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Abstract

This report is the result of an experimental research project on an innovative technique for slurry
density measurements. Contrary to current density measurement techniques which use a radioac-
tive source, this technique is based on electromagnetic transmission. The difference in the so-called
permittivity of sand and water (which is a material property) causes a phase shift in the trans-
mitted signal that depends on the amount of sand in the slurry, in other words, the density. In
saline water there is also a measurable change in the signal attenuation.

In order to verify the applicability of electromagnetic transmission for density measurements, a
static experimental setup has been designed and built. Using multiple sand packs in a —fresh and
slightly saline— water filled setup, the effects of sand on the signal transmission have been measured.
The measured data have been compared to a two-phase mixing model and a semi-empirical model.
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1.1. IHC SYSTEMS CHAPTER 1. INTRODUCTION

1.1 IHC Systems

THC Systems is a business unit owned by Imtech Marine & Offshore, turnkey contractor in marine
technology, and THC Holland, leading supplier to the dredging world. Dredging used to be a purely
mechanical process using buckets, but nowadays most dredging vessels use a hydraulic process for
the transport of soils (though the excavation may still be mechanical). These hydraulic vessels all
operate according to the same principle, which is outlined in figure 1.1. The central process in
a hydraulic system is the so-called “slurrification”: the mixing of the soil with water to create a
fluid mixture. The creation of this mixture, called “slurry”, enables soil transport from the sea or
river bed using one or more pumps.

transport to hopper / pipeline / ..

Excavation
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Figure 1.1: Hydraulic transport of slurry. The soil can be excavated using a variety of tools, such
as the draghead, cutterhead and cutterwheel. Then, the excavated soil is mixed with water to create
a fluid mixture, which is transported by the central process: the hydraulic system.

THC Systems is dedicated to efficient dredging. Whether efficient means the largest pro-
duction “with the least amount of energy” or “in the shortest amount of time”, both energy
and time cost money so knowing the production is very important.
For this purpose, IHC Systems has developed a range of instruments
and automatic controllers. These provide the information necessary
for a smooth, efficient dredging process, relieving the dredging master
of repetitive, low-intelligence duties (his role becoming one of supervi-
sion) and achieving maximum operational efficiency of the vessel and
its crew.

The term production is defined as the quantity of soil moved per
unit of time ( ton/s) and is calculated from the simultaneous mea-
surement of density ( ton/m3) and flow rate (m?3/s) and is usually
presented to the dredge master as shown in figure 1.2. The flow rate is
the product of velocity and pipe diameter. The density during produc- ~ Figure 1.2:  Cross
tion is generally between 1.2 ton/m® and 1.8 ton/m? and the velocity needle indicator, which
varies between 3 and 10 m/s. Note that the measured production is ~ ShoWws the momenta-
not the pure soil but a mixture of water and solids. neous production.

1.2 Motivation

The focus of this research is on the density measurement, which is currently based on gamma ray
absorption: a beam of gamma particles is sent through the pipe and detected by a Geiger-Miiller
tube or a scintillation probe. The higher the density, the higher the absorption of radiation by the
slurry. Since the year 1960 IHC Systems delivered just over one thousand of these nuclear density
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transmitters. The disadvantages of these radioactive density meters, which all arise from the use
of a radioactive source, include:

® The use of radioactive sources is a sensitive issue.
® Certified personnel is required to operate radioactive devices.

® Transport and handling of devices containing radioactive material is more difficult and costly
due to governmental regulations.

Of course, the radioactive density meter also has some strengths:
® Reliable technology: the “golden standard” in the industry
® Accurate (see section 1.4).
® Acceptable cost for larger dredgers.
® Physics of the measurement is straightforward.

Considering the growing public concern for the possible harmful effects of radioactive devices,
THC Systems has been trying to find an alternative for many years. A second reason to search
for an alternative is that many smaller dredgers (e.g. the “Beaver” series) aren’t equipped with
production monitors at all because of the high cost and the need for personnel that is trained to
operate with radioactive devices. At the moment, the market of density meters for smaller dredging
vessels shows more opportunities for IHC Systems than of jumbo dredgers. As a consequence, a
low-cost, small-diameter density meter would be a great addition to the THC Systems product
portfolio.

A preliminary research of various measurement concepts by J. Barros (3] was finished in De-
cember 2003. Of the initial set of 14 ideas -which will not be repeated here- the pump-model, and
the electromagnetic wave transmission turned out to be the most promising. According to Barros,
the pump model can be a low-cost simple-design system with, however, a limited accuracy. The
development of an electromagnetic system is expected to require considerable investment in time
and resources - the expected accuracy is not mentioned. However, including the consideration
that the new measurement technology should be patentable, in order to maintain an advantage
on competitors, leaves the electromagnetic wave transmission as the only viable alternative.

During this research, it was reported by the “Nederlandsch Octrooibureau” (Dutch Patent
Office) that (several aspects of) electromagnetic measurement systems were actually patented in
the United States and Japan, see [26, 43, 44].
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1.3 Overview

The operation principle of the experimental setup that has been used to assess the feasibility of
an electromagnetic measurement system is shown in figure 1.3, without going into details yet.

Inner Sand Outer
pipe pack pipe

Send
antenna

Receive
antenna

RF Amplifier Time difference

AV,

Attenuation

Figure 1.3: Overview of the experimental setup. The slurry is modeled by placing sand packs in
the water in the inner pipe. The space between the two pipes is filled with water.

The density measurement is based on the differences in permittivity and or conductivity of
water and sand. Slightly simplified, the permittivity of a medium determines the propagation
velocity of electromagnetic waves and the conductivity attenuates the signal.

In the setup, a high-powered radio-frequency (RF') signal is fed to the transmitter antenna. The
radiated electromagnetic waves propagate through the slurry, which has been modeled by placing
one or more sand packs in a pipe filled with water, and will be delayed and/or attenuated depending
on the permittivity and the conductivity of the slurry. The modified signal is picked up by the
receiver antenna and compared to the original signal to detect the delay and the attenuation. The
primary function of the outer pipe is to keep the electromagnetic waves within the measurement
device.

The most important aspects of the experimental setup will be discussed in detail in the next
chapters. In chapter 2 the terms permittivity and conductivity are defined and determined for
water, sand and some other relevant materials. Chapter 3 deals with the most important aspects
of the design of the used antennas. Chapter 4 describes how the slurry density can be determined
from the measured delay and attenuation. The construction of the experimental setup is described
in chapter 5. The results of the measurements are presented in chapters 6, 7 and 8. Finally chapter
9 contains some concluding remarks and suggestions for a follow-up of this project.
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1.4 Design goals

The design of a density meter, based on electromagnetic transmission will be a trade-off between
three factors:

1.

2.

3.

Applicability
Accuracy

Cost

Applicability

The main limitation on the applicability of an electromagnetic meter is the signal attenuation in
a conductive medium. The limit is the point where the signal is lost in the noise. In short, its
applicability depends on its performance under the following operational conditions:

1.

Salinity: the salinity of the water translates to conductivity. The typical conductivity ranges
from 0.65 for river water to 4.0 S/m for sea water. A higher conductivity means more signal
attenuation, so it is expected that measurements at low conductivities are easier to achieve.

Density: the density range of interest is 1.0 to 1.8 ton/m®. A higher density corresponds
to a lower conductivity, because the soil is non-conductive. So if a signal is received at a
density of 1.0, then certainly at higher densities.

Pipe diameter: ranges from 0.3 to 1.2 m. The larger the diameter the more attenuation, so
small pipe diameters have an advantage.

Transport velocity: ranges up to 10 m/s. Considering the time period of the electromagnetic
wave, which will generally be shorter than 100 ns, it is expected that the slurry can be
regarded as stationary. However, a turbulent slurry flow containing air bubbles will affect
density measurements - any density measurement, not just this one.

. Harsh environment: the operating environment on dredgers can be quite rough. There’s

generally a lot of noise and vibrations, temperatures may vary from 5 °C to 45 °C and it
will also be very moist. It is expected that the influence of noise and vibrations will be min-
imal, but temperature compensation may be necessary, as the conductivity is temperature
dependent.

Soil type: different soil types (sand, rock, clay,...) may have different relevant properties.
The permittivity of the soil should be known within some limits to make accurate electro-
magnetic measurements.

. Homogeneity: when the density is measured in a subsection of the pipe, it should be accu-

rately represent the density in the whole cross-section. In general, a homogeneous mixture
gives more accurate results.

Accuracy

The accuracy of the electromagnetic density meter should be targeted against the performance of
the radioactive density meter, which is determined by:

® Ap = =+1% full scale

® Time constant T =5s
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The accuracy of an electromagnetic density meter is affected in (at least) three ways:

(+) Because the electromagnetic density meter measures density over a larger cross-section than
a radioactive density meter, the measured density represents more the average of a large
volume instead of only the small section that the radioactive ray crosses.

(—) The electromagnetic density measurement is only valid if the permittivity of the soils is known.

(—) Electromagnetic transmission and accurate permittivity measurements are aggravated in
saline solutions.

Cost

The cost of the electromagnetic density meter compared to the radioactive density meter is also
important:

® If it costs significantly more, it should perform significantly better, i.e. more accurate and
applicable under all conditions.

® If it costs significantly less, it may be less flexible and/or less accurate
e If it is to replace the radioactive density meter, it should be at least just as accurate and
applicable under all conditions.
Expectations

Beforehand, some (possibly premature) conclusions were drawn based on the statements above.
It was decided to initially focus on a static small diameter (500 mm) density meter for application
in river water. This configuration would probably be the easiest to get up and running, without
requiring too much amplifier power and depending too much on the performance of the antennas.
If that configuration would work as desired, tests in more saline water were to be performed.

1.5 Project outline

Project result
The result of this project will be:
® An experimental setup
® Measurements performed on this experimental setup, in sweet and saline water.
® A theoretical discussion of the results
® Suggestions for improvement (if any)

® If the measurement systems works as desired: a project plan to make it the final product

Delimitation
The following items will specifically not be part of the project:
® Development of an optimized antenna.
® Development of a flowing setup.
¢ Measurements in a flowing setup.
® Development of a prototype.

® Development of a usable end product.
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Internal contacts

This graduation project has been realized in association with the Stan Ackermans Institute (SAI).
The Stan Ackermans Institute offers Technological Designer programs and because of this, it has
many contacts with the industry from which the preliminary research project by Barros [3] already
arose. The following people from SAI and ITHC Systems were directly involved in this research:

C. de Keizer: manager Research & Development at IHC Systems, supervisor of this project on
half of IHC Systems.

prof. dr. H.C.W. Beijerinck, chairman department “Design and Technology Instrumentation”
at SAI, full professor of the section “Experimental Atomic Physics and Quantum Electron-
ics” of the department of Applied Physics, supervisor of this project on behalf of Eindhoven
University of Technology / SAIL

R. Fischbuch: co-worker Research & Development at IHC Systems, assisting in electrotechnical
aspects of the project.

C. Huizer: CAD drafter / Constructor at IHC Systems, assisting in mechanical and construction
aspects.

External contacts

In order to exchange ides and gain more insight in specific aspects of electromagnetic devices, the
following people from Eindhoven University of Technology were contacted:

prof. dr. ir. K. Kopinga: full professor of the section “Iransport in Permeable Media” of the
department of Applied Physics. Several discussions on the subject of dielectrics measure-
ments, shielding of radiofrequency and microwave signals, enhancing signal-to-noise ratio,
amplifiers, etc. His experience with microwave (NMR) systems has been of great value for
the design of the experimental setup.

prof. dr. A.G. Tijhuis: full professor of the section “Electromagnetics” of the department of
Electrical Engineering. Discussion on the development of antennas and on the use of electro-
magnetic waves for dielectrics measurements. Based on these discussions, it was decided to
choose the dipole antenna type because of is relative simplicity and predictability.

S.H. Ypma: coordinator for the SAI / ICT of the section “Signal Processing Systems” of the
department of Electrical Engineering. Discussion on antenna impedance matching. As an
active radio amateur, he has many practical insights in the use of antennas.
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2.1 Definitions

Water molecules are polar: the positive and negative charges do not completely overlap, which
gives the molecules a dipole moment. In an applied electric field, polar molecules tend to align
themselves parallel to this field and thus produce an electric field in the opposite direction. The
degree to which a substance does this is called the dielectric constant or permittivity. Besides
being a polar molecule, water has a strong hydrogen-bonding network which causes a long range
correlation of molecular orientation and is reason for the high permittivity of water. The complex
permittivity of a material is given by!:

¥ =¢gleg (2.1)

where £q is the permittivity in vacuum (M.3) and e¥ is the relative complex permittivity. The
permittivity is in general a complex constant which can be expressed for a (lossy) dielectric material
as [28]:

e=€-j (s" + E) (2.2)
w

where &' represents the refractive properties, £ and absorptive properties due to polarization of
the dielectric material and o the ‘zero frequency’ or DC conductivity. The conductivity is assumed
to be real-valued. The &’ and &” terms are frequency dependent, as shown for water in the next
section. A derivation of equation (2.2) can be found in appendix A.

