the IEEE and IEC standards are

used as a guide73’74.

>

Pulse repetition frequency (prf) is expressed in pulses per second although
Hertz are widely accepted. The term 'speed' is used to signify both a high prf

and fast switching rate.

Pulse distortion leads to a number of special terms (Figure (4.3)). Rise and
fall times are defined by the 10 and 90 per cent amplitude levels to avoid the
‘need.to define pulse start and enﬂ times. Droop is expressed as a percentage of
total height, while overshoot is ignored when defining pq]se height. With ‘
triangular pulses, as most high-speed pulses are, pulse length is quoted at

the base (10 per cent) or at half height (50 per cent), care being taken to

speéify which it is.
The overall shape of the pulse is often called its profile.

4.4 Puﬁse Spectra
4.4.1 Rectangular pulses
The pulse shown in Figure (4.4a) may be described by the function
< -t /2
0 t < p/ |
flt) = A -tp/2 <t«< tp/2 | (Figure (4.4a))
t t /2
0 ?+_p/
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Time-symmetry is achieved by Choosinggiﬁédéﬁme origin at the centre of the pulse

The Fourier Transform of the pulse
-t /2
p/

Flo) = Ae 99t - At Sinc (wt_/2)
tp/z P P

yields its spectral components. The familiar sinc function is defined by

sinc X = s1nx X (Figure (4.4b)).

The function has its maximum value of unity at'w = 0, oscillating to positive
27

ft‘g)'
pulse the spectrum is continuous, having been obtained by

and negative values, crossing the axis at multiples of.( For a single
integrating over a

continuum of frequency components.

The complete double-sided spectrum contains negative sinusoidal components
which do not actually exist. The positive spectrum gives the spread of
frequency components, but the true amplitude of any component consists of the

sum of both real and 1maginary parts.

The spectrum of the single pulse is dominated by the central béhd which has

* Vlimits ¥ Zﬂ/tp. Figure (4.5) shows how the sidebands reduce in size as the
spectral frequency increases. As caﬁ be seen,very Tittle energy is concentrated
in the high frequency region of the spectrum. A network with a bandwidth
equal to the reciprocal of the pulse width will not significantly distort the

pulse, therefore.

Decreasing tp spreads the §pectrum out to incorporate more high frequency
components. If (Axtp) is kept constant as tp is decreased to zero, the pulse
becomes a better and better approximation of an impulse &(t), with a constant

amplitude spectrum from -= to +o (Figure (4.6)).

This is the motivation for using impulses to test networks and systems, they

provide simultaneous and equal excitation at all frequencies (ideally).
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4.4.2 Triangular pulses

Ih ultra-high speed systems it is more common to encounter pulses

with a triangular shape than a well-defined rectangular shape (Figure (4.7)).

Using the differentiation property of the Fourier Transform

(o]

R =] 1% f) | et ar

[

-0

it is possible to simplify the process of finding the spectral components of

4444444

the triangular pulse.-

Differentiating the pulse shown in (Figure (4.7)) gives that shown in

Figure (4.8). Substitution in the.Founier differentiation formula results in
0 ty/2
1 A -jwt 1 A _-jwt
Flw) = — e dt + — e YU dt.
Jw t /2 tp72 Jw 0 tp72

A plot of this frequency spectrum appears in Figure (4.9). The nodes occur at
w=* 4H/tp, : 8H/tp, ... etc. The maximum of the firét_sideband occurs at
+ 6H/tp and is 4.5 per cent of the amplitude of the central band. Thus, it
caﬁ be seen that most of the ehergy of a triangular pulse is within the
frequency range defined by fhe cénfral'band (i.e. between ¥ %ﬂ)-

p
When designing a directional coupler for high speed pulse work, it is

therefore necessary to ensure that the bandwidth of the coupler is sufficient

to accept the frequencies in:this“éentral band.
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4.4.3 Periodic pulses © * 1

In practice the case of a single pulse is barely ever encountered,

it is more common to use a train of pulses for investigatory work. The spectra’

content of a train of pulses differs slightly from that of any of the

individual pulses in the_pU]se train.

It can be proven theoretically (Appendix H) that the spectral content of a
train of pulses (Figure (4.10)) is as shown in Figure (4.11). Although the
envelope of the spectrum is the same as for an individua] pulse, it is no
longer continuous. The spectral cdmponents are separated by a constant

frequency, related to the pulse repetition rate.

In order to ensure a reasonably continuous pulse spectrum for test purposes.

it is therefore necessary to ensure a high (T/tp) ratio (i.e. >100).
4.5 THE RELATIONSHIP BETWEEN RISETIME AND FREQUENCY RESPONSE

The rise time capability of an instrument (e.g. oscilloscope) is related to
Jts upper frequency 3-dB point by the expression
sec.

where tr is the risetime in seconds,'f(3dB is the frequency of the upper

| )
half power point (c/s).'k'is a constant between 0.35 and 0.45 cycles, depending
on the shape of the instruments' frequency-gain curve. With pulse risetime
overshoots of less than 5 per cent, a value of 0.35 for k is reasonably

accurate75

The observed response time ( ) of a device under test is a combination of

_tkobs
the devices response time (trdev-) and the measurement systems response time .
(trs)'

The relationship linking these risetimes is

= Aty

dev

t ) + (trs)?

robs
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A good rule of thumb to follow is to have the system response time (trs) an

order of magnitude better than the response (t ) of the device under test.

rdev
This ensures that the percentage error in the observed risetime is less than

0,5 per cent.

4,6 Pulses on Transmission Lines

In order to discuss the performances of pulses on transmission-lines it will

be necessary to give a brief summary of transmission line theory and parameters

4.6.1 Transmission line analysis

For the purposes of analysis, a transmission line carrying the principal
(transverse electromagnetic) wave is usually represented as a distributed
constants network having a series impedénce Z =R + jwL per unit length and
a shunt admittance Y = G + jwC per unit length. For the special case of
perfectly conducting conductors and a lossless dielectric, the_series

resistance R and shunt conductance G are zero.

The equivalent circuits of a balanced two wire and an unbalanced (coaxial)

system appear in Figure (4.12),_f0r this case,

Consideration of the differential equations relating currents and voltages
(a full treatment in Appendix I) yields the solutions in equations (4.10) and
(4.11),

= v1e‘YZ + VzeYZ : (4.10)

L=y
1

I1e_YZ + IzeYZ (4.11)

—
il

where y2 = (R + jwl) (G + juC)

The solutions are shown as the sum of two waves, one travelling in the positive

Z direction, the other travelling in the negative Z direction.

The voltage to current ratio of the wave travelling in the positive Z directior

is V1/I1 = ZO
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while the ratio for the reflected wave travelling in the opposite direction

Z0 is called the characteristic. impedance of the Tine and is related to the

primary constants R, L, C and G by

Z, = ((R+ jul}/(6 + juc)) *

Terminéting the Tine in ZR at Z = 0 gives

v it (Il

Z,=v-_1¢-7
RT 7T, © %(T+L)

on substitution of equations (4.10) and (4.11).

Recombination of these relationships gives the reflection coefficient p.

JA —Z0 _ -12

Restating equations (4.10) and (4.11) in hyperbolic form gives

v A1cosh Yy Z+ B1 sinh vy Z

—
n

A2cosh Yy Z + 82 sinh vy Z

Applying the boundary conditions

-
]
-
—
t
|
o

I

R - R atZ

and V=YV at 7

—
1

I

n
LN
—

S

n

gives VS VR cosh vy Z1 - Z0 IR sinh v Z

v
. R .
S IR cosh vy Z1 - 26-s1nh Y Z1

—
[]

The terminating impedance ZR is usually made the reference point (i.e. Z = 0).

The sending end being to the left of this (i.e. in the. -Z direction).

Finally, letting £ = —Z1 gives
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[P IS A o 1 e lT

-
1]

v

S p COsh y & + Zy Ip sinh y L (4.13)

—
L]

s = Ip cosh y £ + VR/Z0 sinh vy £ ' . (4.14)

where '£' is measured from the receiving end of the line (Figure (4.13)).

These general fransmission line equations relate the voltages and currents at
the two ends of the line. Dividing equation (4.13) by equation (4.14) gives
the general expression for thé impedance of the line (equation 4.15) as seen
from Z=£.

Z =_V—S-=
IN I

VR cosh y£ + ZOIR sinh v£

. ‘ 4.15
IR cosh y¢ + (VR/ZOT's1nh 74 ( )

With the terminating impedance ZR equal to the characteristic impedance of
the line ZO’ the input impedance of the 1ine becomes Z0 and the reflected

wave reduces to zero. The termination is said to be. 'matched’.

AiJ correctly terminated lossless tfansmission lines present a non-reactive
load (ZO = /f?EY to their signal sources. To energy travelling in the Tine
this Toad appears as a 1oss1ess‘impedance. Altering the dimensjons of the
line in any way a]teré the characteristic impedance of the line, Eausing a

change in the voltage/current values of energy transported by the line.

Any:.change of impedance that is not gradual causes a discontinuity in the

1ine that causeé energy to be'ref1ected back to the-source (Figure (4.14)). A
gradual impedaqce change reduces the mismatch, producing a correspondingly
smaller signa]iref1ection than the step change in impedance. If the change

is gradual enough it is possible to reduce the reflected energy to a negligible

amount (Figure (4.15)).

These considerations are extremely important in measurement systems using
high frequencies as any discontinuities may introduce extraneous signals that
effect measurement accuracy. Care must always be taken, therefore, to ensure

that cables and connections are always correctly matched and terminated.
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4.6.2 The effect of various unmatched resistive terminations on the
reflection of pulses from the end of a transmission 1line

When a pulse signal is first applied to the input end of a line,
the line current and voltage established depend only on the relative values of
the source impedance and the characteristic impedance of the 1ine. The form or
value of the impedance at the'output end is immaterial, since it is still

seperated by the total delay of the line from the input end.

The amplitude of a voltage pulse launched into the line is given by
V1 =V (ZO/(RS + Zo))

where V is the internal generator pulse amplitude and RS is its'internal

resistance (Figure (4.16)). The corresponding current that flows is given by
11 = V/(RS + ZO).

- The pulse travels down the line progréssive]y charging and discharging the
distributed capacitance to V1 and supplying line current I?'to the distributed
inductance (Fjg.(4.17)).After a time t; = (E/v) the pulse arrives at the
load. If the;termjnation is eqﬁal»to ZO’ the problem is trivial as the

ZO = (V1/I1) ratio is satisfied and the pulse appears across the load for the

duration of its pulse length.

With R #Z,, however, the (V,/I,)ratio is no longer satisfied and reflections

L
" are set up in such a way as to make the ratio of nett voltage and nett current

at the load end equal to RL' The amplitude of the pulse seen at the
receiving end is given by (1 + p)V1 while the amplitude of the reflected pulse

sent back to the receiving end is given by (pV1) (Figure (4.18)). V, is the

1
incident pulse amplitude andp is the reflection coefficient as defined in

(4.6.1).
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If the source is not mqthﬂedﬁfd the 1fhevthe reflected pulse produces a
further reflection (p1pv1) at the source end, where op is the reflection
coefficient at that end. This general case with the reflections continuing

at both ends can be best illustrated using a reflection chart called a lattice
diagram (Figure (4.19)). A graphical representation containing the same

information as the lattice diagram can be found in - Figure (4.20)).

4.6.3 The effect of inductive and capacitive éomponents in the
termination

In-practice ‘there aré.usually additional reactive components such
as series inductance and shunt capacitance in the termination. An analysis of

the effect of these components on the reflected pulse is given in Appendix (J).