The imaginary part of the permittivity and the DC conductivity can be combined in the real-
valued effective conductivity o.. Assuming that the conductivity o is real-valued, the definition
of the effective conductivity (A.4b) can be written as:

0o =0 + we”. (2.3)

The remaining real part of the permittivity is represented by the real-valued effective permittivity
(A.4a) which is given by:

ge=¢, (2.4)

again assuming that the conductivity o is real-valued. Thus, the complex permittivity can be
written in terms of the real-valued effective permittivity and the real-valued effective conductivity:

e = e —j%. (2.5)

2.2 Pure water

As described in section 2.1, polar molecules align themselves parallel to an applied electric field.
The speed of this alignment is determined by the so-called “relaxation time” 7 (see equation (C.2a)
in appendix C). As a consequence, the dielectric behaviour of polar molecules in a varying electric
field depends on the frequency w in comparison with this relaxation time:

Er =

. { €7, the (real) infinite relative dielectric constant, w7 >>1 (2.6)

3% the (real) static relative dielectric constant, w7 < 1.

Note that in both extremes, the complex permittivity is real-valued. Several models exist for
the permittivity in between these extremes.

IThe superscript asterisk (*) denotes a complex value, the subscript r a relative value.

10
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The two most essential models for the permittivity of water are:

sstat _e®
The Debye equation: er(w) =X + ﬁ (2.7a)
The Cole-Col ti : o S & 2.7b
e CLole-Cole equation: & (w) =& + W, ( . )

where the parameter 0 < v < 1 (typical 0.03) increases with internal degrees of freedom and
decreases with temperature [4]. According to [23] the standard Debye model (v = 0) is sufficiently
accurate at the lower microwave frequencies. The infinite permittivity £X° does not seem to depend
on temperature (or salinity) and is assumed a constant value of 4.9 [23, 38]. The static permittivity
5% does depend on temperature (and salinity) and typical values lie between 70 and 85. Plots
of the (relative) permittivity of water as a function of the frequency have been calculated (figure
2.1) using the Debye model (2.7a) and the following assumed (typical) values:

® X =49
o cstat — g0

o 7 =0x10"12g,

T LI LU ¥ LR SR IALILL T IllllHI T I||||||| T LB

80 T Real part -
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Figure 2.1: Plots of the real part (solid) and the imaginary part (dashed) of the relative permittivity
of water as a function of the frequency, according to the Debye model.

From looking at these plots, it becomes quite clear that for the frequency range of interest
(f < 100 MHz) the real part of the relative permittivity can be considered frequency independent
and approximately equal to the static permittivity e5*2*. The imaginary part is almost zero. Thus,
all lossy behaviour can be attributed to conductivity, which is also zero. This leads to the following
approximations for pure water:

Eer R 502 (2.8a)

e = 0. (2.8b)

11
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2.3 Saline water

Salinity

The principle salt in sea water is NaCl, and sea water can be reasonably approximated by an
aqueous NaCl solution (see equation (C.4) in appendix C). The introduction of salt in water
makes it conductive. The total dissolved salt concentration of water is called the salinity. Salinity
is normally expressed in “parts per thousand” (ppt), i.e. grams of salt per 1000 grams of water, or
in “practical salinity units” (psu) which is (numerically) approximately the same. The amount of
salt in water is not the same everywhere: a map which depicts the average salinity of the oceans
is shown in figure 2.2.

LAS 6.4.1/Ferret 5.80 —— NOAA/PMEL
DODS URL: http://ferret.wrc.noaa.gov/cgi-bin/dods/nph~dods/dota/PMEL/
DEPTH (m) : O DATA SET: ocean_atlas_annual

World Ocean Atlas 1994 * 1x1 Degree Annual Means

80°N

40°N

0°

LATITUDE

40°S

80°S

T T T T T T T 0
100°W 0° 100°E
LONGITUDE

Salinity (psu)

Figure 2.2: Plot of annual salinity of the oceans in 1994 as provided by the National Oceanic and
Atmospheric Administration (NOAA)). The unit “psu” is the practical salinity unit, which is quite
close to parts per thousand (ppt).

Looking at the colour distribution in the map, the conductivity of sea water roughly varies
between 30 and 40 ppt. By definition?, “saline” water has a salt concentration greater than 18 ppt.
River water has a much lower salinity: it may be as low as 0.5 ppt (fresh water). Water with a
salinity between 5 and 18 ppt is called brackish and is usually found in estuaries where seawater
mixes with fresh water. Another figure that is frequently used to characterize saline water is the
density, which roughly varies between 1020 and 1030 kg/m3 for sea water. A conversion chart
relating salinity, density and temperature can be found in appendix B.

2from European Environment Agency

12
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For our purposes not the salinity, but the corresponding conductivity is of main interest. A
numerical model for the conductivity of sea water as a function of salinity and temperature is
given by [38] and is reproduced in appendix C. A plot of the conductivity as a function of the
salinity and the temperature according to this model is shown in figure 2.3(a) for the range of
salinities and temperatures that are found in the oceans. Because this model is not valid for lower
salinities, the model from [37] has been used for the plot for salinities between 0 and 5 ppt in figure
2.3(b).

T
'
i
!
\
'
|
1
1
\
'
'
1
1
)

Figure 2.3: Plots of the conductivity of sea water (a) and river water (b) as a function of salinity
and temperature. Contour lines for o = {2.0,...,5.0} S/m and ¢ = {0.2,...,1.0} S/m are indicated.

Because of this wide range of possible conductivities (1.75—6.5 S/m at sea and generally below
1.5 S/m in rivers - except estuaries), it is convenient to use some characteristic values. The values
that have been used in this research project are:

Oriver = 0.65 8/m, corresponding to 4.5 ppt at a temperature of 15 °C (2.9a)
Osea = 4.0S/m, corresponding to 32.4 ppt at a temperature of 15 °C. (2.9b)

Permittivity & conductivity

For the frequency range used in the experiments (f < 100 MHz), the effective permittivity of
saline water is still approximately equal to the static permittivity 5tat.

To estimate the effective conductivity of saline water in this frequency range, plots of the
conductivity of saline water as a function of the frequency for “river” and “sea” water are shown
in figure 2.4. As the plot shows, the influence of the imaginary part of the permittivity on
the effective conductivity is only visible at frequencies f > 100 MHz. So for our purposes the
imaginary part of the permittivity is negligible. In other words, the following approximations

apply for saline water:

Eor ~ 50 (2.10a)
o~ 0. (2.10b)

13



2.3. SALINE WATER CHAPTER 2. DIELECTRICS AND CONDUCTIVITY

]-O T T T LRI II T T T
— 0=4.08/m
--- 0 =0.655/m
8 |-
—_ 6 —
g
~
@a
g 4
9 |
o T
10 100

Frequency (MHz)

Figure 2.4: Plots of the conductivity of saline water as a function of the frequency, at a conductivity
of 4S/m (solid) and 0.65 S/m (dashed).

This does not mean that the permittivity does not depend on the conductivity of the water
at all, because the static relative permittivity %2 has a conductivity dependence: it decreases
with increasing salinity because the Na*t and Cl~ ions attract water molecules, which form a
hydrate sheet around each ion. These water molecules cannot reorient to an applied electrical
field, thus the permittivity is reduced [12]. Plots of the relative static permittivity of saline water
as a function of salinity and temperature, based on the numerical model found in [23], are shown
in figure 2.5. This model is more accurate at lower frequencies than the model from [37, 38].

Figure 2.5: Plots of the relative static permittivity of sea water (a) and river water (b) as a
function of salinity and temperature. Contour lines for ei*** = {70,...,80} and £*** = {76,...,86}

are indicated.
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In this report, the temperature and salinity dependence of the static permittivity has not been
taken into account. During the density measurements in saline water, the temperature variation
during the experiments is at most 1.5°C, and the salinity range was approximately 0 — 7 ppt so it
is reasonable to use a constant static permittivity. For all density calculations, a value of 79.0 has
been used. If at a later stage the accuracy appears to be deficient, corrections like this can still
be incorporated. Note that the salinity and the corresponding conductivity 4s taken into account
in the effective permittivity measurements, as described in chapter 4.

2.4 Soil

The permittivity of soil depends on the soil type (sand, clay, loam,...). Relative permittivities
for soils are in the range 4 — 6. It is this (huge) difference between the permittivity of sand and
the permittivity of water that makes density measurements possible.

The mentioned relative permittivities refer to dry soils. Literature values for moist soils are
much higher: in the range 10 — 40. Approximate permittivities of various (dry and wet) soil
constituents can be found in [6, 25]. In fact, the permittivity of moist soils strongly depends on
the volumetric moisture content. Other parameters include porosity and salinity. In this research
project, the porosity is not included in the calculations. The permittivity is not corrected for the
influence of the salinity either, as described in the previous section.

Multiple mainly semi-empirical models describing the permittivity of moist soils exist, such as
[7, 29, 30, 40]. These models are all based on the assumption that the soil is by far the dominat-
ing component. In the case of slurry however, water is the dominating component. The practical
range of slurry densities varies between 1.0, pure water, and 1.8 ton/m3, a safe limit above which
hydraulic transport becomes problematic. In this density range the sand volume fraction varies
between 0 and approximately 0.5. More suitable models for the permittivity of a two-component
mixture are described in chapter 4.

Example 1:

The relative permittivity of a mixture of sand with €., = 4 and pure water with o, = 79
will most likely be somewhere between those two values. One of the possible models is
simple linear interpolation, as shown in figure 2.6.

As indicated, the density of an arbitrary sand-water mixture may vary between 1.0 and
2.65 ton/m3. In practice, the density range is limited to 1.8 ton/m3, just below the density
of saturated water which has a density of approximately 2.0 ton/m?®. So the range of relative
permittivities that will be encountered is also limited - for this simple model between 40
and 79.
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Figure 2.6: Abstract representation of the relative effective permittivity of a sand-

water mixture, calculated using a simple linear interpolation. Typical slurry densities
are in the range 1.0 — 1.8 ton/m°.

2.5 Other materials

The approximate relative permittivities of some materials that may be relevant for this research

project are summarized in table 2.1 below:

Table 2.1: Relative effective permittivities of some relevant materials

Material Eer Remarks

Water 70 — 85

Soil 4-6

Teflon / PTFE 2.1

PVC 4.55

Alumina (AlyO3) 10

Nylon-6,6 6.6 f =1000Hz, T =22 °C
> 20 Wet

Glass fiber laminates 3.5 - 4.0 Depends on resin
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3.1 Introduction

The antenna is the interface between the measurement system and the medium to be probed. The
(dielectric) properties of this medium greatly affect the performance of the antenna. While for
most antenna applications the medium is just air, for our purpose the antenna has to perform in
water, with a widely varying conductivity, with and without sand.

In order to design an antenna that performs reasonably well in all these different environments,
it is important to know how the antenna interacts with the medium and how its performance can
be optimized. There are several parameters that affect an antenna’s performance and can be
adjusted during the design. The most common are:

® Resonance frequency / length
® Bandwidth

® Driving point impedance

® Gain

e Efficiency

For our purpose, a simple omnidirectional dipole antenna ( Gain = 1) with a narrow bandwidth
satisfies. This leaves the resonance frequency (or the corresponding resonance length) and the
driving point impedance as the most important tuning parameters to make an antenna with a
high efficiency, which is the ratio of power put into the antenna to power actually radiated. Both
parameters depend, among others, on the physical length of the antenna and the propagation
medium. However, the influence of the propagation medium on the antenna performance can be
diminished by insulation of the antenna. The intricate properties of an insulated antenna are
described in detail in section 3.5. First, the required electromagnetic theory is summarized in the
sections below.

3.2 Electromagnetic wave equation

An antenna transmits or receives electromagnetic radiation, which is a combination of oscillating
electric and magnetic fields moving through a medium. The electric and magnetic fields are
linked by Maxwell’s equations. An antenna couples to either the electric component (straight wire
antenna) or the magnetic component (coil or looped wire antenna). Because the dipole antenna
belongs to the first kind, it is more straightforward to describe the electromagnetic field by its
electric component. The electromagnetic wave equation for the electric field follows directly from
the Maxwell equations (appendix L) and is given by

2
0%E B _ 1y (51)

V2E — peoom — poe o =
Heegiz ~ Mo T &,

where , €. and g, are the permeability, effective permittivity and effective conductivity of the
propagation medium and p is the space charge. Assuming a harmonic time dependence for the
electric field E(r,t) = E(r) exp(—jwt) and no charge (p = 0) the wave equation can be simplified
to

V2E(r) + [peew? + jpwoe] E(r) = 0. (3.2)

This leads to the definition! of the complex wavenumber k

k? = peow? + juwo, (3.3)

1This definition assumes a time-dependence exp(+jwt). Other sources may use a exp(—jwt) dependence, in
which case the plus sign becomes a minus. Derived quantities may change likewise.
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and the wavevector in the propagation direction n:
k =kn. (3.4)

Assuming uniform plane waves propagating along a fixed direction, the solution of (3.2) is a
superposition of a forward and a backward traveling wave

E(r,t) = Ef (r) exp[j(k - r — wt)] + Eg (r) exp[—j(k - r + wt)]. (3.5)

The complex wavenumber can be split into a real and an imaginary component:
k=p8+jo. (3.6)
Substitution in the plane wave solution (3.5) and dropping the time dependence yields
E(r) = Eg(r) exp(jBr) exp(—ar) + Eq (r) exp(—jpr)exp(ar). (3.7)

Considering the forward traveling wave, its behaviour is determined by the factor exp(jfr) exp(—ar).
This behaviour is shown in figure 3.1.

E

— QT

\/ N xT

eikz — ejﬂzefaz

Figure 3.1: An electromagnetic wave with complex (non-real) wavenumber k shows exponential
attenuation.

The graph shows that the constant § determines the phase and the constant o causes expo-
nential attenuation of the forward moving wave E} (r) exp(j k - r) (and of the backward moving
wave Eq (r) exp(—j k - r) for decreasing 7). The constants o and § can be derived by combining
(3.3) with (3.6) squared:

a =ﬂ0\/1/_2\ 1+ ( Je ) ~1 (3.82)

2
B =ﬂ0\/1/2\ 1+ ( Te ) +1 (3.8b)
where ; is the real wavenumber at zero conductivity, given by:

9%
Bo =g VEer (3.8¢)
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with ¢y the speed of light in vacuum as defined by (M.1). Both the real wavenumber and the
attenuation constant depend on the conductivity of the water. This dependence is plotted in
figure 3.2 for a frequency of 62.5 MHz, which is used in most of the experiments.

Oe (S/m)

Figure 3.2: Plots of the real part 8 (solid) and imaginary part o (dashed) of the wavenumber k of
electromagnetic waves in saline water at a frequency of 62.5 MHz as a function of the conductivity.

A plot of the wavelength A = 27/ at a frequency of 62.5 MHz as a function of the conductivity
is shown in figure 3.3. As the plot shows, the conductivity not only causes attenuation, but also
changes the wavelength considerably.

0.6 I I I I

0.1 | | | | | | |

e (S/m)

Figure 3.3: Plot of the wavelength of electromagnetic waves in saline water at a frequency of
62.5 MHz as a function of the conductivity.

The assumption of no charge (p = 0) is easily validated for a conducting medium. Taking the
divergence of equation (L.2a) and substituting (L.2c) a first order differential equation is obtained
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for the charge density p

O=aeV-E+5e—aa—tV-E
(3.9

Defining the relaxation time 7 = £, /0, the solution of this differential equation can be written as

p(r,t) = p(r,0) exp(—t/T). (3.10)

This means that in a conducting medium, the charge density decays to zero with a characteristic
time on the order of 7. This time constant is much shorter than the timescale of the used electro-
magnetic frequencies, so the charge density will effectively be zero.

3.3 The dipole antenna

Conceptually the simplest antenna design is the half-wave dipole, which -as its name implies- has
a length of A/2, and consists of two separate wires of length A/4 which are placed in line and
connected to the source at the center. The two elements are fed the same signal 180 degrees out
of phase.

Dipole antennas have a toroidal radiation pattern where the axis of the toroid centers about
the dipole, see figure 3.4. Single antenna elements have wide radiation patterns. If necessary, the
directionality can be increased by using arrays of antenna elements or by increasing the antenna

length.

Figure 3.4: Cut-out view of the omnidirectional radiation pattern of a half-wave dipole

Ideally, the current distribution on a dipole antenna, placed at r = 0 and pointed along the z
axis, is sinusoidal:

I(z',y, 2') = Iy cos(2')2. (3.11)
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3.4 Near and far field

The electromagnetic field produced by an antenna (see figure 3.5) can be split in three separate
regions depending on the nature of the field:

1. Reactive near field or evanescent field, varying as Eg ~ 1/ and E, ~ 1/r3.
This is the field at distances that are small compared to the wavelength and for which the
reactive field dominates over the radiative field. No power is radiated in this region: the
energy circulates between the field and the antenna.

2. Radiating near field or Fresnel field, a transition region.
This is the field between the reactive near field and the far field. The radiation fields
predominate but the angular field distribution is still dependent on the distance from the
antenna.

3. Radiating far field or Fraunhofer field, varying as Eg ~ 1/r and E, = 0.
In this region only the radiating field components are significant. The radiation pattern is
independent of distance from the transmitting antenna.

In the far field, the electromagnetic fields of an ‘electric’ antenna and a ‘magnetic’ antenna are
indistinguishable. In the near field however, the electromagnetic fields are very different: an
antenna which couples to the electric field will give a larger electric component and an antenna
which couples to the magnetic field will give a larger magnetic component. As a guideline, the
extents of the three regions can be approximated for a normal half-wave dipole antenna by:

3
Reactive near field: Tt < 0.624/ DT (3.12a)
i 2D?
Radiating far field: a > —— (3.12b)
Radiating near field: T < T < T (3.12¢)

where D is the largest dimension of the antenna and X is the wavelength in the propagation
medium. The dimension D is A/2 for a normal half-wave dipole but can be much longer for an
insulated antenna, which is discussed in the next section.

In the experimental setup the propagation medium is water of various salinities. Using the
approximate wavelengths for pure, river and sea water from figure 3.3 the approximate distances
for a bare A/2 and an 48 cm insulated 62.5 MHz dipole antenna are shown in table 3.1.

z
A Zo E,
Table 3.1: Approximate near and far field regions for i r
a 25cm and a 48 cm half-wave dipole antenna in pure, 5
river and sea water. . |
Dipole g | » Y
Antenna Pure  River  Sea /qg e
D=025m 7ry4= 01lm 012m 0.17m x

rg= 0250m 03lm 0.63m
D=048m rp= 029m 0.33m 0.46m
rg= 092m 1.15m 23m

Figure 3.5: The electric field of a
dipole is composed of a longitudinal
component E, and a transverse com-
ponent Fg.

Considering that the outer diameter of the metal pipe of the experimental setup is 0.75 m, it
can be concluded that a large part of the measurements place in the reactive and radiating near
fields. This is an exceptional range, which is rarely dealt with in literature.
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3.5 Insulated Antenna

An interesting question is whether a dipole antenna in a lossy (conducting) medium should be
insulated or not. According to [17] the measurable properties of an antenna are sensitive primarily
to the electrical properties of the medium in direct contact with its surfaces. This means that the
electrical properties of an antenna with insulation depend more on the properties of the insulating
layer and change less when the propagation medium changes. Measurements by lizuka [13] show
that the resonance lengths of antennas with thicker insulation change less with varying water
conductivity than the resonance length of a bare antenna.

Thus, the efficiency of an antenna which is to be operated in both lossy and loss free media
will be better when it is insulated. On the other hand, the insulating layer should not be as too
thick, because it absorbs some of the radiated energy and thus decreases the sensitivity. In other
words: a careful selection of the insulating layer thickness is necessary.

1
i
oy

¥

L

2h

Figure 3.6: Schematic representation (side view and top view) of a dipole antenna (1) with two
insulating layers (2) and (3) in medium (4).

In order to model the behaviour of the insulated antenna in a conducting medium, it can be
represented by a coazial transmission line, as shown in figure 3.6. Employing the same numbering
convention as used by [17, 20, 21, 24, 42|, the inner conductor (antenna) is assigned number 1,
two insulating layers are numbered 2 and 3 and the ambient medium (water), which takes the role
of outer conductor, is assigned number 4 - even in absence of insulating layer 3.

2y,

[ @ O L [ 4 L

Figure 3.7: Electronic representation of a coaxial transmission line. The series impedance z; and
shunt admittance y, of a coaxial transmission line are distributed parameters.

An electronic representation of a coaxial transmission line is shown in figure 3.7. In general, the
series impedance (per unit length) consists of a resistance and an inductance (z;, = R+ jwL) and
the shunt admittance (per unit length) consists of a conductance and a capacitance (y, = G+jwC).
Both zy and yp are distributed parameters: impedance and admittance are spread out over the
entire length of the transmission line and not confined to a single lumped element.

Transmission line parameters

To be able to calculate the important antenna parameters resonance length and driving point
impedance using the coaxial transmission line model, the derivation of the transmission line
parameters characteristic impedance Zy (which is independent of the line length) and complex
wavenumber ki, is needed.
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The complex wavenumber kp of the transmission line can be derived from the propagation
constant:
kL = —jv=V-1y (3.13)
and both the propagation constant v and the characteristic impedance Zy can be derived from
the distributed parameters z; and yr:

R + jwL ZL
fLrges A 3.14
v = V(R + jwL)(G + jwC) = \/ZLyL. (3.15)

The derivation of the shunt admittance y; and the series impedance z;, of the transmission line
which represents the insulated antenna can be found in appendix D. This derivation results in
equations for Zy and & for an antenna with a single insulating layer (no layer 3, see figure 3.6):

_mky ., rc
Zo= 5 n (a) (3.16)
HY (kyc
kr = ko o (k) (3.17)
kac H;” (kac) In(c/a)

where

N2 = wi/ka, the complex characteristic impedance of medium 2,

k2 = w/co - \/Er,2, the wavenumber of medium 2,

ks = \/ w?p(era€0 + joa/w), the wavenumber of medium 4 and
a,c = the dimensions as indicated in figure 3.6. (3.18)

The speed of light in vacuum ¢y is defined by (M.1). The complex characteristic impedance
of a propagation medium is related to the characteristic impedance of free space by n = n9/v/z*,
where £* is the complex permittivity of the propagation medium. The characteristic impedance
of free space is given by 1y = \/1o/e0 = 376.7 Q. The permeability in vacuum gy is defined by
(M.2).

Antenna parameters

Finally the driving point impedance Z,,; of an insulated dipole antenna of half-length h can be
calculated:
Zant = 25 Zg cot kph. (3.19)

At the resonance length, the imaginary component of the driving point impedance, the ‘reac-
tance’, is zero. As explained in the next section, a completely real-valued (‘resistive’) driving
point impedance results in the highest antenna efficiency. This length can be calculated by split-
ting equation (3.19) into its real and imaginary parts using identity (M.6) where the complex
wavenumber k; has been split into its real and imaginary parts using kr = Or + jor,. Thus, the
real (resistance Rap) and imaginary (reactance X,n.) parts of Z,, are given by:

2 C ,BL sinh(2aLh) — Qg Sin(QﬁLh)
Ran = - .
Y7 Tk . (a) cosh(2aLh) + cos(28Lh) (3.20)
M ¢\ ar sinh(2aph) + B sin(28.h)
Xane = ) g (a) cosh(2ah) + cos(28Lh) (3:21)
Evaluating X,ne = 0 leads to the following resonance condition:
ag sinh(2aph) + B sin(28Lh) =0 (3.22)

which can be solved to determine the antenna resonance length Apes.
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Example 1:

The resonance half-length of an insulated dipole antenna in water —%—

for a frequency of 60 MHz can be calculated using (3.22). For
a plot of the resonance half-length versus te conductivity of the
water, the following material properties are assumed:

® Medium 1: copper
€er,1 = 0

o1 = 5.8x107S/m @%

Pl

® Medium 2: teflon

Eerp =21 L

g9 = 0 E E

® Medium 4: water | ':

5er,4 =79 E E
o4 = variable Q;’/

C

The antenna dimensions (see figure 3.8) are assumed to be 2a =
10 mm and 2¢ = 12 mm, so the insulation thickness is 1 mm. Figure 3.8:

This leads to the plot shown in figure 3.9 below. (";_n ii‘SUIated
ipole.

0.29 I T I I
0.28 |- -
0.27 |- -

0.26 — -

Bres (m)

0.25 - -

0.24 -

0.23 - -

0.22 | | 1 | | | ]

o (S/m)

Figure 3.9: The resonance half-length of a 60 MHz insulated dipole antenna in water
of varying conductivity.

So, depending on the conductivity, the resonance half-length should be somewhere be-
tween 22.5 and 28.5 cm, which corresponds to total dipole lengths between 45 cm and 57 cm.
Note that this is considerably longer than a bare half-wave dipole antenna, which should
be approximately 28 cm for pure water.

The driving point impedance of the antenna can be calculated once the half-length has
been chosen. For three different half-lengths, the real and imaginary parts of Z,, have
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been plotted as a function of the conductivity of the water in figure 3.10 below:

Rant or Xant (Q)

o (S/m)

Figure 3.10: The resistance Rant (upper curves) and reactance Xant (lower curves) of
a 60 MHz insulated dipole antenna in water of varying conductivity for three different
antenna half-lengths h.