The effect of the reactive components is to give a complex reflection
coefficient which in turn introduces exponential terms into the reflected
pulses. Fig.(4.21) illustrates this for a number of termination combinations.
The dotted lines show the equilibrium values that would be reached if the

incident pulse lengths were long enough.

The effect of shunt capacitance as shown in the last case has been to

introduce a risetime, with time constant of

T = RLZOC/(RL + ZO) (Appendix J)

In order to illustrate the 1mportanée of this result, assume that a square
pulse with negligible rise and fé]] times is travelling along a 75Q line

to an oscilloscope. The osci]]oscope-has an input impedance of 10MQ in
parallel with 20 pF (Fig.(4.22)). Substjtuting these values in the above
equation shows that the resulting pulse displayed on the scope will have

a risetime of 3,3 nS. Using 50Q coaxial cable and terminating it correctly

reduces this risetime to 1,2 nS.

This demonstrates how much care must be taken in designing a high speed
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pulse measurement system.
4.6.4 Practical coaxial transmission lines

.. Practical coaxial transmission lines suffer from a number of

imperfections75’76’77’78.

(a)  Low frequency or DC series resistance losses.

(b) High fréquency skin effect series resistance losses.

(c) U]tra—high'frequency (UHF) dié]ectric losses.

(d) UHF leakage loss through the holes of the cable braid.

(e) Mode conversion losses (due to UHF signals changing from TEM to TEq

mode in the coax and not being returned at the receiving end).
(f) Rare shunt conductance losses.

(g9) Inductance of individual wires in the coaxial braiding.

The effect of (d) and (g) can be reduced to a large extent by using cables
| with a combination aluminium tape/copper braid outside conductor. This
shielding also helps to combat the cross talk problems that are encountered

in fast pulse work.

Not very much can be done about (p) and (c) and these frequency related losses

~are responsible for causing pulse distortion on. transmission lines.

Conductance loss (f) is small and reasonably constant over a large frequency

range, and therefore contributes little to pulse distortion.
4.6.5 -Pulse distortion on coaxial transmission lines

For the purposes of analysis it has been assumed that a pulse or
step function will propagate along a line without changing shape in any way
(i.e. the 1ine was assumed to be ideal). Unfortunately this is not so and
a pulse travelling on a real line will change shape as a result of attenuation

and dispefsion. Dispersion simply indicates.a condition where the phase velocity
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of a signal depends on its frequency, regardless of what effects are

responsible for this dependence.

A single pulse is composed of a continuous spectrum, the various components
of which add at the input to give the applied pulse waveform. If all the
spectral components of the pulse propagate down the line at the same velocity
with no attenuation, then they will add at any given point on the line to

produce an identical waveform to that at the input.

Distortion comes about when attenuation and/or velocity of propagation differs

~ for various spectral components.

The effects of loss and dispersion on the pulse response of a transmission

line can best be shown by the step response. Nahman and Wigington77

invest-
igated the transient response of coaxia1fcabTes in 1957, and

showed that simple skin effect is:the dominant distortion mechanism. Their
. analysis showed a unit stép function input pulse, after traversing a

length '£' of cable has a shape given by:
V=1 - erf (Kuo/ZVHfOt)

“where a, is the attenuation (in Nepers/m) at some particular frequency f, (Hertz

and.t is the time (sec), excluding the normal delay-of the Tine (Figure (4.23)).
As can be seen from the figure the leading edge of the step rises slowly to
'fhe 50 per cent mark and then very slowly to the final value equal to the

input pulse amplitude.

78

Kirsten normalised. the abscissa and defined T, as the time for the

wavefront to attain 50 per cent amplitude. T0 can be calculated from

T, = 4,55 x 10714(A%7) seconds,
where A = attenuation of the cable at 1000 MHz in dB/m.
£ = length of cable in metres. '
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In cases where the attenuation is known only at a frequency other than

1000 MHz
_ -3 2,2
TO = (4,55 x 10 ac L)/ f
where o = attenuation of cable at frequency f in dB/m
f = frequency (Hertz)

Table (4.1)details the time taken (in terms of TO) for the pulse to reach
various amplitudes. Notice that the 10 per cent to 90 per cent response time

of such a skin-effect 1imited cables is 28,83 T.

A plot of TO versus cable length appears~ﬁn~Fig:@a24);M'As'can“be‘seen;—the~“-
T = /ézg-law (section 4.5) does not apply in the case of a cable. In order to
find the'T0 value for a cable composed of composite lengths it is necessary to
calculate T0 from the equations given, using the total length of the composite

cable for £.
4.7 Resolution versus rise-time

Time resolution, as opposed to amplitude resolution (which is re-.
lated to system noise), is primarily limited by system rise-time. It refers to
the ability of a- TDR system.to distinguish between two point discontinuities that

are Jlocated close together ‘and may be defined as:

The minimum time spacing-of two equal point discontinuities which gives rise

to a 50 per cent valley between the two displayed ref]ections§3

In equation form d = (3L7H3i-)

where d = resolution
v = velocity of pulse ﬁropagation in the‘system
tfs= system rise-time (or pulse rise-time, if system rise-time is at

least 10 times that of the pulse)
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In section 4.6.5 it is described how high frequency transmission line losses
affect system rise-time. A consequence of these losses is that it may be
possible to resolve two closely spaced discontinuities 2 metres down a coaxial
line while the same two discontinuities may appear smeared together at 10

metres.

Care must be taken not to degrade system rise-time by careless use of bad

connectors and long runs of coaxial cable.
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5. A TIME DOMAIN REFLECTOMETRY SYSTEM FOR LIQUID LEVEL MEASUREMENT AND
CONTROL IN MINERAL FLOTATION CELLS
In previous chapters, a number of microwave measurement systems were
discussed and two were proposed for liquid level measurement in flotation cells.
After the experimental determination of the flotation froths' properties it was

decided that a system incorporating TDR techniques should be developed.

5.1 The Envisaged ' Liquid Level Measurement System
A short description of a similar system has already been given in
Section 2.2.8. A more comprehensive discussion of the instrument will be given

here.

A block diagram of the basic TDR system, préviding 1nformation about Tiquid

level, is shown in Figure (5.1).

The generated pulse passes through the pulse shaping line (Section (5.9)) into
the guided-wave transmission Tine (Section (5.10)). At the air/liguid interface
it encounters a sudden 1mpedance change and is reflected back towards the pulse

generator.

The directional couplers selectively couple the transmitted and reflected pulses,
and‘feed them into the signal processing section of the instrument. A length

of delay line delays the transmitted pulse sufficiently to allow it to arrive

in a length of"detéctor' line (Figure (5.2)) at the same time as the reflected
pulse. The detector line is merely a length of coaxial cable with a number

of detection points on it.

5.2 The Operation of the Detector Line
The coupled reflected and transmitted pulses enter the detector line
from opposite ends. The 'slide' past one another and add algebraicly, giving
a maximum voltage where.bofh pulse peaks coincide. Ca]] this point X, and the

time of coincidence, t..
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~ Figures (5.3) through (5.7) detail the space distribution of the transmitted,
reflected and composite (i.e. combined transmitted and reflected) pulses.on

the detector line at various times.

Figure (5.3) shows the position at time t = to —'At1. The pulses have just
entered the detector line and are moving towards position Xq e The voltage at

X0 1S Zero.

Figure (5.4) shows the pu]ées at time t = t, - ot,.  Both transmitted and
reflected pulses have reached Xos although their peaks have yet to. The voltage
at Xo is the sum of the reflected and transmitted pulse voltages seen there (i.e.

Vout = Ve + V)

At time t = t , the pulse peaks coincide at x_ (Figure (5.5)) to give an output

voltage equal to the sum of the individual pulse peaks at XO.

After time to(i.e. t = t0 + Atz), the pulses have not comp]ete]y_moved away

from position x , although their peaks have passed it (Figure (5.6)). Voltage
output at Xo is once again the sum of the component pulse voltages at that point
(i.e. Vout =V, + Vr)' Note that, because of time and pulse symmetry, the

t
. output voltage for this case is the same as for Figure (5.4).

Figure'(5.7) shows the situation at time t = t  + at,. Both transmitted and
reflected pulses have passed X, and are Teaving the detector line. Output

voltage at Xo is once again equal to zero.

If no attenuation took place in the froth it would be possible to build a very
simple level detection system by placing a number of detectors, set to trigger
~on the composite pulse peak, at bositions along the detector line. Variations
in liquid level would cause the reflected pulse arrival time to vary, tausing

the composite pulse to peak under a different detector depending on the liquid

level ét the time.
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Unfortunately,variations in composite peak height unrelated to pulse arrival
time, are caused by attenuation in the froth. This complicates the simple
measurement systeh proposéd above by imposing the need for some means of
automatic level control (ALC) to 6ohpensa£e for such peak variations. A
detection system utilising ALC was considered (Figure (5.8)). | Only three
detectors are shown for the purposes of i]iustration. The contro]]ef ensures -
that no more than one detector triggers at any fime by adjusting the detector's

trigger-voltage level.

Construction is complicated by the fact that no two detectors (tunnel diode

-~ aided avalanche. transistors) require the same bias current -for a given trigger

- voltage. This means that individual control of each detector is necessary.

A further problem is that the detectors cannot differentiate implicitly between
pulses of the same amplitude arriving at different times. '_Timelgating of

- unwanted signals from the sides of fhe f]ota£ion cell and people moving nearby
would have to be performed by the controller, no easy task at nanosecond pulse

intervals.

A éimp]er, more effective means of froth attenuation compensation was sought.

5.3 Sampling and the Detector Line
The essence of the attenuation compensation technique to be described
is that it compares the composite transmitted and reflected pulse voltages at
- two points on the detector Tine to give_én output related only to reflected

pulse arrival time. '

Figure (5.9) shows the space-distribution of reflected and transmitted: pulses
simultaneously peaking at position X, and time ty- Consider now what is
seen, at time to’ at positions X_ and Xqs equa] distances either side of Xo*
The voltage output at X1 Vout =.(V+y) and because of pulse and time

symmetfy, the output at Xy is. the same.
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Assume now that the ref]ected pu]se is de]ayed s]1ght1y in time (Figure (5.10))
and no longer peaks at Xg at t1me t As a consequence the voltage seen at X4

at time to will be larger than that seen at X_1» at the same time.

A similar situation exists when the reflected pulse arrives slightly earlier
win time (Figure (5.11)). The voltage as seen at X_q at time t  will be Targer

than that seen at Xy at the same time.

The output of the sampling detectors will only be equal for a reflection from
a. certain pointAon the Goubau line which delays the reflected pulse the right

*‘amount, allowing it to peak at position x, and time t.

By sampling the composite pulse voltages at X4 and X_qs equal distances either
side of the equilibrium position X, on the detector line, it is possible to

. detect changes in reflected pulse erriva1 time cauéed by variations of Tiquid
level in a flotation cell. Comparing the voltages obtained gives the direction

of Tiquid level change.

Variations in reflected pulse amplitude caused by the flotation froth do not
“affect the measurement at all. This is owing to the fact that voltages
obtained at the sampling points are both attenuated by the same amount and

-comparing-them gives the same answer, with or without the froth present.

This signal processing method allows only changes in reflected pulse arrival
time to be detected and ignores attenuation effects completely. By .looking
at a pérticu]ar time ‘window' it automatically gates out any spurioué signals

" that might be present due to the flotation cell or people moving nearby.

5.4 Timing Control

Accurate timing control is necessary to ensure that the detectors, at

- points X_1» and Xqs sample simultaneously and at time t,-
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A pulse generator producing iasgvtrigger‘pulsesﬁprovides this control (Figure
(56.12)). Separate lines are used to supply the trigger pulse to each sampling

detector in order to prevent them from interfering with one another and triggering

spuriously.