Recalling that an antenna is resonant when X,,; = 0, it can be concluded that each
antenna length corresponds to a different optimum water conductivity. For river water
with ¢ = 0.65 S/m the antenna with A = 24 cm would be nearly resonant, but for higher
conductivities a longer antenna would be better. The corresponding (real) resistance Ryt
of the insulated antenna varies between 15 and 17  at resonance.

Practical deviations

According to [9] the characteristic impedance Zj of a cylindrically insulated antenna with 1.4 <
¢/a < 10 approximates a planar geometry within 10%.

For very thin wires, the current distribution can be assumed to be sinusoidal. However, a
practical antenna will have a certain thickness. The accuracy of the thin-wire approximation is
usually limited to diameters d < 0.05 X, see [2]. For a frequency of 100 MHz in water, this yields
d < 1.5cm.

3.6 Feeding the antenna

A transmission-line Thevenin equivalent [2] of an antenna with its feedline (transmission line) is
shown in figure 3.11. The transmission line is represented by a line with characteristic impedance
Zy) and the antenna is represented by the antenna driving point impedance Z,,;, which can be

split up in a real part (resistance) and an imaginary part (reactance):

Zant = Rant + annt- (323)
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Figure 3.11: Transmission-line Thevenin equivalent of an antenna with its feedline in transmission
mode. The total antenna impedance is Zant = Rioss + Rrad + 7 Xant.

The antenna resistance R,n¢ consists of two components: the radiation resistance R4, which
represents the radiation of power into the propagation medium, and the loss resistance R),s, which
represents both the conduction loss and the dielectric loss of the antenna.

Rant = Rrad + Rloss- (3.24)

The objective of an antenna system is to transfer most energy of the source to the radiation
resistance R,,q. This is the case when the generator and the load are matched to the transmission
line, so that Zgc = Zant = Ziy. Now half of the generated power is delivered to the load and the
other half is lost in the internal impedance. Thus at least half of the energy is always wasted. In
a matched system, the radiated power is given by:

1
Prad = '2" IIO|2 Rrad (325)

which again indicates that half of the available power is radiated.
The match between an antenna and its transmission line is only proper and complete when
the following two conditions are met:

1. The antenna driving point impedance is matched to the transmission line impedance.

2. The antenna (un)balance is matched to the feed line (un)balance.
The right way to do this, is to use a matching network between the transmission line and the
antenna. These matching networks exist in many different forms.
Impedance matching

As a narrow-band match is sufficient for the application, a very simple quarter-wave match or
Q-match can be used. It consists of a piece of transmission line of length A/4 placed between the
impedances that need to be matched. In order to match an impedance Z; to an impedance Zs,
the impedance of this piece of transmission line should be chosen such that

Zumateh = \/ 21 - Za. (3.26)

For the quarter-wave length the following equation can be used:
l=X4=Ya-VF-c/f (3.27)

where VF is the velocity factor, which is always specified for each type of transmission line and
mainly depends on the dielectric used. For the commonly used RG-58 and RG-59 types, the
dielectric is polyethylene and vF = 0.66.

Another, somewhat more complicated impedance matching circuit that has been tested is the
transmission line transformer (TLT). This device is described in appendix G.
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Voltage Standing Wave Ratio

Though a direct measurement of the impedance of the antenna is not possible, the correctness
of the impedance matching used can be verified with a so-called Voltage Standing Wave Ratio
(VSWR) meter. At each interface between two different impedances, a fraction of the wave’s
energy will reflect back to the source, forming a standing wave in the transmission line. This
fraction is given by the reflection coefficient I':

Zant - Ztl

[=Zent— 24
Zant + Ztl

(3.28)

where Z,p is the driving point impedance of the antenna and Zy, is the characteristic impedance
of the transmission line. The Voltage Standing Wave Ratio is then given by:

1+1|TY

VSWR = =0

(3.29)

In case of a perfect impedance match, the reflection coefficient is zero and the VSWR equals 1. In
practice however, this is almost never achieved. A stylized representation of the electromagnetic
waves on an antenna with feedline system in the ideal situation (VSWR = 1) and in reality (VSWR
> 1) is shown in figure 3.12.

Ideally:
Traveling wave Traveling wave:
VSWR=1 from amplifier constant amplitude
to antenna
Reality:
Traveling wave Standing wave:
VSWR > 1 & &

to antenna varying amplitude
+ reflection

to amplifier

Figure 3.12: Upper: a traveling wave from the amplifier to the antenna causes a constant amplitude
along the transmission line. Lower: an imperfect match causes a part of the signal to be reflected,
back to the amplifier. The sum of the forward and backward traveling waves causes a standing wave
on the transmission line.

Another approach to the VSWR, which shows that it is really a voltage ratio, is depicted in
figure 3.13. For calculations however, (3.29) is usually more practical.
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min max

Figure 3.13: A schematic representation of the RMS voltage versus the position of standing wave
along a transmission line. The VSWR corresponds to the proportion of te maximum to the minimum
voltage of the standing wave.

The power loss due to an impedance mismatch between the antenna and the transmission line
is given by [2]:
2

B
lost — |1-\|2 (3'30)

P, avail

Za.nt - Ztl
Zant + Ztl

which gives a power loss of 1/9 or 0.5 dB for I" = 2. The power that is lost when an antenna with
driving point impedance Z,n is fed by a coaxial transmission line depends on the impedance Zy
of that transmission line, as shown in figure 3.14.
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Zant/2 Zant 2- Zant

Transmission line impedance Zy

Figure 3.14: Power loss in an antenna - transmission line system due to a mismatch between the
impedance of the antenna (Z.n:) and the impedance of the transmission line Zy;.

The transmission line impedances Zy = Zant/2 and Zy = 2Z,py correspond to VSWR = 2.
The power loss increases less for antenna impedances higher than the impedance of the coaxial
transmission line than for lower impedances. While this power loss may not seem very much,
in practice a VSWR of 2 is generally the upper limit if the amplifier is to operate at full power
because most amplifiers are not very good at handling power that is sent back to its output.
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Example 2:

The impedance of a signal generator and coaxial transmission line, which is generally 50
Q for both, has to be matched to the impedance of the antenna. For the setting introduced
in example 1, the driving point impedance at resonance is somewhere between 15 and 17 2,
depending on the antenna length. The optimal antenna length, besides depending on the
frequency, also depends on the conductivity of the water.

Focussing on a 60 MHz antenna for use in river water (¢ = 0.65 S/m), a contour plot
which shows the VSWR as a function of the impedance of the transmission line and the
antenna half-length is shown in figure 3.15.

0.31
0.30
0.29
0.28
0.27
E 0.26
< 0.25
0.24
0.23
0.22
0.21

0.20

Zy ()

Figure 3.15: The VSWR of an insulated antenna in river water with trans-
mission line is plotted as a function of the impedance of the transmission line
(Zy1) and the half-length (h) of the antenna. The plotted contours correspond to
VSWR = {1.1,1.3,1.5,1.7,2.0}. The optimum setting (VSWR = 1) is indicated and
corresponds to h = 23.6 cm and Zy = 16.4 ).

This plot immediately shows that the optimal antenna for use in river water has a
half-length of 23.6 cm and is fed by a transmission line of 16.4 Q.
Using (3.26) the desired impedance of the Q-match is calculated to be 28.6 €. Because

coaxial cables are not readily available in every thinkable impedance, a practical workaround
is shown in figure 3.16 below.
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50Q 300 18Q

A/4 in coax

Figure 3.16: Parallel connection of two standard 50 and 75 2 coaxial transmission
lines yields a transmission line with an impedance of 30 2, which can be used as a
Q-match between 50 and 18 Q.

This matching circuit uses a parallel connection of two standard coaxial transmission
lines to create a transmission line of 30 2 and results in an impedance of 18 Q at the
feedpoint of the antenna. The power loss introduced by using this circuit as a Q-match
is negligible. As figure 3.15 shows, the choice of a transmission line impedance isn’t very
critical. In practical situations, a VSWR of 1.1 is already considered to be very good.

For the assumed frequency of 60 MHz the length of the Q-match should be 82.4 cm.
However, because of the parallel connection of two coaxial transmission lines, the optimum
length may be a bit different in practice.

Balance-to-unbalance transformation

The dipole is inherently a balanced antenna, because of its symmetry. Ideally, a balanced antenna
should be fed using a balanced feed line. However, on the amplifier side a (50 Q) unbalanced
impedance is expected. To connect an unbalanced coaxial transmission line to the dipole antenna
a balun must be used, which adapts the balanced antenna to the unbalanced feed line.

Figure 3.17: Dipole antenna with coaxial feed. Besides the intended antenna currents I; and I
there is a current I3 on the outside of the outer conductor of the coaxial transmission line.

Without balance matching, a current I3 (see figure 3.17) will flow on the outside of the outer
conductor of the coaxial transmission line: the feed line becomes essentially one big radiating
antenna, which is undesirable because it distorts the radiation pattern and power will be radiated
in unwanted directions.

31



3.6. FEEDING THE ANTENNA CHAPTER 3. ANTENNA DESIGN

A simple balun design is the Pawsey stub, which is shown in figure 3.18.

Figure 3.18: Dipole antenna with a Pawsey stub. The antenna currents I; and I; are balanced
now: there is no current on the outside of the outer conductor of the coaxial transmission line.

This balun operates by using an additional coaxial transmission line parallel to the feedline.
This second transmission line is short circuited to the feedline A/4 away from the feed point. The
quarter-wave transmission line will result in a very high (theoretically infinite) impedance at the
frequency where it is quarter of a wave long and will choke the outer conductor current Is. Just
like the Q-match, this is a narrow-band device.

Example 3:
Continuing with the antenna from examples 1 and 2, the circuit can now be completed.
Combining the Q-match and the Pawsey stub leads to the circuit shown in figure 3.19.

=

e,

. =

Q-match | Pawsey stub ]

! Q]

1 =

Unbalanced Unbalanced i Unbalanced =

A/4 in coax A/4 in coax

Y ISual-yrey

Figure 3.19: Impedance matching using a quarter wave match and unbalance to
balance transformation using a Pawsey stub.

The transmission line on the left comes from the amplifier, and is 50 £2 unbalanced. First
a transition is made to 18 Q unbalanced by means of the Q-match. Then a transition from
18 Q unbalanced to balanced is made using Pawsey stub. Having 18 Q coaxial cables for
this purpose would be ideal, but these cables are not commonly available. Using a similar
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trick to obtain the 30 Q transmission line for the Q-match, a 16.7 Q transmission line can
be constructed using three 50 {2 transmission lines in parallel. Strikingly, this impedance
matches the antenna driving point impedance of 16.4 Q even better. In practice, deviations
due to imperfections in the antenna construction, cables and connections will surely occur.

3.7 Antenna near conducting surface

In the experimental setup, the antenna is placed near a metal wall (the pipe wall). A conducting
surface reflects electromagnetic waves, and these reflected waves will interfere with the source
waves. Depending on the phase difference this interference will be destructive or constructive.
This means that the wall will attenuate or amplify the emitted waves, depending on the distance
between the antenna and the wall.
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Figure 3.20: The gain in the electric field of an antenna at a distance z from a conducting surface
compared to an antenna in free space. Naturally, a gain < 1 indicates a loss.

The gain in the electric component E of the electromagnetic field of an antenna near a con-
ducting wall compared to a free antenna is shown in figure 3.20. This plot makes it clear that
placing the antenna at a distance of z = A/4 to the wall is a great advantage, for the electric field
is doubled.

To mathematically describe an insulated antenna near a conducting surface, a virtual source is
introduced to account for the reflections [2]. For a dipole, placed vertically at a distance z = d/2
to the right of a conducting wall, this virtual dipole is located at a distance d/2 at the left of this
wall and has a reversed polarity, as shown in figure 3.21. So the antenna configuration can be
mathematically described by two antennas at a distance d, without conducting wall.
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Metal

Virtual Dipole
Antenna Antenna
u >
d/2 I d/2

-

Figure 3.21: Antenna at a distance d/2 from a conducting surface behaves like two coupled
antennas at a distance d.

The driving-point impedance of the dipole antenna (1) is changed by the presence of the virtual
dipole (2). For antisymmetrical excitation, the driving point impedance is

Zant = Z11 + Z12 (3.31)
where Z7; is the self-impedance of antenna 1 and Z12 = Z3; is the mutual impedance of the two

antennas (real and virtual). To apply the transmission line model, the following two assumptions
are made [19]:

The antenna thickness is much smaller than the distance between the two antennas:
ckd (3.32a)
the distance between the two antennas is smaller than the antenna half-length:

d < h. (3.32b)

However, if the antenna half-length h is (substantially) smaller than d, which is the case in the
experimental setup where h = 0.24 m and d = 0.25 m, agreement between theory and experiment
should still be reasonable. Under these assumptions the antisymmetrical driving point impedance
can be calculated using equation (3.19) with a modified wavenumber [10, 19, 22]:

HD (kac) — HV (kad)
kscH® (kyc) In(c/a)

(3.33)

In the limit d — oo the term Hél)(k4d) — 0 and equation (3.17) is obtained as expected.

Example 4:

An interesting parameter is the VSWR, because it indicates how well a specific antenna-
feedline system works. Again using the antenna from example 1, specifically the antenna
with half-length h = 24 ¢cm, and the matching circuit of example 3 which feeds the antenna
with an impedance Z;; = 17 (), the influence of the coupling between the antenna and
the wall at a distance of A/4 can be calculated. For pure water, this distance amounts to
z = 14 cm for a frequency of 60 MHz.

The VSWR has been calculated for a free antenna and for an antenna near the wall
using (3.19,3.28,3.29) and the corresponding wavenumbers (3.17) and (3.33). Plots of the
VSWR versus the conductivity are shown in figure 3.22.
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2.5

-
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Figure 3.22: Plots of the VSWR of the example antenna in water at a distance of

14 cm to a conducting wall, and VSWR of the same antenna without wall (free), as
a function of the conductivity of the water.

It can be concluded that the influence of coupling between the antenna and the wall at
a distance of A\/4 can be neglected at the range of conductivities of interest (0.65S/m to
4.0 S/m). In pure water however, a significantly higher VSWR should be expected.

Another interesting aspect is that the antenna, which is optimized for the conductivity
of river water, can still be used for conductivities up to o ~ 2.8 S/m as far as the limit
VSWR < 2 is concerned, which is a real limitation in many amplifiers.
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4.1 Introduction

The objective of this chapter is to explain how slurry density can be measured using electro-
magnetic waves. The measurement method used is called Time Domain Transmissometry.

Time Domain Transmissometry measures the propagation time and amplitude attenuation of
an electromagnetic wave over a predetermined distance. In contrast with Time Domain Reflecto-
metry, where a signal travels back and forth from the same antenna, Time Domain Transmisso-
metry uses (at least) two antennas, of which one is the transmitting antenna and the other the
receiving antenna. The medium to be measured should be in between these antennas.

The conversion from the measured time difference between the source signal and the received
signal (tmeas) and the voltage on the receiver antenna (Viec) to the slurry density (p) consists of
four steps, see figure 4.1.

Figure 4.1: The transformation from (tmeas, Viec) t0 p consists of four steps.

These steps are in short:

Step 1 (tmeas, Veec — twave,@): In practice not the absolute propagation time #,, but a time
difference tmeas between the source signal and the received signal is measured. The attenuation
constant «, which is defined by equation (3.8a), is also not measured directly: it is derived from
the voltage on the receiver antenna Vie.

Step 2 (twave; & — Ee,0e OF £5):  the propagation time and the attenuation both depend on the
effective permittivity and the effective conductivity of the propagation medium, so using the inverse
relation the permittivity and the conductivity can be derived from the measured parameters. An
alternative method just disregards the attenuation and calculates the so-called apparent permit-
tivity using only the propagation time.

Step 3 (ee,00 Or €4 — ¢): In case of a two-phase mixture like water and soil, the soil vol-
ume fraction can be calculated using so-called mixing models. These models relate the effective
or apparent permittivity and/or the conductivity of the mixture to the volume fractions of the
components.

Step 4 (¢ — p): The final step is a bit trivial: once the soil volume fraction and the density of
the solid soil are known, the density of the soil-water mixture can be calculated.

In the next section, step 1 will be treated in more detail. The derivation of the equations
for step 2 is rather laborious and can be found in appendix E. The results of this derivation
are presented in section 4.3. In section 4.4 various “mixing models” for the permittivity of a
sand-water mixture are described, which relate the volume fraction of soil in water. Finally the
conversion to density is described in section 4.5.
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4.2 Propagation time and attenuation

In practice not the absolute propagation time ty,ve but a time difference 0 < #3605 < T between
the source signal and the received signal is measured, T = 1/f being the period of the signal. This
time difference is proportional to the propagation time. Likewise not the attenuation constant
itself but the voltage on the receiver antenna is measured. The absolute propagation time and the
attenuation constant can be derived from the measured time difference and voltage.

Propagation time

The measured time difference is the sum of the propagation time of the wave and the propagation
time (delay) in the wiring, modulo T

tmeas = twave T twire (mOd T) (41)

The fact that the time difference is determined modulo T" poses no problem as long as the range
of measured time differences is restricted to Afpeas < T'.

Under the assumption 0 < tipeas < T the absolute propagation time can be derived from meas
by means of a calibration measurement without sand: having measured the conductivity ¢, and
the time difference tmeaslae and using an assumed value for the permittivity . of the water, the
corresponding propagation time tyaye », Con be calculated using:

2
g
twavely, = twavelg - V//2 1+ (E ‘;) +1 (4.2)
e

where twavely is the propagation time at zero conductivity, given by:

d
twave|0 = a Eer (43)

where d is the distance the wave has traveled (the antenna separation) and e, the relative part
of €,. The other propagation times can be calculated by observing the change in the measured
times:

twave = tmeas + (twawelae - tmeas|ge) . (44)

Example 1:
The propagation times in river and sea water, with density 1.0 (no sand) and 1.8 ton/m3
(almost saturated with sand) have been calculated, based on the following typical values:

® Irequency: 62.5 MHz

¢ Distance between antennas: 47 cm

® Relative effective permittivity of water: 79.0
® Relative effective permittivity of sand: 4.0
® Density of sand: 2.65 ton/m3

The calculated propagation times have been visualized in a plot using a single-period
source signal, see figure 4.2.
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Figure 4.2: Stylized representation of the transmitted (source) and received electro-

magnetic waves in pure (p = 1) and almost saturated (p = 1.8 ton/m?) river (o

0.65) and sea (0. = 4.0 S/m) water. The arrows indicate the change in propagation

time as the density increases from 1.0 to 1.8. The time period T is also indicated. The
signal attenuation is not shown because it would render the sea water signal invisible
at the same scale.

From this plot, it can be concluded that Atye.s < T as long as the conductivity stays
constant, or at least within certain limits. Only when the conductivity is allowed to change

without an interim calibration of some sort, becomes the propagation time ambiguous and
is an absolute propagation time measurement needed.

Attenuation
The voltage measured on the receiver antenna V.. decays exponentially as the product of distance
and attenuation constant increases:

Viec = Vo exp (—ad),

(4.5)
where the distance d is determined by the antenna separation and V; is a constant, so the only
variable here is the attenuation constant a. The attenuation constant can be derived from the
voltage on the receiver antenna using:

1 Viec
a=—=In . 4.6
i (5 (46)
The ‘zero conductivity’ voltage Vj is to be found by a calibration measurement without sand:
the effective conductivity o, and the voltage on the receiver antenna V,recl(,e have to be measured.

Using these measured values and an assumed value for the permittivity £, of the water, the
attenuation constant a|, can be calculated using (3.8a). The calibration voltage V} is then given
by:

Vo = VreC|ae exp(+ a|6e d). 4.7
In short, the conversions from fmeas and Viec t0 twave and o are given by equations (4.4) and
(4.6) respectively.
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4.3 Permittivity and conductivity

The factor /g¢r in equation (4.3) corresponds to the index of refraction at zero conductivity. As
indicated by (4.2), this index of refraction increases when conductivity comes into play, as in saline
water. As can easily be verified, the apparent index of refraction in conducting media is given by:

Ver = e /12 1+<”‘“‘)2+1 (4.8)

EeW

where £,, is the relative apparent permittivity. Using this equation, the propagation time in saline
water with effective conductivity o, takes the following simple form, analogous to (4.3):

d
twavelae = a Ear (49)

which leads to a simple equation which has been used in this project to obtain the apparent
permittivity from propagation time measurements in chapter 7:

co twavely, \
€ar = (%) . (4.10)

The effective permittivity can easily be derived from the apparent permittivity by taking the
square on both sides of equation (4.8):

2

—_— 4.11
deg el w? (4.11)

ag,
€er = Ear —

Note that €., — €, for 0, — 0. So for non-saline water, there is no difference between the
apparent permittivity and the effective conductivity. This is shown in figure 4.3 for a relative
effective permittivity of 79. Note that many literature sources on soil science just disregard this
difference, because it is (implicitly) assumed that the soils are non-saline.

300 .
250 - -
200 - -

3
150 -
100 -

79 -
| l L
0 0.5 1 1.5 2
Te (S/m)

Figure 4.3: The relative apparent permittivity £,, of water as a function of the conductivity of the
water, calculated for the typical relative effective permittivity eer = 79 and a frequency of 62.5 MHz.
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As shown in appendix E, the relative effective permittivity and the effective conductivity can
both be written as simple equations of tyave and a:

for =C2 {(“”%)2 - (%)2} (4.12a)

_ 2 atwave

00 == 0, (4.12b)

where both ty,ve and a are to be measured at the same effective conductivity o.

4.4 Mixing models

The relation between the permittivity of a mixture and the volume fractions of its constituents is
governed by mixing models. For the permittivity of a two-phase mixture, various mixing models
can be found in literature. These mixing models can be classified into four categories [25]:

1. Volumetric
® Method: Relates the bulk permittivity of a mixture to the permittivities of its con-
stituents.
® Types: Lichtenecker-Rother model, Complex Refractive Index Model (CRIM), Arith-
metic model.
2. (Semi-)Empirical
® Method: Mathematical relationship between the permittivity and other measurable
properties

® Types: Logarithmic, polynomial fit.
3. Effective medium

® Method: Connects the effective dielectric function of a two-phase mixture with the
(micro)geometry information about the composite and the dielectric functions of the
two components.

® Types: Bruggeman-Hanai model.
4. Phenomenological

® Method: Involves calculating the field induced in a uniform ‘host’ material by a single
spherical or ellipsoidal inclusion and a treatment of its distortion by the electrostatic
interaction between the different inclusions.

® Types: Maxwell-Garnett model.

The first two models are most suitable for our purposes, because they require nothing more than
the permittivities of the constituents. The other two require much more information such as micro-
geometry and microscopic electric field. The volumetric and the semi-empirical mixing models are
described below.

Volumetric models

The most general form of the volumetric models, which give the effective permittivity &, as a
function of the volumetric soil fraction ¢ in water is the Lichtenecker-Rother model [45]:

ee(¢) = [¢- ()" + (1 — ¢) - ()], (4.13)

42



CHAPTER 4. MEASURING DENSITY 4.4. MIXING MODELS

where € is the effective permittivity of the soil, ¥ the effective permittivity of the water and
—1 < v <1 an empirical constant. For most mineral soils, 0.4 < v < 0.8. The limits v = 1 and
v = —1 are called the upper and lower “Wiener bounds”. The upper Wiener bound corresponds
to the (artificial) situation where alternating flat layers of sand and water are placed parallel to
the electromagnetic field and the lower Wiener bound corresponds to flat layers of sand and water
normal to the electromagnetic field [27]. Two specific values for v lead to the C.R.I.M. model and
the Arithmetic model and are described below.

C.R.I.M. model: The particular case v = 1/2 gives the Complex Refractive Index Model
[8, 11, 15] or Birchak formula [14], which supposedly gives a statistically better representation
than other mixing models [8]:

Vee(d) = /ez + (1 - o) /ey (4.14)

and the inverse relation:
—_ W
Plee) = Ve~ Ve (4.15)

The C.R.I.M. model is also valid for lossy (conducting) media, in which case complex permit-
tivities instead of effective permittivities have to be used [8, 41]. So for conducting mixtures the
actual notation should be:

Ve (@) = ¢V(e)* + (1 - 9)v(e) (4.16)

This complex permittivity includes both the effective permittivity and the effective conduc-
tivity, as given by (2.5). Though it would be possible to completely evaluate the complex permit-
tivity from both the propagation time and the attenuation measurement, an alternative method
is found in literature {8, 41], which ultimately needs only the propagation time measurement. By
equating the real part of both sides of equation (4.16), the real part of every v/e* takes the form

of equation (4.8):
8%(\/8_*)=\/g-\/1/_2 w/1+<:;)2+1:\/e: (4.17)

which results in the use of apparent permittivities instead of effective permittivities. Thus equation
(4.16) becomes:

Vea($) = o1/ + (1 — 9)1 /Y. (4.18)

So in this equation the apparent permittivities of the mixture and the water have to be used.
These are the values that result directly from propagation time measurements (using equation
(4.10)) in the mixture and in the water, without the need for an attenuation measurement. The
inverse of this model, which is the model that has been used for density calculations in chapter 7,

is given by:
VEa — VEY
Plea) = L Z—=. (4.19)
VE Ve
In this research project, it has been assumed that a conductive soil-water mixture is caused
by the conductivity of the water, in other words the dry soil is assumed to have zero conductivity,
which leads to:
€ =¢€5. (4.20)

Recall that €, — & for ¢ — 0, so mixing model (4.19) can be used for both saline and
non-saline water, and in both cases the apparent permittivity can be derived from measured data
using (4.10).
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Arithmetic model: With v = 1 the arithmetic model is obtained [31] (which corresponds
to the upper Wiener bound):

€e(@) = pee + (1 — ¢)ed (4.21)
and the inverse relation:
Ee — Eg
= . 4.22
Heo) = Sos (422

Because the arithmetic mixing model is not useable for complex permittivities, it is not used here.