The length of the pulse lines determines the correct sampling time for the

detectors.- .

Further information about the trigger pulse generator can be found in section

(5.8).

5.5 Application in an Industrial Environment

The envisaged application of this system is for 1iquid level control in mineral
flotation cells. - In the flotation process (Appendix A) it is necessary to keep

the 1iquid level constant to ensure efficient extraction.

Using a TDR system with a fixed delay 1ine and the detection syséeh-described
in Section 5.3 it is possible to monitor and automatically keep the liquid
1eVéfonia Ce]] at a preset value,Figure (5.13) shows the TDR systém in such an
&bp]ication. The instrument monitors the liquid level and feeds back a
control signal to the pneumatically operated valve controlling the flow of

pulp into the cell.

A fall in liquid level will result in the valve being opened further to allow
a faster flow of pulp into the cell. Once the preset 1iquid level is again
reached, the TDR system will automatically adjust the pulp flow to hold it

“there.
A similar procedure will adjust for a rise in liquid level.

. . The desired liquid level is set by adjusting the height of the instrument above

the tank so that the-output from the detectors on the detector line are equal
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(i.e. so that the ref1ected}§51§3?ipeaks';Ef"bSSition X, and time to) for that

~ Tiquid Tlevel.

Adjusting the height of the TDR instrument above the flotation cell ensures that
“ the reflected pulse occurs in the sémp]ed composite pu]se_'window' for a certain
Tiquid level. Incorporating a variable delay line to automatically do this
(Figuré (5.14)) allows the instrument to continuously monitor liquid level. The
amount of delay necessary to place the reflected pulse in the samp1ed window

being a measure of liquid level in the flotation cell.

- Wideband variable delay lines pose a unique design problem and are dealt with

~-in-Section (5.14).

5.67 Selecting the Sampling Points on the Detector Line
Care must be taken when positioning the sampling points as they have

a direct bearing on resolution.

Looking at Figure (5.15) shows that the steepest change in pulse amplitude occurs
at the 50 per cent amplitude point on the leading and trailing edges of the

ref]ected pulse.  Remember also that thg output from the detectors is the sum
of two voltages, a constant term due to the transmitted pulse and a variable

term debendentvon the. position of the reflected pulse on the detector Tine at
:the time of sampling. Therefoke;_in order to maximize the voltage change in the
output of the detectors for a given variation in liquid level, it is necessary

to ensure that they are é distance on.the detector line, equivalent to the 50

..~ per cent pulse length, apart (i.e. roughly half the 10 per cent pulse length).

If it is assumed that the reference pulse is in the equilibrium position

(peaking at x_ and time to), then any change in liquid Tevel will give the

0
maximum possible voltage change at both detectors, for a given reflected pulse.



FIGURE 5. 16 APPROXIMATION OF A PULSES'LEADING EDGE
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5.7 Resolution of a Samp]gd Detector Line System

The relationship between pulse risetime and system resolution (Section
(4.7)) dictates that the pulse risetime should be in the region of 200 pS for a
resolution of 10 mm.  Further consideration of the measurement problem shows
that this need not necessarily be so, however. fhe resolution criteria stated
_vin Section 4,7 are thdse necessary for the resolution of two c]oSe]y spaced
~ discontinuities on a line. The f]otatioﬁ cell Tiquid level is only one
discontinuity and as such furnishes only one return. The time of this return

determines the position of the 1iquid interface at any given instant.

As previously stated, the detector output voltages are the sum of two voltages.
" A constant voltage due to the transmitted pulse, and a variable voltage

dependent on the return time of the reflected pulse.

kThe smallest detectable variation in voltage due to a variation in liquid
height in the flotation cell, for a giveh pulse risetime, determines the

system's resolution.

The smallest detectable variation in voltage is equal to the noise voltage

“AJ(Vﬂjﬁ%ﬁ”%ﬁe system.

Assuming a linear ramp function for the leading edge of the pulse (Figure (5.16))
it is pbssib]e to formulate an expression for the system resolution. A -
" variation in voltage (aV) due to a given variation of liquid level is related

to the pulse risetime by

v =L & | -(5.1)

t

i:%where v pulse voltage excursion between 10 and 90 per cent pulse
amplitudes (volts)
t. = pulse risetime as defined by the 10 and 90 per. cent pulse

amplitudes (seconds)



[t}

. Detector liﬁELjI?—l"

Sampling command pulse

Input from
P 4 W . W

—=—-Output to Control Circuitry
200p¢

\\\\Stofage capacitor

F]G URE 5. ]7 DIODE SAMPLING BRIDGE



- 54 -

L]

variation in liquid Tevel (metrés);ﬁegative for up

d =
positive for down
¢ = free space ve]oc{ty of electromagnetic wave propagation

(on the Goubau Line)

The (2d/c) factor gives the time delay (negative for a rise, and positive for
a fall) associated with a variation in 1iquid level. The effective delay is
twice that introduced by a one-way level change, owing to the fact that the

incident and reflected pulses both experience the same delay.

Manipulation of Equation (5.1)-gfves
d = (avte/ev)
and letting the variation in detector outputwvo]tage'(AV) equal the system

noise_Vo]tage (VN) gives the system resolution (6):

s = (Vy tue/av) : ' -(5.2) -

Using equation (5.2) it is possible to decide what pulse risetime is necessary

to provide a given resolution, for a given system noise voltage.

If;;hould be mentioned that the réso]u?ion»determined here is for a single
dgtector system.  An improvement in system keSo]ution is obtained when the
outputs from two separate detectoré, positioned as specified in Section 5.6,
are compared to give an output proportional to a variation in liquid level.

This is discussed later in Section (5.13).

Previous experimentation showed that a coupled reflected pulse amplitude of
about 1V could be expected in the detector line. Sampling efficiency of a
diode sampling bridge (Figure (5.17)) can be expected to be in the region of 10
per cent (Ref.79 ). This gives a 10 to 90 per cent voltage variation of
~(1¢0.1)¢(0.8)) = 80 mV. Assuming a noise voltage VN of 5 mV (which seemed
reasonable) and substituting these figures along with § = 0.01m in equation

(5.2), gave a pulse risetime slightly in excess of 1 nS.

\
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Therefore, in order to ensure a system resolution of 10 mm with the above
parameters, it is necessary to provide a pulse with a risetime of 1nS or better.
5.8 Pulse Generation
Investigation showed that avalanche transistor pulse generation was
the method best suited to TDR work with a Goubau line. It provided the

- necessary pulse risetime (<1nS) at a reasonable vo]fage (=20V).

" The ‘use~of; tunnel and step recovery diodes -for this purpose was rejected
because of their local unavailability and low voltage output. Mercury switches

‘were rejected because of their low pulse repetition frequency (200 Hz maximum).

The necessary theoretical background for an understanding of avalanche switching
~is given in (80) along with a number of practical circuits. Further ideas
were obtained from Vandre (98), D'yakonov (81 through 85) and Larin et al

(86).

Figure (5.18) shows the final circuit as used for the pulse generator. A common,

easily obt&ﬁnab]e 2N2222 switching transistor‘is used in the avalanche mode to

”;f: switch the accumulated charge in a 2.2 pF.capacitor into the pulse shaping line to

"' produce fast pulses.

Briefly, the voltage on the Storage capacitor C1 rises to a value determined
<by the.colléctor-emitter leakage current of the transistor (abput 100V). By

controlling the injection of 1on121ng carriers into the collector with a negative

=~ baserbias:voltage, it is possible to prevent the transistor from avalanching

spontaneously.

The arrival of a positive pulse at the trigger input momentarily removes the
negative bias voltage from the transistor base, allowing avalanching to commence.
> .Once avalanching has beguny-it continues until all the charge stored in the

storage capacitor has been discharged into the shaping. line. At this point
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e

the transistor turns off, a]]owing the stbrage capacitor to recharge in time

for the next trigger cycle.

The fact that the transistors used in this circuit (2N2222's) are not primarily
designed for avalanche mode work, manifested itself as a variation in the

results obtained for a number of different transistors.

Risetimes ranged from 400 pS to 600pS while output pulse amplitudes varied
from 10V to 25V. A large number were therefore screened and the best ones,
with fastest risetimes (500pS and better) and highest pulse amplitudes (20V

and better), selected.

This basic avalanche transistor pulse generator circuit was also used, with

minor modificatioﬁs, for the construction of-a trigger pulse generator and
sampling pulse generator. The sampling pulse generator is described in section
V(5.12) as part of the sampling detéctor. A circuit diagram of the trigger pulse

generator appears in Figure (5.19).

The major difference between this circuit and that of the pulse generator
(Figure‘(5.18)) is that thére is no negative bias voltage to inhibit spontaneous
avalanching of the transistor. The combination of R1p1 and R2 provide a pulse
repetition frequency in the region of 50 kHz. R2 determines the collector

- voltage at which the transistor will avalanche, while R1,and c1 determine how
long the collector voltage takes to rise to_this‘va]ue once C1 has been dis-

charged.

The pulse produced is of an amplitude (30V) far greater, and a duration (5nS)
far longer than is necessary for triggering purposes; High pass filters on
fhe triggef inputs of the pulse generator and sampling detectors reduce the'

pulse length and amplitude to more reasonable dimensions (about inS and 5V).
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5.9 The Necessity for a Pu]ée Shaping Line
The speed with which the avalanche transistor discharges the pulse
-generator's storage capacitor into the pulse shaping line determines the rise-

time and profile of the pulse produced.

Suppose that a short line (about a quarter as long as a pulse normally produced
by the generator) is attached at the generator output and is left open circuit

at its furthest end. ) o .

Triggering the generator starté the d%scharge:of the capacitor into the ]ihe.
-in-the normal way. ”After a time the reflection of thé pulses' leading edge,
_f?bm the end of the open circuited transmission line, reaches the pulse
7 generatony fhis causes the voltage at the input to the transmission to rise
“«.causing the flow of current from the storage‘capacitor to slow dowﬁ. The

nett effect of this is to increase the pulse duration and slow down its rise-

and fall-times. In severe cases th1s effect causes the ava]anche trans1stor to

switch off even before the storage capacitor is fully discharged.

This'phenomenon is clearly demonstrated by experiment. In order to produce
-. fast pulses.with 'clean' leading and trailing edges it is necessary to pfovide
a length of line, sufficiently long enough to allow complete discharge of the

storage capacitor, between the pu]se generator and the Goubau line.

Theoretica]]y one would expect a 1éngth equivalent to half the pu]se length
on the line to be sufficient, but because of pulse undershoot 1t is better to

o ensure that the line is one pu]se length long, or longer.

~

5.10 The Guided Wave or Goubau Line
- Two possible systems, using free-space and guided transmission line

methods, were investigated for directing TDR pulses into the flotation cell.
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The use of a wideband, dielectri€dlly loaded horn antenna for pulse work is

24 in his paper dealing with subsurface-radar returns.

described by Daniels
. The design of such an antenna is an involved process and the resulting horn

- extremely bu]kyv(O.S m x 0.5 m aperture) and easily damaged. Consideration of
- this and the fact that a guided line system would be less susceptible to

unwanted reflections, led to its' choice in favour of the free-space system.

“ Various types of transmission lines have been used for the remote sensing of

liquid interfaces and properties. These include Lecher wires43, coaxial 11‘nes35

and Goubau 1iness%, -
f§yThe\1east famﬁ14ar of the three mentioned-above is the Goubau -or Guided-Wave

Line. Its' most striking feature is that it consists of only a single conductor.

87

lﬂ A paper by Sommerfeld in 1899~ " laid the theoretical foundation for the

understanding of this type of line, while work done by Goubau in the 1950's53’54

showed that practical lines of this nature were feasible.