(Semi-)Empirical

In case the volumetric model does not reliably reproduce the desired volumetric soil fraction,
a polynomial (or logarithmic) fit can be used to obtain the desired relation. In fact, for the
development of an electromagnetic density meter, compliance with physical models is not essential.
An unambiguous and reproducible relation (within a given accuracy) between the slurry density
and one or more measurable parameters is sufficient. This procedure has been carried out for the
combined density measurements in river water (see section 7.3 and appendix K).

4.5 Volume to density

The relation between the volumetric soil fraction ¢ and the density of a soil-water mixture p is
given by:

p=0¢ps+(1—9)pw (4.23)

with ps the density of the soil and py, the density of the water. The reverse relation is:

P — Pw
= =7 4.24
¢ Ps — Pw ( )

Because this last step is a bit trivial, mainly depends on an assumed value (ps) and consequently
does not provide a lot more insight, this step is skipped for most of the density calculations. The
density calculation is only performed for the final combined density measurements in section 7.3,
to get an idea of the resulting uncertainty in the density measurement.

Example 2:
Realistic slurry densities vary between 1.0 (water) to 1.8 ton/m. The density of water
pw is assumed to be 1.0 ton/m3 and the density of soil ps is assumed to be 2.65 ton/m?3.
To illustrate the C.R.I.M. model described above, plots of the density as a function of the
effective permittivity are shown in figure 4.4 for river water and sea water. For the solid
curves, the following values have been used:

® Permittivity soil: €, =5
® Permittivity water: €. = 79
® Conductivity water: g, = 0.65 S/m (river), o, = 4.0 S/m (sea).

Note that the complex permittivity has been calculated in compliance with (4.16), from
which the real part or effective permittivity (see section 2.1) has been plotted. It has been
chosen not to use the apparent permittivity here, because those values bear no resemblance
to the common notion of permittivity: they are generally not in the range 5 — 79, as shown
in figure 4.3 for water (p = 1.0).
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Figure 4.4: The C.R.ILM. volumetric mixing model for sand in river water and
sea water. The solid curves represent i, = 5 and 0. = 0.65S/m (river), oo =
4.0S/m (sea). The dotted curves represent 5, = 5+ 1 and o, = 0.65S/m (river),
e = 4.0S/m (sea). The dashed curves and shaded area represent e5, = 5+ 1 and
0e = 0.65+10% S/m (river), oe = 4.04£10% S/m (sea). The grey helper lines indicate
the uncertainty in p = 1.8 ton/m?® for river and pure water.

The dotted curves indicate the uncertainty in the calculated density when the relative
permittivity of the soil has an uncertainty: €}, = 5+ 1. This uncertainty is based on the
typical range of soil permittivities as already indicated in section 2.4. The dashed curves
and enclosed shaded area indicate the uncertainty in the density when i, = 5+ 1 and
the conductivity of the water is known within 10%: ¢, = 0.65 = 10% and o, = 4.0 = 10%
respectively.

The plot also shows that the uncertainties in the permittivity of the soil and the conduc-
tivity of the water have the greatest influence on the density calculation for sea water. The
calculated uncertainty for a density of 1.8 ton/m? is approximately +0.04 for river water
and +0.09 for sea water, both for the assumed uncertainties in the permittivity and the
conductivity.

The uncertainty also depends on the mixing model. When the parameter v in the
volumetric mixing model (4.13), which is 0.5 in case of the C.R.I.M. model, is increased to
1 the uncertainty decreases to +0.01 for both river and sea water. Values v < 0.5 no longer
result in a one-to-one model, and are therefore rejected.
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5.1 Introduction

The experimental setup globally consists of the following parts:
® A double-walled measurement pipe containing the ‘slurry’

® An electrical measurement circuit connected to:

® two (or more) antennas

® Rectangular sand packs to be placed in the measurement pipe

A computer generated impression of the measurement pipe with six antennas is shown in figure
5.1 below. The pipe is described in the next section. Details on the electrical equipment used
can be found in section 5.3. The design and construction of the antennas is described in detail in
section 5.4. Finally the sand packs are described in section 5.5.

Figure 5.1: Computer generated cut-out view of the double-walled measurement pipe, containing
six antennas mounted on PVC pipes, and six shields between the inner and the outer pipe.
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5.2 The pipe

Dimensions

In establishing a sensible and flexible construction and determining the dimensions which yield the
best chance at success, according to available knowledge, the following initial choices were made:

® A static setup, i.e. no flow. This simplifies the construction considerably while having no
significant impact on the physical process, considering the huge difference in the timescale
of the flow and the electromagnetic waves.

® The basic construction consists of two pipes, one plastic pipe containing the slurry, and a
metal pipe around it as a shield for the electromagnetic waves. Both pipes are closed at the
bottom.

® The inner pipe should be made of a non conducting plastic to keep it from absorbing power
from the antennas. For this purpose glass fibre reinforced polymer (epoxy) was chosen
because of its strength and thus its applicability in a real density meter.

® The antennas should be mounted inside the inner pipe, along the pipe wall. In the final
product they can be protected and insulated by placing them inside the commonly used
polymer layer or, in case Alumina tiles are desired along the inner pipe wall for enhanced
protection, glued in the spacing between the tiles.

® The length of the pipe should be about 2x larger than the diameter of the metal pipe, to
reduce the influence of the bottom and top of the setup on the propagation of the electro-
magnetic waves.

® Diameter inner pipe: Dipner = 0.5 m. This relatively small size is chosen because it is
expected that larger diameters are problematic and because the density meter is targeted at
smaller dredgers.

® Diameter outer pipe: the selection of the (inner) diameter of the metal (outer) pipe needs a
closer examination.

— A conducting wall enforces a node on an electromagnetic wave. As a lower frequency
limit, it is demanded that at least half a wavelength is contained in the metal pipe.
Otherwise it would much more resemble an oscillating electric field instead of an electro-
magnetic wave and a propagation time measurement would be questionable. So the
pipe diameter poses the following limit on the diameter of the metal pipe:

* Doyter = )\/2

where ) is taken for pure water. Because the wavelength in saline water is shorter, the
condition is sufficient for all salinities.

— The antenna performance is enhanced when the distance between the antenna and the
metal pipe equals A/4, as discussed in section 3.7. The corresponding frequency is given
by f = v/A and thus depends on the propagation velocity of the water between the two
pipes. To make sure that the optimal frequency remains constant the outer (metal)
pipe is to be filled with ‘pure’ water, separate from the contents (slurry) in the inner
(epoxy) pipe. For optimum antenna performance, the following condition is added:

% Douter = Dinner +2-A/4=0.5m+ A/2
which generously satisfies the previous limiting condition.
In general, it is desirable to make the frequency as low as possible, because the lower the
frequency the lower the signal attenuation. Thus the wavelength should be as large as pos-

sible. However, the outer dimensions of the measurement device should remain reasonable.
Therefore, the following outer dimensions and resulting frequency were chosen:

49



5.2. THE PIPE CHAPTER 5. EXPERIMENTAL SETUP

— Diameter outer pipe: Doyter = 0.75 m

— Frequency: f = vwater/A = o/ V79)\ ~ 67 MHz

Antennas

To be able to investigate various antenna configurations, such as straight across the pipe, at 120°
or at 60° flanges were made on the inner and outer pipe for a total of 6 antennas, at 60°distance
from each other. The unused flanges were plugged with short closed PVC pipes.

Shields

Because it is likely that the electromagnetic waves will not only propagate through the slurry in
the inner pipe, six metal shields were designed for the space between the inner and the outer pipe,
to impede the propagation of waves in that area. The shields were made removable and (limitedly)
slidable along the metal pipe wall, to be able to investigate the influence of the shields. This leads
to the schematic setup as shown in figure 5.2. CAD drawings of the final design can be found in
appendix F.
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(a) (b)
Figure 5.2: (a) Experimental setup for electromagnetic measurements, dimensioned for a frequency
of 67 MHz. The wavelength of electromagnetic waves in the pipe has been indicated for river water
and sea water. The depicted attenuation in only symbolic for it is much larger in reality. (b) Photo of

the measurement pipe. The two wires along the left side of the pipe carry a low voltage DC current
which serves as cathodic protection of the pipe wall.

After the first few measurements, the pipe and shields were sand blasted, primed with red lead
and coated because the pipe showed too much oxidation even in non-saline water. Furthermore,
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5.3. ELECTRICAL SETUP

cathodic protection was installed in order to reduce the oxidation rate. This circuit was removed
when salt was added to the outer pipe, because the required currents would be too high.

5.3 Electrical setup

In an electrical aspect, the measurement setup consists of the following components:

® At the source side:

— A frequency generator, delivering a continuous wave signal. For the first few measure-
ments a tuned oscillator was used. Higher harmonics were attenuated using a 75 MHz
low pass filter. For subsequent measurements the oscillator was replaced by a Hewlett
Packard 8647A frequency generator, which delivers a much more accurate and stable
signal. For a few measurements at high conductivity, an Agilent 33250A arbitrary
function generator was used to create short pulses instead of a continuous wave.

— A broadband power amplifier, amplifying the signal to 0.5 W or more. The amplifier
used is a R.F.P.A. RF001220-25, which delivers up to 25 Watt in the frequency range
10 kHz — 220 MHz. The measurements with the oscillator were performed without

amplifier as the oscillator itself delivered enough power.

— A VSWR meter, to observe the antenna performance: Diamond SX-1000.

— A transmitter antenna.
® At the receiver side:

— A receiver antenna.

— A pre-amplifier (optional).

D

Amp

&

Pickup coil

VSWR

Antennas

Scope

Figure 5.3: Electrical setup for electromagnetic measurements

The total setup is shown in figure 5.3. The radio-frequency (RF) low-level signal from the
frequency generator is fed to a power amplifier. The high-level signal is fed through a VSWR
meter to the transmitter antenna. The received signal is optionally amplified using a pre-amplifier
and then fed directly to the oscilloscope. For time difference measurements a reference signal is
needed. This signal is obtained by means of a pickup coil around the low-level source cable. The
source signal is not coupled directly to the scope (e.q. using a tee adapter) to maintain as much
separation between the transmitter and the receiver side as possible. Details on the pickup coil
can be found in appendix H. The low pass filter, which has been placed between the frequency
generator and the pickup coil to remove higher harmonics, is described in section I.

Amplifier

The required amplifier power depends on two factors:

1. The attenuation of the electromagnetic waves in the slurry.
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2. The lowest measurable voltage.

The total power attenuation of the electromagnetic waves in dB is determined by the attenu-
ation constant (3.8a) and the distance:

Att [dB] = 20 ¥ log (%) = 201%log (exp(ad)) ~ 8.7 - ad. (65.1)

To still be able to measure the transmitted signal after propagation and attenuation in the
measurement pipe, the transmitted signal should be sufficiently amplified and the received signal
should be measured with a highly sensitive oscilloscope.

In other words: the dynamic range of the amplifier and the oscilloscope should at least equal
the power attenuation. The dynamic range of the amplifier and the oscilloscope can be calculated
as follows. The amplifier produces its power in a 50 €2 load, so the maximum RMS output voltage

" Vamp(P) = /P50 [Q1]. (5.2)

and the dynamic range of the amplifier—oscilloscope combination is given by:

Range [dB] = 201%log (-‘-/V;—mp—> , (5.3)

scope
where Vicope is the smallest the smallest RMS voltage that can be reliably measured on the
oscilloscope. The smallest measurable voltage is assumed to be 10 mV, based on experience with
the Agilent oscilloscopes.

In case a pre-amplifier is used, the amplification which is usually expressed in dB is to be
added to the dynamic range. Calculated plots of the attenuation in a 50 cm pipe as a function of
the slurry density for river water and sea water, combined with the dynamic range of the power
amplifier, the oscilloscope and optionally a pre-amplifier are shown in figure 5.4.

140 I I I ] I I

120

100

100 W + 20dB pre-amp
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Figure 5.4: Plots of the power attenuation (solid) in slurry based on river water and sea water and
the dynamic range (dashed) obtained by using different amplifier powers on the transmitter antenna,
combined with different pre-amplifiers on the receiver antenna.

As the plot shows, for river water (o = 0.65 S/m) measurements, an amplifier power of 0.5 W
easily serves our purposes. For sea water (0 = 4.0 S/m), even a 1 kW amplifier with a 40 dB
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pre-amplifier is not sufficient. It may be necessary to use short high-powered signal bursts here in
order to save power.

Oscilloscope

Several different oscilloscopes were used, starting with a Fluke Combiscope PM3380B. Because
the best time resolution of this scope is in the same order magnitude as the time difference to be
measured, alternatives have been sought First a low-cost Goodwill GDS-840S was tried, which was
marginally better, and finally two Infiniium oscilloscopes from Agilent: a 54832D and a 54831D.
The last two oscilloscopes are superior to the first two in every possible aspect — except trans-
portability. A great advantage of the Agilent oscilloscopes is its capability to perform automatic
time difference measurements and gather statistical data like average, minimum and maximum
value. This enables the determination of a measurement error for each single measurement point
instead of estimating the error from the smallest resolvable step.

5.4 Antenna

Design

The dipole antennas have been designed in accordance with the examples from chapter 3. Just
the parameters have been tuned to match the boundary conditions of the experimental setup. In
short, these parameters are:

® A half-wave dipole
® Optimized for river water, because that is selected as the primary test area

® Half length: A = 24 cm. This is a bit longer than needed for a frequency of exactly 67 MHz.
This length was chosen to be on the safe side: it is easier to reduce the antenna length, in
case it doesn’t work as desired, than to increase it.

® Conducting legs: 8 mm outer, 4 mm inner diameter copper pipe. So parameter a = 4 mm.
Copper is chosen because it is an excellent conductor and available at various diameters.
The thickness of 8 mm is a trade-off between the ideal dipole,which is infinitesimally thin,
and a certain mechanical robustness.

¢ Insulated with PTFE tube: 10 mm outer, 8 mm inner diameter. So parameter ¢ = 5 mm.
The choice for PTFE or Teflon has some advantages: its permittivity is well-defined and
does not vary with frequency or moistness and it is smooth, so it’s relatively easy to slide it
over the copper pipe. A possible drawback is that nothing adheres to it, which may cause
some leakage in the antenna

A detailed drawing of the antenna design is shown in figure 5.5 and a photo of the antenna near
completion is shown in figure 5.6.
Construction

The antenna has been constructed as follows:

1. The two hollow antenna legs are made of 8 mm outer and 4 mm inner diameter copper pipe.
They are connected with a 10.5 cm long, 4 mm diameter PVC spacer and kept electrically
separate using a 5 mm long, 8 mm outer and 4 mm inner diameter FEP ring.

2. The PTFE tube is slid over the two legs and closed at both sides with a 5 cm long, 8 mm
diameter FEP spacer, to maintain a constant permittivity near the antenna, and a 8.4 mm
diameter rubber plug to keep the water out.
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3. Near the middle of the antenna, two M3 bolts are screwed through the antenna legs to create
electrical contacts.

. A 10 ¢cm wide slot is made in a 32 mm (outer diameter) PVC pipe.
The six coaxial cables are taped to a 16 mm PVC pipe and slid in the larger PVC pipe.

. The coaxial cables are soldered to the bolts.

. The PVC pipe is filled with 3M Cast Resin (No. 8).

FEP spacer PVC spacer FEP ring FEP tube 8 mm Copper pipe

3M Cast Resin Rubber

32 mm PVC pipe

16 mm PVC pipe

Coaxial cable

Figure 5.5: Schematic drawing of the antenna construction. The length of the two copper pipes,
which corresponds to the half-length, is not indicated as it depends on the desired operating frequency.

Figure 5.6: Photo of the antenna during construction. The antenna has a half-length of 24 cm and
is thus optimized for application in river water. The antenna legs have yet to be placed in the PVC
shaft and sealed with cast resin.

Matching

The antenna matching circuit was designed according to example 3 in chapter 3. The Q-match was
verified using a simple oscillator connected using a 50 € coaxial cable on one side and 3 parallel
termination resistors (50 £ each) which result in an impedance of 16.7 Ohm on the other side.
It appeared that the length of the Q-match had to be shortened from the theoretical 74 cm to
66.4 cm to obtain a VSWR = 1.1 at a frequency of approximately 64 MHz. This deviation is
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probably caused by the parallel connection of a 50 §2 and a 75 Q coaxial cable. It was not possible
to test the Pawsey stub, so the original design using 2 x 3 coaxial cables of 50 Q is assumed to be
sufficiently correct.

Initial tests of the matching circuit connected to the antenna in water showed that a VSWR of
1.1 - 1.2 is achievable at 66 MHz, but that the VSWR also depends on the position of the antenna
in the basin: it shouldn’t be too close to the bottom or walls of the basin or near the surface.
Both the antenna and the matching circuit were duplicated, and the second set showed nearly the
same performance.

As soon as the construction of the pipes was finished, the performance of the antennas in the
pipe was analyzed. The intention is to find the optimum operating frequency for the combination
of transmitter antenna (#1), quarter wave match and measurement pipe. This is the frequency
where the VSWR has a minimum. The measurements reveal that the optimum frequency (i.e.
lowest VSWR) occurs between 60 and 63 MHz, see figure 5.7. The data can be found in appendix
N.1.1.

Quarter wave match
22 | | | | | 1
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Figure 5.7: VSWR vs. frequency for the quarter wave match, used as transmitter antenna
impedance match.

Transmission line transformer

An analogous frequency sweep was performed with a transmission-line transformer (TLT) as an
impedance matching device instead of a quarter wave match. A transmission line transformer has
the advantages that it can be very small and with a very large bandwidth. The disadvantages are
that it can be quite complicated to build one properly and not every impedance ratio is feasible
in practice. Details on the TLT can be found in appendix G.

The constructed TLT is actually a 50:22 Q transformer. This design has been chosen over
a 50:17 Q design as it is much less complicated and should have a higher bandwidth [34]. As
a result, the lowest VSWR will be a bit higher than the lowest VSWR using the quarter wave
match. The measurements reveal that the bandwidth of the setup has not improved by the change
in impedance matching device, contrary to expectations. However, its performance is still good
enough to make useable. It is believed that a better performance can be obtained by a more
careful selection of wire type and construction.

The TLT has not been used for the density measurements, because the Q-match delivers
better performance and because it is easier to make two or more equivalent Q-matches than to
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make two equally performing transmission line transformers. The data and plot of the bandwidth
measurement can be found in appendix N.1.2.

Positioning

As a third test, the influence of the position of the receiving antenna was measured. The mea-
surements show quite some interaction between the two antennas, as the source antenna voltage
(measured using the pickup coil) changes with changing receiver antenna position. The propa-
gation time measurement reveals that the inner and/or outer pipe walls also have a significant
influence on the antenna performance: near the inner pipe wall the propagation time decreases
where it would otherwise increase. The plots of these measurements can be found in appendix
N.1.3.

Third antenna

Later a third antenna and matching circuit were built. The third antenna exhibits a slightly
higher VSWR, typically 1.3 at an operating frequency of 62.5 MHz, which is still good enough. A
probable cause for the decreased performance is that slightly longer (unshielded) wires were used
for the connection between the coaxial cables and the bolts in the antenna.

5.5 Sand packs

Design & construction

For the calibration of the radioactive density meter, IHC Systems uses glass packs with a known
thickness. These glass packs cannot be used for the electromagnetic density meter, because the
glass is contained in a metal frame and because they are too small. Therefore sand packs were
designed with the following considerations in mind:

® Flat rectangular frames of a non-
conducting material, filled with (non-
saline) sand

® The same height as the pipe
® As wide as the width of the pipe allows

® Four packs of approximately the same
thickness and one pack of approximately
half the thickness. This way, sand pack
thicknesses ranging from 0 to 4.5 packs
can be made in steps of 0.5

® As flat as possible, to maintain the same
thickness over the entire sand pack

® Semi-permeable: water should be able
to pass through, but the sand should
stay inside

(a) (b)

® As few metallic parts as possible. Figure 5.8: Sand pack, first version (a) and
enhanced version (b).

This led to the construction of wooden frames, assembled using stainless steel screws and wood
glue, and covered on both sides with anti-root foil. The frame was filled with washed river sand
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(“play sand”). A finished sand pack is shown in figure 5.8(a). The approximate outer dimensions
(thickness x width x length) and width of the sand in centimeters are shown in table 5.1:

The four ‘thick’ sand packs are not identical, because
a sand pack in the middle of the pipe can be wider than
the packs next to it. Packs #1 and #2 are the widest

Table 5.1: sand pack dimensions

and should be placed in the middle of the pipe, while Pack# t w 1 Wand
packs #4 and #5 are narrower to fit alongside the other #1: 6 48 150 335
packs. The idea has been, to keep the inner width (and #2: 6 48 150 335
height) and thus the amount of sand as constant as pos- #3: 3 43 150 335
sible. For packs #4 and #5 this was not possible without #4: 6 41 150 31.5
jeopardizing the strength of the wooden frame. #5: 6 41 150 315

After a few measurements, all these sand packs ap-
peared to expand considerably: the thickness was no longer well-defined. To overcome this issue,
the sand packs were flattened out and then reinforced with 9 Cordstrap® polyester strappings and
stitched all the way through the sand pack at 18 points. This is shown in figure 5.8(b).

Calibration

To improve the accuracy of the density measurements, it was decided to calibrate the sand packs
- at first using a radioactive density meter and later using the electromagnetic density meter and
by measuring the drop in water level as a sand pack was removed from the pipe. The results of
these calibration measurements are described below.

Radioactive

The “enhanced” sand packs (see section 5.5) were calibrated using a radioactive density meter
(Number 584-422A-1131, 1000 mm diameter). This pipe had just been calibrated using the glass-
packs. The results of this calibration are listed in table N.3 and shown in figure N.6.

The first sand pack was measured in the radioactive density meter at three positions: near the
source, in the middle of the pipe and near the receiver (scintillation counter). These measurements
reveal an increase in the number of radioactive counts when the sand pack is placed near the
receiver. The measurements near the source and in the middle of the pipe do not differ much.
This behaviour is known at IHC Systems, and as a rule calibrations are performed with the object
near the source. This convention is followed in the subsequent sand pack calibration measurements.

The direct result of this calibration is the density p in table 5.2. Because the radioactive
density meter actually only measures the thickness at the cross-section of the beam, this density
value has to be corrected for the different sand pack widths. The heights of the sand packs are
nearly the same and thus not taken into account. The sand volumes will be normalized on the
volume of sand pack #2. The normalized volume of the sand packs is calculated as the product of
the relative thickness d/d, and the relative width w/wq and is called the Sand Pack EQuivalent
(SPEQ).

The volumes have been normalized on sand pack #2 Table 5.2: Sand pack calibration using
instead of the larger sand pack #1, because the latter radioactive density meter yields the sPEQ
pack is not used in the river water measurements. This

makes the SPEQ numerically comparable to the norm

used for the density measurements in river water (the P dfdy _w/wy SPEQ

1.04622 1.0314 1.00 1.031
1.04481 1.0000 1.00 1.000
1.02303 0.5139 1.00 0.514
1.04017 0.8964 094 0.843
1.03533 0.7884 0.94 0.741

(SPEQ), which is introduced below). The SPEQ values
will be substituted in the measurements performed in
the electromagnetic measurement setup.

After the calibration, a measurement series of in-
creasing sand pack thickness was performed, to get an

T W N~ T3k

idea of the accuracy of the radioactive density measure-
ment in comparison to the electromagnetic density measurements. The results of these measure-
ments are shown in figure N.7. Note that the radioactive density measurements are not directly
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comparable to electromagnetic measurements, because the radioactive measurement is restricted
to the cross-section of the beam, whereas the electromagnetic measurement appears to have a
much larger cross-section, integrating over a large section of the pipe.

Electromagnetic

Using the same method that is used for the electromagnetic density measurements in ‘river’ water,
the sand packs were measured one at a time. This measurement series was performed twice. Only
sand pack #1 was not measured, because it was decided to keep that sand pack fresh in case
a measurement in non-saline water had to be repeated. The results of these measurements are
listed in tables N.4 and N.5. Again the C.R.I.LM. method was used to calculate the sand volume
fractions.

Water displacement

During all density measurements in the radioactive density meter, the water level in the pipe was
kept at a constant level by pumping (saline) water in or out. So the submerged part of the sand
packs was kept constant too. This submerged volume corresponds to the drop in the water level
when the sand pack is removed from the pipe: Vianq = 1/amd? - Ah. Again sand pack #1 was not
measured. The measurement data can be found in table.

Average

The three calibration measurements for sand packs #2 to #5 can be compared, see the bar chart in
figure 5.9. This chart provides a quick visual representation of the measured normalized volumes,
the slight differences between the three different measurement methods and the average of these
measurements, indicated by the stepped line.

For the averaging, the radioactive and volume measurements have been given weight 1 and the
two electromagnetic measurements each have weight 0.5. This weighting is a bit arbitrary, but is
still more objective than using any of the three methods alone.

1 Radioactive (SPEQ)
| =<3 Electromagnetic 1

© zzz2a Electromagnetic 2
g 08 | EEEE Water displacement b
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Figure 5.9: Calibration of the sand pack volumes using the radioactive method, the electromagnetic
method (1 & 2) and the water displacement method, normalized on the volume of sand pack #2.
The average normalized volume of each sand pack is indicated by the stepped line.
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The bar chart shows that the three measurement methods yield somewhat different results.
This is quite understandable, because the methods are entirely different:

® The radioactive method measures the thickness of a small cross-section of the sand packs;

® The electromagnetic method measures the effective permittivity of a large cross-section be-
tween the antennas;

® The volume method measures the total submerged volume.