Theory shows that the only wave mode capable of being guided by a'sjngle
conductor is the radially symmetrical transverse magnetic mode (with cylindrical
field components). The main difficu]ty~associated with using the Goubau 1ineb
s finding an efffefenitmetnod of 1aunch1ng this mode onto the Tine.

Sommerfeld's surface Wave, as it fs called, normally requires large launching
devices ('matching' horns) af either end of a Tine for efficient transmission over

Tong distances.

Godbau overcomes this problem by coating the conductor with a dielectric layer.
This concentrates more of the wave's field near the surface of the

conductor, allowing smaller launching horns to be used (Figure (5.20)-

Consideration of the measurement environment showed that any two wire system
would become clogged with flotation particles and would require regular cleaning

and maintenance.
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Therefore, a TDR system using a Goubau line to direct pulses into the flotation
cell was built and tested. It Was found fhat sufficient energy, for measurement

purposes, was coupled onto the line (an 8 mm brass rod) using the crude system

shown in Figure (5.21).

Future intended improvements to the system include the coating of the rod with
‘Teflon to inhibit particle deposition. This should also have the added
advantage of allowing more energy to be coupled to the line.  Further improved

coupling can be provided by a matching horn, if necessary;

Experiments artifiéial]y coating the line with a layer of mineral particles,
showed that it is immune to interference from this source. This is to be

expected as the pulse energy travels, riot in the line, but in the space

" surrounding it.

5.11 Directional Couplers
The Problem of how to separate the transmitted and refTected'pu1ses’
from one another and the multiple reflections in the system was»encountered
: égniy’on in the development of the TDR system. The magnitude of the signal

processing problem can be appreciated when”Figures (5.22) and (5.23) are

:examined.

These sketches of actual photographs illustrate the signals seen'ét the output
of the pulse generator in a system.such as that shown in Figure (5.1). The
first pulse is that generated by the pulse geherator while the second is that
reflected from the end of the‘pulsé ghaping 1ine where it joins the Goubau
Line. The reflection from the water interface on the Goubau Line can be seen
(arrowed) in each Figure. The difference in arrival time of these two
reflected pulses (1nS) is an indication of a 750 mm 1liquid level variation

in the flotation cell.
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It was decided that directional coupjers should be used for separating the
transmitted and reflected pdises and that tﬁéy'shou]drbeﬂlocated on the Goubau
Line to minimise the number of unwanted reflections coupled into the signal
processing circuitry. Placing the coup]eré somewhere on the shaping line
would give a reflected pu1$e output that included the unwanted reflection

from the end of the shaping line.

Detailed theoretical and practical information on the design of directional

-couplers can be found 1'n91 and 92.

A short, simplified summary of the
principles involved will be given here as an aid to understanding their

operation.

- If a line whose length is short compared to frequency is introduced into the
field of, and parallel to, another line which is carrying a signal then a
second signal directly proportional to the signal in the main line will be

coupled into the secondary line.

A current Im is inductively coupled into this line and flows in the opposite
direction to that in the main line (Figure (5.24)). In addition, capacitive
coupling between the loop and the main conductor causes a current I. to flow
s_,in-each leg of the loop. In the resistive arm IC and I, are additive while in
. thewdtheﬁgéfm they_are in opposition. By adjusting the capacitance C and

.. mutual inductance M it is possible to make I and I, cancel in the detector arm.

The detector will now 'see' no signals flowing in the direction of that in the

main 1ine but will 'see' signals flowing in the opposite direction.

Adjusting R also improves the cancellation of I, and I in the detector arm.
Ideally, it is neceséary,to.have R =/L/C for widebana use, where L. and C are

the distributed inductance and capacitance of the coupled lines, respective]y.
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A coupler has a bandwidth determined primarily: by R,L and C, while its
midband coupling frequency FO is determined by the length of coupled section

(L). This midband frequency can be found from

F. = (V74L) where L

o length of coupled section (5.3)

v velocity of wave propagation in the line

A centre frequency (FO) of 0,75 GHz was chosen for the coupler after

consideration of the genérated pulses' frequency spectrum (Section 4.4.2).

Most of a triangular pulses' energy is contained in the central band between
4r

the frequencies defined by % (T~)’ where tp is the pulse length.

P

 The'position of the first amplitude node in the frequency spectrum of a
~-perfect InS triangular pulse ié, therefore, theoretically 2GHz. In practice,
hdwever, perfectly triangular pulses do nbtﬁoccur. Pulse peaks tend to be
rounded rather fhan pointed. The effect of this is to reduce the amount of

spectral energy present at higher frequencies.

With this in mind, the centre ffequency of the coupler was chosen to be 0, 75GHz
rather thén-lGHz.This;gives a thedf@tica]-coup]ed 1ength.of=100mm kin air)

for the coﬁp]er on substitutjpn iﬁ equation (5.3). Cancellation of I, and

I_ in the detector arm ofvfhelébup]er was found, experimentally, to be
optimized for a resigtance of R = 18a (with the coupler. dimensions as shown

in Figure (5.25)).

1

The directional coupler was tested by sending a pulse signal through it first
in one direction, and then in the other and comparing the two coupled signals
obtained. It was found that a signal travelling through the coupler in the

’ - reverse direction was reduced by 26 dB over the same signal travelling through

- -the coupler in the desired direction.
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Figures (5.26) and (5.27) (§hst5hgs of photpgraphs) show the coupled transmitted
and reflected pulses in thé détéctor—]ine. | In Figure (5.26) the pulses are

- not peaking together ét the same point on the line and so appear as two
individua] pulses separated in time. Figure (5.27) shows the reflected pulse
peaking simultaneously with the transmitted pulse and forming a composite pulse

© at that point in time. Moving the reflected pulse to the left has also brought
an unwanted: reflection (to the right of the composite pulse in Figure (5.27))
into the picture from the right.  This should not be confused with the

reflected pulse in a similar position in the previous Figure.

- The success of the directional couplers in separating the transmitted and
reflected pulses on the Goubau Line greatly simplifies the signal processing

required for the TDR 1level measurement system.

SMLZaVThe Sampling Detector

| The feasibility of tHe whole TDR level measuring instrument described
. 80. far hinges around the ability to sample the composite pu]ée at a given
fﬁosition on the detector line, precisely at a given.time. Consequently as lot

of work went into the development of a reliable samplihg unit. A circuit

. -diagram of this unit appears in Figure (5.28).

The heart of the detector, which operates on a sample and hold principle, is
a diode sampling bridge using Séhottky or Hot Carrier diodes. These diodes
are SpeciaT]y designed to have low package inductance and capacitance and a

small amount of stored charge, making them ideal for high-speed applications.

The operation of_theusamp]er is as fo]]ows; v A_sampling command pulse is’
supplied to the sampTihaiB?ngeWbygfhe'ava]anche transistor circuit, which
triggers on a pulse from the trigger pulse generator (Figure (5.12)). This
ensures that the composite pulse is sampled at the correct time. The negative
‘bias control on the base of the transistor allows fine adjustment of this

samp]ing|time over a range df'approximate1y 500 pS.
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~ The length of the sampling per1od is determined by the rise-time of the
sampling command pulse and the magnitude of the negative.bias on the bridge
(Figure (5.29)). ~ For this reason a transistor with the fastest.available

- rise-time (400 pS) was chosen to produce sampling command pulses in the
detector. The resultant effective sampling period is about 300 pS. By
ensuring that the sampling interval is so placed as to include the 50 per cent
amplitude points on the reflected pulse, in the equi]ibrium position, (Figure
(5.30), it is possible to achieve the resolution for the system as stated in

Section 5.7.

The bifilar toroidal winding is used in the maﬁner of a ba]un transformer

to convert the ground referred, unbalanced sampling pulse from the avalanche
transistor into a ba]anced signal. This is done in order to prevent the sam-
pling bpulse . from appearing at the output of the sampling bridge as a common

mode signal, and 1nterfer1ng with the sampled signal.

The design of broadband toroidal pulse transformers is well documented and
extensive use was made of papers by Ruthroff88, Winningstad89 and Matick90

during construction of this section of the sampling unit.

During the sampling period, the sampling command pulse overcomes the reverse

bias on the bridge, driving it into conduction and allowing current to flow

- from the bridge samp11ng input into the storage capac1tor The current .

~ that flows is dependent upon the input voltage and the series impedance of

- the source and the diodes. Investigation of a typical diodes' impedance

.. (Figure (5,31)) shows that there are series resistance as well as leakage

| (capacitive) losses. Series resistance losses introduce a finite voltage
drop across the ‘diode while series capacitances reduce the effective current
flow by allowing reverse currents to leak out of the storage capacitor during

the non-sampling period:b'

¢
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A further important effect re§ponsib1e for the reduced efficiency of the

sampler is that the samples of the input signal are 'spikes’, with a large
range of spectral frequency components} The storage capacitor (in combination |
with the source and diode impedances) is part of a low pass filter that ‘'sees'

only a small fraction of the sampled pulses' total energy.

Sampling efficiency96 is defined as:
n = (storage capacitor voltage)/(input vo]tage)

Using a DC source as an input signal to the sampling bridge gave a sampling

efficiency of about 10 per cent. This is in agreement with what is to be

found in thev]iterature79.

The raw sampled voltage on the storage capacitor (Figure (5.32)) needs to be
processed before it can be useful as a control voltage. A buffer stage
followed by a low pass filter performs this processing very simply. The
~resultant signal (Figure (5.33)) is a DC level with a small sinusoidal ripple
voltage, at the sampling frequency, superimposed on it. A 2 mV ripple was

observed for an RC time constant of 5.

A further result of Tow pass filtering is to average the random noise in the
system to zero. This leaves the small voltage variation due to the sampling
process as the only 'noise' voltage present. Substituting this for the noise
voltage (VN) and using a value of 70 mV'for the reflected pulse 10 to 90 per
cent thlitude change, gives a theoretical resolution (Section 5.7) of 2 mm,

for the system as it stands (i.e. with t =500 pS).

A future development will be the incorporation of Step Recovery Diodes into
the sampler design to provide shorter sampling pu]seé; These improved sampling
units will then be used to 'draw' accurate reflected pulse profiles for Time

Domain Spectroscopy work.
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5.13 The Resolution of a Two-Detector Comparison System
Until now system resolution has only been defined for a'single
detector syStem. It will be shown that comparing the signals from two

detectors, as suggested in Section 5.3, favourably affects the system resolu-

tion.

Assume that the detector output signals are A(t) = A1+A2 sin ot and B(t) =

: B1+B2 sin (wt+8) (where A, and B are the DC components and AZ sin ot and 82 sin
(ot + 8) are the time varying-compqnents of the sampled signals, w» being

the sampling frequency). Normally, with the ref]gcted pulse in the equi]ibrium-
position, A1 = B1. A variation in pulse érriva] time causes one value to
increase and the other to decrease a simflaf‘amount."'vComﬁaring'theéé“signéls -

(by subtraction) then gives an output voltage

V.= At) - B(t) = (A-B,) + (A, sin ut - B, sin (ut + 6))

comp

As a consequence of the simultaneous sampling of A(t) and B(t), it can be seen
that the two time varying components must be in phase (i.e. 6 = 0). This leads
directly to |

Veomp = (Ay = By) + (A = B,) sin at

The magnitudes of A2 and B2 Shou]d ideally be equally, but slight differences

in component values and parameters are likely to make them differ.

The change in output détector~901tage, for a given change in ref]ectqd pulse
arrival time, in a dual detector system-is twice that obtained in a similar
single detector system. An added bonus is that the resultant noise voltage
in due dual system is, for the worst case, équa] to that in a single detector

system. At best it 1s’equa1 to zero.

Taking the worst case as being representative, gives dual system resolution as

twice that of a single detector system,



Uy
Squal = (KV trc)
where VN = the largest 'noise' voltage of the two signals

V = 10% to 90% voltage excursion of the reflected pulse
(as for a single detector)

t. = pulse risetime
8

[T
1}

_3:x 10 m/SA(velocity of propagation on Goubau 1line)
< This resolution is the worst possible case. Note also that reducing the
‘noise’ voltage on one detector to zero is more likely to degrade the system

resolution than improve it. It is of more benefit to ensure that both ‘'noise’

voTtages are of equal amplitude. This eases the restraint on system response

time imposed by the 1ow pass filter on the output'of'the detector.

This consideration is not importaht in the present application but may be in a
system designed to measure surface profile, say. Here increased resolution

,andffesponse time would both be important.

5.14 Variable Delays
The incorporation of a wideband variable delay 1ine into the TDR
instrument to allow continuous monitoring of the flotation cell liquid level is

dealt with in Section (5.5).

Variable delay can be 1ntrodu¢éd by mechanical or electrical means and both

are discussed here.

Mechanically Variable.Délay

The easiest way of ensuring that the ref]e;ted'pu1se stays within the
required sampling window is to drive the Qho]e TDR instrument up or down,
tracking any fluctuations in flotation cell Tiquid level. This method was
suécessfu]]y used'to test the resolution of the prototybe system and is

described in the next chapter.
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It was felt, however, that this method would not be suitable for use in the

hostile, industrial environment of a mineral processing plant.

A second more acceptable way of providing hechanical]y variable delay for the
reflected pulse, is to construct a line simi]ar'to the familiar coaxial
trombone line (Figure (5.34)). Sliding the trombone in and out varies the
effective length of the line and therefore the delay experienced by any pulses
passing along it. Hqusing thfs device and its'driVing circuitry in a
suitable enclosure would protect it from the environment and allow the
.fnstrument to monitor the liquid level continuously whf]e being securely
fixed:in.one position above the flotation cell.  Unfortunately,the trombone
line is a precision component reduiring very exact machining and would

increasexthe cost of the final instrument considerably.

The most promising mechanical method of introducing a variable delay into the
system, involves driving the reflected pulse directional coupler to an
équi]ibrium position on the Goubau Line. With the coupler iﬁ'this position
the reflected pulse 'peaks' in the samh]ing window at tb. Any variation of
tﬂe liquid level in the cell would cause the reflected pulse couﬁier to be
driven to 5 new position. on the Goubau Line, in such a way as to ensure that
the reflected pulse continued 'peaking' in the sampling window at to.
'Diréétiona] coupler position would then-be a measure of liquid level.
Electrically Variable Delays ,-
In order for there to be no‘moving parts in the TDR continuous level
monitoring instrument, it will be necessary to have some method of introducing

an electrically variable delay into the reflected pulse return path.

One way of doing this involves redesigning the whole system as it stands

(see Figure (5.35)).
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In the new system the trigger pu}se generato% drives a variable delay pulse
generator as well as supplying a pulse to the detector line. The variable
delay pulse generator in turn sﬁpp1ies a trigger pulse to the siéna] pulse
generator. By varying the tfme of the trigger command pu]sé from the variable
delay pulse generator it is possible to ensure that the reflected pulse peaks
in the detection window for various liquid Tevel heights in the flotation

cell. Construction of a variable delay pulse generator would involve using
the charge storage properties'of Step Recovery Diodes as mentioned by Coekin
1n93.

'—TH%§'§ySfem looks promising but is dependent on external supply sources for
the Step Recovery Diodes. Nonetheless further deve]opmént is to continue

- along these 1lines.

Two other methods of 1ntroduc1ng'é1ectrica11y variable delay into a system
wereﬂinvestigated. They both.vary propagation time through a section of line
'by electrically varying the properties of the medium of which the line is

constructed.

94 construct microstrip lines on a substrate of N-type

Jagerfand Rabus
Silicon about 0,2 mm thick. A Schottky Barrier complete with depletion

' Yayer-is-formed-between the stripline and the groundplane underneath
.(Eigpre‘(5.36)). | Varying the DC bias on the line causes the width of the
depletion layer to vary, in the manner of a varactor diode. It is therefore

" possible to vary the distributed capacitance, and hence the phase delay, of

‘the line with a control voltage.

95 yse magnetostatic-wave (MSW) devices at Gigahertz frequencies

Adam et al
to perform functions normally associated with surface acoustichave (SAW)
devices at lower frequencies. The MSW devices operate over a 1 to 20 GHz
frequency range with bandwidths of 0,5 to 1 GHz which makes them suitable for

the application in mind.

|
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Briefly, the basic MSW device %sia constanf delay line, which delays-a signal
applied at its input port a fixed amount of time before it arrives at the‘
output port. By applying a steady magnetic field normal to an yttrium-
iron-garnet film, and positioning two ground p]anes,.one above and one below
the film, at appropriate distances from it, it is possible to produce this
constant delay over a useful frequency range. Figure (5.37) illustrates the

construction of this device.

Propagation time through the MSW device is varied by varying the strength of

the magnetic biasing field.

Use of the Schottkyvmicrostrip 1ines:and-the'magnetostatic—wavé devices- -
in the TDR instrument is dependent on the ability of local institutions, or

industry, to supply the necessary technolagy: The possibility of this is

- ...small, so future development of the instrument will concentrate on using the

mechanically-driven direcfiona]‘codp]er and variable delay pulse generator
-"(Figure (5.35)) approaches'to supply the necessary control of reflected pulse

arrival time.
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6. TESTING OF THE PROTOTYPE TIME DOMAIN LIQUID-LEVEL MEASURING INSTRUMENT
AND DISCUSSION OF POSSIBLE IMPROVEMENTS
After the comp]etibn of a basic prototype 1nstrument, tests were carried
out, using a single detector system, to determine whether the theoretical

resolution of the TDR system was obtainable or not.

The whole TDR unit was attached to a motorised carriage which was driven up
or down in such a wéy as to ensure that the output of the sampling detector

was always a preset value (Figure (6.1)) (i.e. that the reflected pulse return
time was always constant). The preset value was adjusted so that the return

pulse was always sampled at its 50 per cent amplitude point.

6.1 Determination of the TDR Sysfem's Resolution with a Single
Detector

(a) Method
The apparatus was set up as shown in Figure (6.1) and the equilibrium
point chosen. The position of the motorised carriage Was carefully
recorded against a ca]ibratéd rule fixed alongside it. A beaker of
water was then removed from the‘tank-causing thelmotor to drﬁve the TDR
unit down towards the liquid until the equilibrium position was once
again reached (i.e. until a point was reached such that the reflected

pulse return time was the same as previously).

Once this equilibrium position was reached, the beaker of water was
emptied back into the tank, causing the motor to Tift the TDR unit back

to its previous position.

The scale reading on the calibrated rule was then recorded once more
and compared with the first reading. The difference between the two

was taken as the system resolution.
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This procedure was repeated a number of times with varying amounts of

liquid.

(b) Resuits
" The difference between the first and second values recorded was

always within I mm.

(c) Discussion
Theoretically, the expected resolution is 2 mm (Section 5.12). .
A reason for the improved réso]ufidn of 1 mm was sought and it was
realised that the 'noiée' voltage qubted in Section 5.12 is peak-to-peak.
This means that the value quoted for the theoretical resolution is
representative of the difference between the largest and smallest values

obtainable.

This is in excellent agreement with the practical results obtained

(i.e. £ 1 mm is equivalent to a range of 2 mm).

This experiment showed that the theoretical resolution for the system

!

could be obtained in practice.

6.2 The Effect of a Turbulent Surface on the Resolution of the System

It was necessary to find out what the effect of turbulent conditions on
system resolution was, as the resolution determined in the previous experiment
was only valid for a still surface.

(a) Method ‘ |
The apparatus was set up as for the previous experiment. A sintered

glass dish was b]aced in the tank and ap air supp]y connected.

(b) Result (
The TDR unit was lifted about 5 millimetres to a new equilibrium
position and stayed there. At first it was thought that this demonstrated

that the average surface level of the liquid was raised by surface
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disturbances. Then it was realised that introducing air into the liquid

effectively raised the liquid level and masked any turbulent effects.

The experiment was repeated with a motorised stirrer to churn up the

surface.

With this arrangement, the TDR unit was raised only a millimetre once the
stirrer was switched on and then stayed at that position. Varying the

speed of the motor did noi'seem to affect the position of the unit at all.

(c) Discussion
This demonstrates that the time constant of the TDR instrument is slow énough
(RC=5) to smooth out any variations in liquid height caused by the stirrer.
The average liquid -height stays more ‘or less constant, even with fairly

severe surface disturbances.

6.3 The Effect of a Layer of Froth
Although it was known that a layer of froth would attenuate the
reflected pulse to a certain extent, and that the sing]e'detecfo} system
would not compensate for this;.it was decided to see what error a layer of

foam would introduce into a single detector system.

(a) Method
The apparatus was assembled as;in Figure (6.1) and soap powder added
to the water in the tank. ThE_sintered glass dish was placed in the
tank and the air supply switch on. Once-a layer of froth about 100 mm
thick had built up, the air supply was switched off to stop the air
bubbles in the water interfering with the measurement. The equilibrium
position of the unit with the froth present was recorded and compared

to that of the unit with no froth present.
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(b) Results
The TDR unit's equi]ibriuﬁ position with the froth present was 6 mm lower
than with the froth absent. As the froth collapsed the unit returned

to its original position.

(c) Discussion
This is as expected since the ref]écted pulse is attenuated by the froth
and the sampling detector must sample at a point above the 50 per cent
amplitude Tevel on the reflected pulse, in order to see the same voltage

as that seen previoué]y at the 50 per cent amplitude level.

The way this is achieved is to lower the TDR unit, causing the reflected
pulse to arrive sooner at the sampling detector. This ensures that the

pulse is sampled at a point later than ‘the 50 per cent amplitude level.

Although the attenuation in the froth affects the level measurement in a
single detector system, it is encouraging to see that the difference
between measurement with and without froth is still within the desired

resolution 1imit of 10 mm,

Use of a two detector system will compensate for the attenuation in the

froth and, through.jts'comparison technique, improve on the resolution

obtained with the single detector system.

6.4 Resolution
Two primary reasons can be found for the high system resolution.
The first is that the sampling time of the sampling detectors is tied to the
triggering of the signal pulse generator by a trigger pulse. This means
that ény variation in detector output can only be due to variations in

Tiquid level on Goubau line causing the reflected pulse return time to vary.

- One disadvantage of using a variable delay pulse generator to trigger the

- signal pulse generator is that the detectors and the signal pulse generator
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are no longer linked together, time-wise, by a single trigger pulse.
It is hoped that any error introduced by this will be reduced to a negligible

amount by using a careful variabTe delay generator design.

Another reason for the high system réso]ution is that the final control
voltage is averaged over‘many pulse samples (50 000 per second). The effect
of this is to smooth out any noise, including that due to surface turbu]ence,'

giving a well-defined control voltage for processing purposes.

46.5 Summary of Test Reéu]ts
The tests on a single detector system verified:
- (a) -that-the system can achieve-its-theoretical-resolution; -
(b) that the response time of the system is slow enough to damp out surface
disturbances caused by the flotation cell stirrer and give an average

reading related to the surface level of the liquid in the tank.

6.6 Discussion of Possible Improvements to the TDR Level Measurement
System '

As the aim of this thesis was to prove the feasibility of a micro-
wavz method of liquid level measurement.app]icab]é to flotation cells, no
attempt was made to optimise the prototype design beyond the point necessary

for the proof of the measurement prihciple involved.

Although the performance of the prototype TDR system was satisfactory, a

number of improvements are to be investigated.

A dielectric Teflon coating is to be épp]ied to the Goubau line for the dual
purpose of inhibiting particle deposition and improving the coupling of the
relevant propagation mode to the line. It is thought that a_sma]] launching
horn will also reduce the effects of radiation from the line, an important con-

sideration for Time Domain Spectroscopy work.
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Both methods of varying the reflected pulse return time, utilizing mechanical
and electrical delay control, are to be developed. That using the driveh
directional coupler system is to be’developed first, as the Step Recovery
Diodes necessary for the construction'of the variable delay trigger generator
in the second, are not locally available. The eventuai aim is .to produce

a TDR system.with no moving parts. By using the driven directional coupler
method it will be possible to construct a complete working instrument for
evaTuation on a flotation plant with a minimum of delay. Latef, after the
successful construction of the variable delay trigger generator it is hoped
that it will be possible to convert the instrument fo the electrically variable

delay system.

In order to provide an accurate picture of the reflected pulses' profile for

TDS work it will-be necessary to reduce thé width of the sampling bridges'bsamp-
ling period. This requires fhe.use of Step Recovery Diodes for the provision
of a very short sampling command pulse.  Once égain, this improvément is

dependent on the supply of Step Recovery Diodes from outside the country.

This means that the cruder sampling system, using the avalanche transistor for
sampling command pulse generation will be used for simple level measurement

“while a special unit will later be developed for TDS work.

The present directional coupler and signal pulse generator designs perform

sufficiently well as to need no redesigning.

By utilizing hybrid‘packaging99 and microwave stripline techm’ques100
it is hoped to greatly reduce the final size of the instrument. This method
of constrUction should also reduce the cost of a unit when producing large

quantities.
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CONCLUSION

After consideration of the available microwave level measuring systems and

in the Tight of experimental resu]fs, it was decided that Time Domain
Reflectometry (TDR) is the most approbriate technique for_the measurement of
Tiquid level in flotation cells. With this system it is possibie to overcome

the problem of attenuation in the froth.

A prototype instrument, based on TDR principles and using a single conductor
guided-wave transmission line to direct the TDR pulses into the flotation cell,

has been developed and tested.

Results of the tests show that the fnstrument easily satisfies the system
resolution criterion of 10mm proposed at the outset of its' design. Furthermore,
as a result of the responée time chosen, it exhibits a high immunity to

surface disturbances of short duration, giving an output related to the average
iiquid level in the flotation cell. Owing to the relatively slow mechanical
1eve1 control apparatus in the cé]], it was possible to choose the response

time in such a way as to prpvide this smoothing action and still control the

Tiquid level effectively.

The use of.a Goubau or guided-wave ]fne (Section 5.10) simplifies the design
by replacing the wideband horn éntehnas that would otherwise be necessary for
baseband pulse transmission and receptioh. A dielectric Teflon coating is

to be applied to it for the dual purpose of inhibiting particle deposition
and improving the coupling of the relevant propagation mode to the line.

An added advantage of the Goubau line is that it restricts the field of the

pulses to the flotation cell reducing unwanted reflections to a minimum.
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The use of locally available compbnents throughout greatly reduces the production
cost of the basic level measuring instrument. The use of hybrid packaging
and microwave stripline techniques should further reduce the final size and

cost of the instrument, while improving its' reliability.

These factors combine to provide an instrument that is cheap, robust and easy

to maintain on line at a mineral processing plant.

This system is not seen as an-end in itself, as its' analytical properties
lend themselves to the characterisation of flotation froth. Development of a
more sophisticated sampling detector, for recording reflected pulse profiles
accurately, is proceeding, and it is‘likely that the resulting Time Domain
Spectroscopy instrument will become a powerful tool in the mineral processing

field.

This thesis has shown, in principle, that it is possible to accurately detect
Tiquid Tevel changes, under a Tayer of attenuating froth, using Time Domain

Reflectometry techniques and a novel signal processing system.
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APPENDIX A

AN INTRODUCTION TO FROTH,FLOTATION‘

The froth flotation process is the most widely used and most complex of all ore

concentration methods in use by the mining industry today.

- It is a physico-chemical method of concentrating thé desired mineral content of
fineiy gréund ores. The process 1nv019es the chemical treatment of the ore pulp
(a mixture of crushed;dre and water) to create conditions favourable fdr the
attachment of certain mineral partic]eé to air bubbles. These air bubbles carry
the selected minerals to the surface of the pulp and form a stabilised froth,
which is skimmed off, while the othef unwanfed minerals and waste rock remain

submerged in the pulp.

Particles ranging in size from 850 to a few microns are responsive to this

“process.
THE PROCESS

Essentially, flotation-involves the attachmenthf mineral particles to air bubbles
-so that the particles can be carried to the surface of the ore pulp where they

are removed.

The process can be broken down into a number of steps'as follows:

i

1) Grinding the ore to absize sufficiently fihe to liberate the valuable
minerals from the adhering waste rock (gangue).
For optimum flotation results these minerals shoqu be completely
separated from the gangue in the grinding step. In practice this is
seldom economically feasible and it is necessary to find the best
compromise between partic]é size (grinding time and cost) and percentage

-

recovered-mineral.
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Providing favourable”é6Hiditions For the adherence of the desired
mineral to air bubbles. | |

In order to obtain these conditions a hydrophobic surface film must be
formed on the particles to be floated and a hydrophilic or wettable one
on all others. ReagentsAca11ed collectors andAmodifiErs are used to

ensure that this'i§ 0.

Creating a rising current of air bubbles in the ore pulp.
This is accomplished by uSing a flotation cell that injects air into the-
bottom'of the pulp mixture. Further details of flotation cell

construction appear elsewhere in this appendix.

Forming a mineral laden froth on the surface of the ore pulp.
Addition of a.suitable frothing agent to the pulp ensures the formation

of a stable froth.

Removal of the mineral laden froth.

Careful flotation cell construction must incorporate some means for the

froth retrieval.  This is normally done by using some form of scoop or

sluice gate, or some combination of both.

FLOTATION CELL CONSTRUCTION

There are three basic classes of flotation cell, as follows:

1)

2)

Pneumatic Flotation Cells (Fig. A1) ;
In its"simpleSt form the pneumatic cell consists of a trough with
some form of airAsupply in its' bottom. The air is bubbled through

the pulp as it passes throdgh the tank and the froth is scooped off.

Cascade Flotation Cells (Fig. A2).
The cascade cell utilizes the pulp inlet flow to inject air into the .
pulp. The action of the pulp f]owingathrough the delivery nozzle sucks -

air into the stream.
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3) Sub-aeration Flotation Cells. -
The sub-aeration machines can be further divided into 2 groups
distinguished by the manner of air intéoduction into them.
In the first grdup (Fig. A3) the impeller acts as a centrifugal air
pump submerged in the pulp with its suction pipe, usually a ho]]ow
impeller shaft, passing from the surface of the pu]p_to.the impeller
zone.
In the second group (Fig. A4), however, air is pumped in at a point
directly under the impeller by én external air pump. This arragement

- gives an additional degree of control over the process.

Of the three classes the sub-aeration system using the centrifugal air pump

is the most popular and widely used.
REAGENTS

1) Collectors

_Thewcollector is the heart of the flotation process since it is the
réagent which produces the hydrophobic film on the mineral particles.
Most ‘of the collectors in current use are heteropolar (i.e. they contain
both a pb]ar (charged) and non-polar (uncharged) groups). When attached

. to a mineral partic1e these molecules are so orientated that the non-
polar'or hydrocarbon gfoub is extended outward. Such orientation results
in the formation of a hydrophobic hydrocarbon film on the mineral surface.
jFig. (A5) shows an air bubble/mineral surface contact with and without
a collector. It is evfdent that in the absence of the collector the air
bubble makes only negligible contact with the mineral surface makihg
flotation impossible. With the collector on the other hand a 60° contact
ang]evis obtained enabling flotation to take place.
Collectors in use today aré usually members of the xanthate family

although other hetero-polar compounds are sometimes also used.
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2) Frothers

i

The main pufpose of a frothing agent is the creation of a froth éapab]e
of carrying the mineral laden bubbles until they can be removed from the
flotation cell.

This objective is accomplished by imparting temporary tbughness to the

covering film of the bubble. The life of the individual bubbles is thus

_prolonged until it can be further stabilised by the adherence of mineral

particles and joined with other bubbles at the pulp surface to form a
froth. |

A11 frothers in use are organic heteropolar compounds and have the

ability to lower the surface tension of the Wateh(vahé non-polar_organic
radical, like that of the flotation collector molecule, repels water while
the polar portion éttracts water. |

The distribution of these molecules in the bubble air/water interface gives
the rising bubbles the required elasticity to burst through the top

layer of water and emerge at the air/water interface intact and unbroken.

.Frothers in common usage are Amy1'A1coho1, Cresylic Aciq and Pine 0il.

Modifiers

A1l reagents whose principal function is neither collecting nor frothing

"are called modifiers. They may act as depressants, activators, pH

regulator or dispersants.
A depressant is any reagent which inhibits the adsorption of a collector

by a mineral particle and therefore prevents its' flotation. Activators

,'on the other hand, enhance the adsorption of the collector, making the

flotation of certain minera]é mqre efficient. Singly or in combination,
aﬁtivators and depressants find their major usage in the differential
flotation of a number of different minerals from a single ore.

The effectiveness of all classes of flotation agents depends to a large
extent on the degree of alkalinity or acidity of the pulp solution.

Therefore one of the primary objectives of flotation testing is to
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discover the optimum pH value for a given reagent combination and ore.
A]ka]iﬁity regulators ﬁost commonly used are lime and soda ash while

acid pH control is usually obtained with sulphuric acid because of its’
low cost.

Another problem encountered is the adherence of very fine gangue particles
to the desired mineral particles. This interferes with the collector's
hydrophobic action and prevents flotation of the mineral particles in the
normal manner. Addition of dispersants such as Sodium Silicate to the

pulp chahges its! ionic balance in such a way as prevent this happening.



APPENDIX B

DEPTH RESOLUTION IN A SYNTHETIC APERTURE SYSTEM OF VARIABLE
FOCAL LENGTH.
A reprint of an article that appeared in Uet Ressarch Review, vol.2,

no.8, Oct.1978, pp.299-302. by C.Nilsen and M.Archer.



DEPTH RESOLUTION IN A SYNTHETIC APERTURE SYSTEM OF VARIABLE FOCAL LENGTH.
C.Nilsen/M.Archer,

INTRODUCTION /

1here has recently been some interest in the application of elcctro-
magnetic radiation in the microwave region to the measurement of the
position of liquid/air and/or liquid/froth/air interfaces in an industrial
mineral processing environment.

The most obvious advantage of a microwave depth probe is its non-
contacting nature, since existing analogue capacitive and resistive depth
probes are prone to fouling in thc extremely dirty conditions expericnced.

The requirement of a resolution in depth of, say, 20mn would requirc
in a conventional pulsed radar-like device a pulse length of not more than
133 pS. (1 pS = 10 2 s) Such a pulse would require no less than 15 Giiz
total bandw1dth for faithful. reproduction, and the construction of the
electronic elements requircd to generate such pulse lengths is not a task
lightly undertaken. :

The situation is hardly improved if, instead of a pulse system, a swept
frequency (IM radar) probe is mooted. It turns out that Fil radars require
similar bandwidth to pulsed radar if they are to offer similar depth or
range resolution.

Oneother—characteristic-of electromagnetic ‘radiation not yet considered--
is its ability to be focussed (by a variety of techniques) at different
distances.

One may therefore envisage a depth probe consisting of a variable focal
length aperture and using continuous monofrequency microwave illumination
of the surfaces below it.

Such a system is described in the literature (1) and was develoned by
a Canadian group f01 the purposes of gauging sea-ice thickness in their polar

regions.
) It is the object of this article to examine the resolution available
te variable focal length systems whose aperturce is formed by synthesis.

'SIMULATION AND RECONSTRUCTION

A block diagram of a depth measuring system is illustrated in Fig. 1.
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A quasi-isotropic source B illuminates a flat liquid/air interface below
it; an image source can be considered to be at B' if the surface is
reasonably smooth and conducting. The phasc of the field scattered from
the surface is measured across the aperture A.

The linear resolution attainable in axes both parallel and normal to
the aperture can be estimated by a reconstruction process, (2) operating
on the measured phase data, which secks to "image" the source B'.

The reconstruction process can be thought of as a matched filter operation,
in as much as a complex function equal to the conjugate of the complex
measured field is sought which Dest matches the curvature of the fiéld

-incident on aperture A.

Such a system has been simulated, and the results of the reconstruction are
shown below in Figures 2 and 3. This has been performed at the optimum
range of 1 metre, since the data had originally a focal length or "curvature"
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The location of the image maximum in the axis parallel to the aperture is
accurately found, and the image half-power width is, as usual, diffraction
limited to its theoretical value of %B - 101 m. (Fig.2).

Having located the image maximum, it is a simple matter to 'scan' the re-
construction process through different focal distance values. The results
are shown in Fig.3; notlce ‘that the .resolution is considerably poorer in

~ this co-ordinate.

RECONSTRUCTION USING REAL PHASE DATA.

An experlment has been perfbrmed to verlfy the above simulation and
the layout is shown in Fig.4.
A phase and amplitude receiver is available (3) which operates at 9,9GHz.
(» = 30,3nm). A continuous wave 9,9 GHz. source illuminates, inter a11a
a co—operative target. The field scattered by this co- operatlve target is
modulated at a low frequency to which the phase and amplitude receiver will
alone respond. Field components scattered from other objects in the
vicinity are not so modulated and are, to within second order, ignored by
the receiver. A synthetic aperture 300mn long is formed by a quasi-isotropic
antenna probe connected by a low loss flexible cable to the phase and
amplitude receiver. A reference sample of the 9,9 GHz. source field is also
connected to the receiver. . The antenna probe is stepped in 10mm intervals
across the aperture and the phase of the ficld is recorded at each point.
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Fig.5 shows the reconstructed x-axis image distribution at the
optimun focal length of 1 metre. The "target" (reflective co-operative
target) position in the axis parallel to the aperture is correct to within
13mm at this focal length.

. However, if the peak image 1nten51ty is sought at d1fferent focal
lengths but at the same aperture-axis co-ordinate, then the variation with
range is found to be more pronounced than was the case using simulated data
(Fig.6). The reason for the improved depth resolution lies in the nature
of the target. The reflective horn is not an isotropic scatterer, and in
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fact the image maximun lics not along an axis normal to the aperture (as
was the case in Fig.3) but at an angle to it - this angle is complcmentary
to the angle subtended by the source and target. The locus of the image
maxima are plotted in Fig.7.

This suggests that improved depth resolution may be had if the
synthetic aperture is used to "look' not normal to its axis, but to ‘one
side.

There is a limit to the angle that the target may subtend with the
normal to the aperturc. As this angle increases the simple algorithm for
reconstruction fails to describe accurately the curvaturc of the scattered
field, and image linear resolution suffers.

CONCLUSION
It has been demonstrated that high depth resolution is not an in-
trinsic property of a microwave imaging system, but given a suitable choice
of illuminating. function, the situation may be improved. It is felt that
a trade-off of depth resolution against aperture axis resolution can be
made, and future experiments will be planned with this point in mind.
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APPENDIX C

CONSTRUCTION AND CALIBRATION' OF THE CONDUCTIVITY MEASURING APPARATUS

The conductivity cell was of an open construction to allow free flow of

froth between its plates (Figure €1).

For calibration purposes a 0.1 Molar solution of Potassium Chloride was

prepared. From tables in Bockriss and Reddy 97‘ the equivalent

conductance A for the so]ution was found to be
v : 2
A = 128,9 mho cm /eq

From this spetific conductivity ¢ = Acz, where

c concentration in moles/cc

Z

number of charge carriers/ion = 1

Substitution gives a. theoretical specific conductivity (at 259C)

Q
L]

(128,9)(0,1)/1000
2

= 1,289 x 1072 mhos/cm

1,289 mhos/m

n

d

Measurement of the conductance, of theﬁabbve solution, with a laboratory

conductivity meter yielded a conductance of (1,27/90q) x 100 = 1,411 mhos/m.

This value differs from the theoretical value by only 9%, a difference easily
“explainable by temperature effects and the use of de-ionised water rather than

distilled water for the KCf solution.

The resistance of the solution was measured again using the measurement system

shown in Figure C2.

Fe]] resistance = R V2/(V1—V2)



With a series resistance R = 220g the resistance of the 1iquid was found
to be 110¢. Comparing this to the prévious reading (90/1.27) and

correcting gives a cell constant of 1,55 for the conductivity cell.

In order to give the correct values, all measured values of conductivity

- must be multiplied by 1.55.

As the cell measures resistance R, it is necessary to calculate specific

conductivity from

= (1ﬁ;§) X 1QO.mhos/m

" where the factor of 100 converts from mhos/cm to mhos/m.
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APPENDIX D

A  SUMMARY OF TIME DOMAIN SPECTROSCOPY METHODS AND A DISCUSSION OF THEIR
APPLICATION TO REMOTE SENSING OF FLOTATION FROTH PROPERTIES

Until recently information on the die]ectric properties of materials was
obtained by measuring their complex permittivity e(w) = e'(w) - ie“(w)
over the frequency range of interest. Since the frequency range of
electromagnetic radiation stretches from a few Hertz to many Giga Hertz,
using this method of permittivity measurement involved a whole range of

expensive instruments and time consuming processing of results.

By taking measurements in the time domain, rather than the frequency domain,
itlis_possible to obtain the same permittivity information in only a
fraction of a second. This method, called Time deain Spectroscopy (TDS),
utilises very short pulses with very fast risetimes, containing all the
frequencies of interest, to perform the permittivity measurement at all

these frequencies simultaneously.

Tunnel diode pulse generators _(risétimes ~25ps) and modern wideband
samp]fng ascilloscopes allow this measurement method to be used right
up into the microwave region, where savings in  time and cost are most
.effective. The present state of the art in TDS measurements is a

- frequency range from 50 kHz to something s]ﬁghtTy in excess of 15 GHz.:

Most TDS systems mentioned in the literature involve the prOpagatibn.of
a step_voltage pulse in an air-filled coaxial line system and the monitoring
of the change in the pulse characteristics after reflection from or

transmission through a ]ehgth of this coaxial line filled with the sample

of méteria] under test (Figure D1). The-simplest TDS case involves the
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reflection of the input pulse from the first air/dielectric interface

only, giving a complex reflection coefficient
é _
(ia) 1 - [elin)
1 =
e T+ [s('iu))]%

The reflection coefficient p(iw) is obtained from the ratio of the Fourier
transform of the pulse reflected from the air/dielectric interface to fhat
of the pulse reflected from a-short circuit placed at a position

equivalent to that of the air/die]eétric interface.

O0f all the TDS methods to be mentioned in this article, direct reflection

TDS offers the highest frequency capabilities.

The Direct Transmission Method 103

A system for measuring permittivities using the direct tran;mis;ion

method appears in Figure Dz; The difference between thi; and the previous
method is that the sample under test i; placed between the pulse generator
and sampling head. With fhis configuration it is no longer po;sib1e

to regard the sample as infinite and some provision must be made to
accommodate its finite length fn the expression for the transmission

coefficient. The resulting expressibh is

4»’6(1'09‘)

F——ﬁ:ﬁﬁiﬁTzzexp f1k2

521-(1'(1))

where £ is the length of the sample.

Thin Sample Time Domain_Spectroscopy 28

By going to the extreme of using very thin samples terminated by a 50%

load it is possible to obtain a linear relationship between signal and
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permittivity. The impulse response of the dielectric and the step response
of its conductivity can be measured directly, simplifying the interpretation

of data and the transformation between time and frequency domains.

The relevant equations describing the behaviour of the reflected pulse in
the time and frequency domain are described by Fellner-Feldegg in the above

reference and are too numerous and involved to go into here.:

The main advantages of this system are that very small amounts of the sample

material are needed for analysis and that data processing is minimised.

.The multiple reflection method is one of the most wide]y used and well

developed TDS methods used at present.

This method is similar to single ref]eciion method a]ready deséribed in that
it uses the same measurement setup as that shown in Figure D1. '_The incident
pulse suffers multiple ref]ections at both air/dielectric interféées of the
sample (length 2)3 but in this case the tjme interval over which the

reflected signal is recorded is such that it records the sum of all the multiple

reflections.

A feature of the measurement cell used for this method is that it must allow
samples of various lengths to be tested. ~ This complicates the construction

of the test Tine and extends the time necessary for each measurement.

1

The main advantage of this method is that it allows small amounts of material to

be used for each investigation, and is well documented.



- D4 -

Analysis of TDS Data

One of the main drawbacks of TDS methods of investigation fs'that'they require
Laplace or Fourier analysis of their_kesu]ts to provide the necessary
information about the dielectric properties of the materials investigated.

This aha]ysis usually requires the use of a computer.

More advanced processing techniques have allowed these calculations to bel
speeded up considerably. Various computational techniques, some involving
the deconvolution of unwanted signals to increase system resolution 8, have
also been developed. The present trend in VLSI circuit design promises to
relieve much of the burden of TDS data ané]ysis,.as a ﬁumber of maufacturers
are working on circuit blocks that will implement fast Fourier transforms

speedily.

It should also be mentioned here that the thin sample method'of TDS

measurement is the only one of those described that does not require lengthy
computation to provide information about the sémp]e under test.  Unfortunately
this method does not lehd itself to the measurement of flotation froth

properties.

A11 the methods describeq:above Qée air filled coaxial lines in their
meaéurement systems. As prévious]y mentioned (Section 2.1.8) such a
measurement system is not feasible for investigating flotation froth properties.
The Goubau line offers a so]ution’tovthe problem but presents a few problems

of its own.
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It is a far from perfect transmission line, owing to radiation effects

causing a certain amounf of the pulse energy to be lost. This is manifested

in the pulse returns and must be accounted for theoretically before any
analysis of the effects of the froth itself can be investigated. Another way of
looking at it is that the impulse response of the transmission line must be

separated from the impulse response of the froth.

Work by Ross and Bennett 32. in this area shows that material characterisation
is feasible using a Goubau line, and future work will concentrate in this

area.



APPENDIX E

RESULTS OF THE CONDUCTIVITY VERSUS DISPLACEMENT MEASUREMENTS (Section 2.2.1)

The resistance of the foam was measured using the conductivity cell measure-

ment technique described in Appendix C.

Resistance R was then converted to specific conductivity using

¢ = (1%5) mhos/m
Distance from the' Measured Specific )
top of the froth resistance conductivity

(cm) (k) (mhos/m)x103

0 o ' 0 =

1,5 14,13 10,1

3 8,19 18,9

4,5 6,36 24,4

6 5,32 29,1 R =
7,5 5,25 29,5 |~ 10ka
9 | 5,18 29,9

10,5 4,80 32,3

12 4,62 33,5

13,5 4,54 34,2

15 4,32 - 35,9

16,5 a4, 37,7

18 3,71 » 41,8

19,5 - 3,38 | 45,9

21 3,27 47,4

22,5 2,85 54,4

24 2,44 63,4 ‘R
25,5 2,04 76,0 | = 2,2ke
27 1,80 _ 85,9 |

28,5 965 5 161

30 0,721 215

31,5 10,626 247

33 ’ 0,603 257
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The series resistance R in the measurement apparatus was changed from 10kg

to 2.2k to improve the measurement accuracy at Tower froth resistances.



APPENDIX F

RESULTS OF THE FREE SPACE ATTENUATION VERSUS FROTH CONDUCTIVITY MEASUREMENT

Froth resist- Transmitted Conductivity Theoretical Actual

e ot (mos/mxio Spfentiation  sutenuatior

o - 12 0

5,7 -55 27,2 4.4 43
6.3 -42 24.6 4.02 30
6.7 -0 23.1 3.78 28
7.0 -38 22.1 3.62 26
7.5 -35 20.7 3.38 23
8.0 -32 19.4 3.16 20
8.4 30 18.5 3.01 18
8.8 -28 17.6 - 2.88 16
9.1 -26 - 17.0 2.78 14
9.4 -25 16.5 2.69 13
9.9 -23 ‘ 15.7 2.56 1
10.4 -21 14.9 2.43 "9
11.4 -19 13.6 2.22 7
12.4° -17 12.5 2.04 5
13.4 -16 ' 1.6 1.89 4
14.4 -14 ©10.8 1.76 2
15.4 -10 10.1 1.64 -2
16.9 -9 9.17 1.50 -3
17.4 -8 o 8.91 1.46 -4
18.4 -7 ’ 8.42 1.38 -5
19.4 -7 | 7.99 1.31 -5
22.4 -6 T 6.92 1.13 -6
29.4 -6 - 5.27 0.86 -6
'39.4 -8 3.93 0.64 -4

Theoretical Attenuation was ca]cu]ated from the equation in Section 2.2.2,
using a dielectric constant of 1. The calculated values were converted from

Np/m to dB/m and divided by 10 to give the theoretical attenuation in dB/0.1m.
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- Resistance was converted to conductivity as described in Appendix C, using the

‘relation

= 155 mhos/m
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APPENDIX G : !

DIELECTRIC CONSTANT MEASUREMENT - Theory and Results

A diagram of the measurement system used to measure the dielectric constant

of the froth is shown in Figure G1.

The microwave energy from the 10 GHz source is split into two equal parts.
One half is fed directly into one side of a é]otted standing wave detector
line while the other half is first fed through a free space link before being

fed into the other side of the standing wave line.

Placing a dielectric material in the path between the two horns causes the
standing pattern in the detector line to shift an amount determined by the

thickness - of the material and its dielectric constant.

By comparing the two observed standing wave patterns, one with the tank in
position empty and one with it full of froth, it was possible to obtain an

idea of the'die1ectric constant of the froth.

Propagation velocity of a signal is slower in a dielectric than in free space.
A consequence of this is that its wavelength in free space is greater than in

~a dielectric,
i.e. A>A A, = (Aa//k)

where Ay is the free-space wavelength
A. is the wavelength in the dielectric

k is the dielectric consfantv

The amount that a single wavelength will change by on moving from free-space

to a dielectric medium is given by:
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A
a
d, = A - = A - —=
A a € a/k
= A, (1 - —1—)v millimetres
R

where Aa is in millimetres.

Generéiising for a dielectric 1éyer of thickness "L" giveS'atota]-shift of
L 1

d, = (= (1.-—)
A @ vk

L (1) millimetres
/K

where L is in millimetres.

it

In the waveguide the change in wavelength is multiplied by a factor related to

the guide wavelength Ag:

AL
Kg; (1~1—) millimetres
a vk

where Ag is in millimetres.

A practical consideration is that the minima of the standing wave pattern are

used for measurement purposes as they are more clearly defineq than the maxima.

The distance between two minima will change only half -as much as for a whole

wavelength,

The observed distance change between two minima in the guide will be given by:

AL 1 .
d = 3d = -2 (1 -—) milimetres
g 2Aa vk
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Standard Manipulation gives this equation terms of the dielectric constant

2dx | -2
k = (1-—2)
. At

. where d, Ay Ag and L are in millimetres.

Results

As previously mentioned, the high attenuation in the froth made accurate
measurement of the phase shift in the froth difficult. Another problem was
, that the continuous movement of the froth made the position of the minima in the

standing wave pattern oscillate about a mean bosition.

Readings obtained for d varied over a range from 3 to 8 mm, corresponding to a

range of. dielectric constant from 1.1 to 1.3, respectively.
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APPENDIX H

FREQUENCY SPECTRUM OF A PERIODIC SIGNAL

In order to determine the spectral components of a periodic signal (e.g.
~a pulse train), it is necessary to compute the Fourier series of that signal.

One form of the Fourier series is:

f(t) = A +x A cos M, 5 p g Zr0L
n=1 T, Nl T

where A0 is the average value of f(t) given by

+T /2
1 0
A = — f(t) dt
0
To . =
, -To/2 B
while AN and BN are given by
[
+T /2 ‘ :
Ay = 2 ° f(t) cos ML 4t
TO ‘ TO
Tz
[
+TO/2
By = ~> - f(t) sin &Mt gt
To T0
] —T0/2

It can be seen that the Fourier series consists of a summation of harmonics

of a fundamental fregquency fo = (1/TO). )

Using the process of convolution it is possible -to show this more clearly.
A repetitive (or periodic) signal can be represented by the convolution of a
single cycle of its signal convolved with a Dirac function "comb" with -

spacihg equal to the period of the signal (Figure H1).

Moving from the time domain to the frequency domain produces the spread

of frequency components shown in’figure H2.
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The Fourier transform of the single cycle (a square pulse in the example shown)
gives a continuous spectrum with a sinc function envelope. Multiplying this
by the Dirac comb in the frequency domain gives the spectral components of the

periodic signal.

Changing the form of the periodic function will merely change the shape of the
spectral envelope obtained from a éing]e cycle. Multiplying this by the Dirac
comb in the frequency domaiﬁ will once again give a discrete frequency spectrum

related to the frequency of the periodic anéform.
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APPENDIX I

SOLUTIONS TO THE DIFFERENTIAL EQUATIONS OF .THE UNIFORM TRANSMISSION LINE

The differential equations for a uniform transmission line are found by
looking at an infinitesimal section of line Az, located at a point z on the

line, remote from the line's termination (Fig.Il).

This 1ine section has totaT series resistance Raz, series inductahce LAz,

shunt capacitance Caz and shunt'conductance Gaz. The output voltage differs
from the inpUt voltage because of the serieé voltages across the resistancé and
inductance elements, while the output current differs from the input current

because of the shunt currents through the conductance and capacitance elements.

Using the instantaneous QUantities in Fig; I1 the following equations were

derived using Kirchhoff's Laws. .

v(z+az,t) - v(z,t) = av(z,t) = -Raz i(z,t) - LAz-gi%%-’—El -(1)
i(z+az,t) - i(z,t) = ai(z,t) = -Gaz v(z,t) _ (‘,Azé—\%%lic-l - -(2)

Rewriting (1) and (2) in frequenéy domain form gives:

V(z+az)- V(z) = av(z)

- -Raz 1(z) - jylaz I(z) -(3)

1(z+nz)- 1(z) = al(z)

-GAZ V(z) - jGCAz V(z) : -(4)

Each term of these equatiohs is implicitly a harmonic function of time at
- angular frequency w radius per second. Convenient choices for this reference
may be the source voltage phasor, or the voltage phasor at the input end or

the terminal load end of the 1line.

Dividing (3) and (4) by Az and letting Az tend to zero leads to the differentia]'

equations.

V() = -Rejul)I(z) -(5)
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:;Z. I(z) = -(6 + juC)V(z) | | -(6)

These are not written as partial differential equations, since V and I are
explicitly functions of on]y the single variable z. It is not even necessary

to be reminded that V and I are functions of z. Rewriting gives:

Cv=-Regudl : | =)
91 =-(6+ JuC)v R | o - -®

Solving these simultaneous linear first order ordinary differential equations
with constant coefficients for seperate equations in V and I produces two
second order equations.

2 | |
3—% = (R + juL) (6 + juC)V -(9)
z

d21 = (R + juL) (G + juC)I - . -(10)

In order to solve (9) and (10) it is necessary to first obtain their

characteristic equations, which are identical.
_(nl_ 2y _ 2 _ . .
F(D) = (D°~¥®) = (D-v)(D+y) where y° = (R+jwl)(G+juC) -(11)

Using this characteristic equation a general solution for differentia] equations

of the form of (9) and (10), is found.

y = C1e—YZ + CzeYZ -(12)

Substituting voltage and.current bbundary conditions leaves the solutions

V(z) = V1e-Yz.+ VzeYZ -(13)
I(z) = Tje™™ + 1pe" | ‘ o -(14)
where v& = (R+joL)(G + juC) . -(15)
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Equatiens (13) and (14) have been derived by straightforward mathematical
: f
processes, and in order to appreciate their physical implications it is best
to seperate the magnitude and phase aspects of e % and eYZ, and reintroduce the
harmonic time variation term ert.
Defining the real and imaginary parts of vy by v = a + jg allows (13) to be

rewritten as
v(z,t) = |91ie'aZRé{eJ(mt-ez+g1)} + TVzleazRe{ej(“t+BZ+§2)}

where |Q1l and |V2| are the peak amplitudes of the arbitrary phase coefficients
Vi and Vo.

e % and e** are real numbers to the attenuation of -the Tline.

€ énd g, are the respective phase angles of the arbitrary phasors V1 and V2.

Re{ej(wt—sz+€1)} and Re{e‘j(‘”“BZ +"“:2)} are numbers varying harmonically
in time and with distance along the time with a peak value of unity and with

values at t = z=0 determined by &y and gy -

i

Equation (12) can be rewritten in a similar manner as an equation in instantaneous

currents.
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APPENDIX J

THE EFFECT OF REACTIVE TERMINATIONS ON THE REFLECTIONS ON A TRANSMISSION
LINE

In pract1ce purely res1st1ve terminations are hardly ever encountered. There
are usually add1t1ona1 react1ve components such as series inductance and shunt
capac1tance present.

In these cases it 1s necessany to use the comp]ex form of the reflection
coeff1c1ent to determ1ne ‘the reflection coefficient and solve us1ng the Laplace
transform method. |
The reflected voltage | |

Vy(s) = y(s) o(s) | | (1)

the incidént voltage.

wherewyi(s)

Vz(s) the reflected voltage

p(s)

the complex reflection coefficient

(2(5) - 2)/(Zg(5) + Z,). | (2)

In order to demonstrate a practical application of this formula, an example

f

using the termination shown in Figure J1, will be worked through.

The Laplace transform of the termination in Figure Jl is

Zp(s) =R /(1 + SCR)) (3)
Combining -equations (2) and (3) gives the reflection coefficient
| p(s) = -(s-al)/(5+az) | | (4)
where a; = (R -Z )/CR Z :
4, = (RHZ)/CR 2
Assuming a step funct1onxinput,fv, from a matched source gives an initial voltage
1(s) = V/2s.
Substituting in equation (1) and man1pu1at1ng with equat1on (4) gives the
reflection
Vz(s) =7 la. " ( ) exp(-aZtl)

4
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The total voltage at the output end is (Vl(s) + Vz(s))

or

Y
Yo~ 2

a1+a2
o (1 - exp(-aztl))

The signals seen at the source and load ends of the line are shown in Figure J2.
The effect of the capacitance is to introduce a risetime into the signal
with a time constant
T = (CRLZO)/(RL+ZO)
A similar treatment can be applied to series and shunt inductive circuits.

The results for various reactive terminations appear in Figure (4.21).

T g 0iC 1980