For sand packs #2 — #5 the average normalized sand pack volume (SPEQ) is defined as the
average sand volume fraction as indicated in figure 5.9. The (SPEQ) is not used for the density
measurements in pure water, because there is no average value for sand pack #1 (for reasons
mentioned above). Numerical values of the (SPEQ) are shown in table 5.3.

Table 5.3: Values of the (SPEQ),
which is the average of the sand
pack calibration measurements.

pack # (SPEQ)

3 0.44 £ 0.02
5 0.76 + 0.05
4 0.78 + 0.07
2 1.00 £ 0.05
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6.1 First sand pack

The first density measurement in the pipe was performed when the first sand pack (#1) was ready.
Measurements were performed with and without sand pack and when the pack was approximately
50% submerged. The water level in the inner pipe and in the outer pipe was kept at a reasonably
constant (within 5 cm) level, a few centimeters below the brim. To improve the accuracy of the
time difference measurement between the source signal and the received signal, the time interval
was enlarged by one period.

To be able to calculate the permittivity of the mixture, Table 6.1: Assumed relative
some values had to be assumed for the permittivities of sand permittivities for density calculations
and water. These values are summarized in table 6.1.

Material &g

The calculation of the permittivity of the mixture and
the sand volume fraction can be found in detail in appendix sand 4.0
J. Using the calculated permittivities and the C.R.I.M. water  79.0
model (4.15) the volume fraction occupied by the sand pack
has been calculated and plotted in figure 6.1. The use of the
sand volume fraction instead of density is intentional: the transformation from volume fraction
to density is the same for all models. Moreover, it requires knowledge of the density of the sand
pack. It would have been possible to assume a certain value for the density of the sand and the
wooden frame but that would have been more suggestive than informative.

Density measurement #1
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Figure 6.1: Measurement 1: Calculation of the sand volume fraction in the water using the C.R.I.M.
model. A non-weighted fit using y = az + b yields a = 0.00111 £ 0.00011 and b = —0.00309 & 0.0069.

The plot reveals a reasonably good linear correlation: a fit using y = ax + b yields as squared
correlation coefficient 72 = 0.991 and a fit using y = cx yields 2 = 0.989. This is particularly
interesting, as it means that the electromagnetic density measurement is not a point-to-point
transmission, but measures the density over a larger volume. This is an advantage because it
means that for a heterogenous density, which will certainly be the case in a flowing medium, an
average density is measured. The data can be found in appendix N.2.1.
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6.2 Three sand packs

The second measurement in the pipe was performed with the first two thick sand packs (#1 and
#2) and the thin sand pack (#3). Is is assumed that the two thick sand packs have an equal
thickness and that the thin sand pack has half the thickness. A plot of the sand volume fraction,
calculated using the C.R.I.M. model, is shown in figure N.9. The fits using y = ax+b and y = cz
yield squared correlation coeflicients of 0.988 and 0.986 respectively.

Though the quality of these fits is still quite acceptable, a quick look at the sand packs revealed
that they had expanded several centimeters in the water. This is detrimental to the reproducibility
of the measurements. After this measurement series the sand packs were modified rigorously to
make sure they would stay in shape.

Another noticeable observation was that the measured time difference was quite sensitive to
the water level in the inner pipe: as the last measurement in the table reveals, the measured time
difference is too low when the pipe is not full. The data can be found in appendix N.2.2.

6.3 Improved sand packs

For this measurement series, all sand packs were reconstructed. Due to the new construction,
the packs retain their shape nicely. These sand packs have been calibrated and the results of this
calibration have been incorporated into the density calculation (figure N.10) by means of the “sand
pack equivalent”. This SPEQ simply represents the relative volume for each sand pack. See table
5.2 in section 5.5 for the numerical values. The fits using y = ax + b and y = cx yield squared
correlation coefficients of 0.992 and 0.989 respectively, which is about the same as for the previous
measurements.

However, the sand pack thicknesses of the old sand packs are un-calibrated values which limits
the reliability of the previous measurements. Moreover, a visual inspection of the plot reveals that
most deviations from the fits are within the range of the accuracy of the oscilloscope. In order to
make more accurate measurements, a scope with a higher sampling rate will be needed. The data
can be found in appendix N.2.3.

6.4 Goodwill oscilloscope

The measurements from section 6.3 were repeated with a new Goodwill GDS-840S oscilloscope
which was temporarily on loan. The theoretical time base accuracy of this oscilloscope is 2.5
times better than the Fluke Combiscope. A plot of the sand volume fraction, calculated using the
C.R.I.M. model, is shown in figure N.11. The increased accuracy results in smaller error bars. The
accuracy of the oscilloscope is no longer the limiting factor. The squared correlation coefficients
are 0.986 and 0.975 for y = axz + b and y = cx respectively. The data can be found in appendix
N.2.4.

6.5 Painted pipe

The iron pipe exhibited some serious corrosion, see figure 6.2(a). Because the presence of ions in
the outer pipe might affect the measurements, the decision was made to remove the rust and coat
the pipe and shields, see figure 6.2(b). The heavy strip on which the shields are bolted with three
bolts per strip, is made of stainless steel. At all three bolting places, the coating of the shields is
removed. This will lead to some oxidation, but electrical contact is more important. To ensure
electrical contact between the stainless steel strip and the iron pipe, three pointed bolts (per strip)
are driven through the coating, see figure 6.2(c).
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(2) (b) (©

Figure 6.2: Section of the iron pipe before coating (a), showing a lot of corrosion, and after coating
(b). To ensure electrical contact between the shields and the pipe, sharpened bolts are driven through
the coating at three places per strip (c).

After the iron pipe had been sand blasted, primed with red lead and coated the density
measurements were repeated to check for any changes. The results of these measurements are
shown in figure N.12. The squared correlation coefficients are 0.969 and 0.957 for y = ax + b and
y = cx respectively. This is quite a lot worse compared to the previous measurements. A visual
inspection reveals quite some deviations from the fits. Also the slope of the fit is much higher
than for the previous measurements. Only part (if any) of this can be attributed to the coating:
a subsequent measurement yields much better results than this and does agree with previous
measurements. This is shown in section 6.7.

The most likely cause of these deviations is the different frequency setting (60.2 MHz) and the
higher VSWR that resulted from this. For this measurement, the frequency was chosen which
gave the lowest VSWR (1:1.05) in an empty (just water) pipe. As it turns out, this can lead to
much higher VSWR values (1:1.5) when the pipe is loaded with sand packs than usual. Therefore,
measurements will be more accurate when the frequency is optimized (i.e. the VSWR is minimized)
with a loaded pipe, in the density range that is most interesting. A final VSWR measurement
with 4 sand packs at a frequency of 62 MHz instead of 60 MHz gives a VSWR of 1.10 instead of
1.38, which confirms that a frequency of about 62 MHz is more suitable for these measurements
(in this exact configuration). The data can be found in appendix N.2.5
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6.6 Third antenna

A third antenna was made and placed in the pipe at 60° from antenna #2 and 120° from antenna
#1, see figure 6.3.

- 50 cm

Figure 6.3: Configuration of the three antennas in the pipe, with approximate distances

Pure water

To compare the performance of all the new possible antenna configurations, the first measurements
of this series were performed without sand packs. The same coaxial cables were used for all
measurements and the frequency is kept constant, so the delay in the cables tyire should be the
same for all measurements. Using the same approach as used in appendix J, the propagation time
twave and the propagation speed in pure water v can be calculated. These two values are related
to the electromagnetic path by dyave = v (!meas — twire)-

The electromagnetic paths are calculated and compared to the approximate geometrical dis-
tances between the antennas in table 6.2. It is assumed that the distance between antennas #1
and #2 equals the actual electromagnetic path so that the other paths can be calculated. As it
turns out, the calculated electromagnetic paths do not correspond to the antenna separations.

Table 6.2: Calculated electromagnetic paths compared
to the geometrical distance between the antennas.

Antenna‘ tmeas twire twave dwave dgeom
config

1—2 5519 -8416 13.934 047 047
1—-3 5119 -8416 13.534 046 0.40
3—2 2119 -8416 10.534 036 0.23
3—-1 5219 -8416 13.634 046 0.40
2—-1 5519 -8.416 13.934 047 047
2—-3 3219 -8416 11634 039 0.23

Sand packs

After the measurements without sand packs, an interesting measurement was performed where
the sand packs were placed not between the antennas, but parallel to the two antennas as shown
in figure 6.4.

65



6.7. AGILENT OSCILLOSCOPE CHAPTER 6. PURE WATER MEASUREMENTS

#2 Sand pack  tmeas

position (ns)

close -1.93

#3 mid -0.83
far -0.33

- -0.23

1

Figure 6.4: The presence of a sand pack near the antennas influences the propagation time of the
electromagnetic wave F from antenna #2 to antenna #3, despite the fact that the sand pack is not
placed between the antennas.

This shows that then density measurement is not really based on a point-to-point transmission,
but has characteristics of a cavity which is ‘fed’ and ’probed’. As a result, the measured density
represents a much larger volume and can be seen as the average density in the pipe. This is an
advantage over a point-to-point measurement. The data can be found in appendix N.2.6.

6.7 Agilent oscilloscope

These density measurements were performed with an Agilent 54832D oscilloscope, which has
immensely better specifications than the Fluke or the Goodwill oscilloscopes. Especially the
accuracy of the time difference measurements is much better, because these measurements are
performed automatically by the scope’s built-in delta-time function. Furthermore, the oscilloscope
records statistics: for all measured values the average, minimum, maximum and range (= max —
min) is shown. The oscilloscope averaging was set to 64 measurements and each measurement was
given some time (typically half a minute) until the average value reached a reasonably stable last
digit.

While the margins of the previous measurements were estimated by the smallest time-step on
the display, for these measurements both margins (upper and lower) are defined as half the range
((max — min)/2). This gives a much better picture of the overall accuracy of the measurement
setup and not just of the oscilloscope, see the plot of the density measurement in figure N.13. The
squared correlation coefficients are 0.984 and 0.984 for y = ax + b and y = cx respectively.

At each density setting, measurements were also performed from antenna #1 to #3 and from
antenna #2 to #3: instead of at opposite sites of the pipe, the antennas are located at 120°
and 60° from each other respectively. As can be seen from the plots in figure N.14 and N.15, the
measurements from antenna #1 to antenna #3 are still useful. The squared correlation coefficients
are 0.974 and 0.954 respectively. The density measured using these antennas is a little higher than
measured using antennas #1,#2. A plausible explanation is that the sand packs are not normal
to the propagation path #1 — #3 but normal to #1 — #2. More about the effect of sand
pack rotation can be found in section 7.5. The measurements from antenna #2 to antenna #3
show very little correlation: the squared correlation coefficients are 0.74 and 0.63. This is quite
understandable as the sand packs are not even between the antennas.
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6.8 Probe measurements

In order to obtain a better understanding of the discrepancies between the electromagnetic wave
paths and the geometrical distances between the antennas, the phase and voltage was measured
using a coaxial probe, at several positions in the pipe, all at the same horizontal plane at the
center of the antennas. The positions are chosen at intervals of 5.0 cm, or even 2.5 cm at steep
gradients, along the dashed lines from figure 6.5.

(a) (b)

Figure 6.5: Phases and voltages were measured at several points along the dashed lines (a). The
antenna positions are indicated by three solid circles. To obtain a complete cross-section of the pipe,
the measurement at 60° was mirrored in a vertical axis and the other measurements were mirrored in
a horizontal axis as indicated by the dotted lines (b). Note that because of the mirroring, this picture
actually represents a pipe with six antennas instead of three, as indicated by the white circles.

These probe measurements do not take into account the interaction of the probe antenna with
the near field, which actually alters the near field itself. It is assumed that the measurement probe
is small enough not to disturb the field too much. Correction of near field measurement for the
influence of the probe on the field is possible, but it requires knowledge of the far field distribution
of the probe and some quite laborious calculations.

The results of these measurements were interpolated using Delaunay triangulation and isolines
were determined, as shown in figures 6.6(a) and 6.6(b). The isophase lines show that the apparent
propagation speed in the pipe is not constant. The isovoltage lines show that the shields have a
serious impact on the electric field in the pipe: there is a significant voltage rise in the surroundings
of each shield.
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Figure 6.6: Isophase (a) and Isovoltage (b) lines, interpolated from the measured points.
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6.9 Conclusions

The primary objective of the measurements in ‘pure’ water was to get an understanding of the
characteristics of the antennas, the impedance matching, the measurement pipe, the signal gen-
eration and measurement system and the effects of sand in the pipe - without complicating the
systems behaviour too much.

Antennas

The measurements have revealed that the driving point impedance is in reasonable agreement
with the calculated values. The performance of the antennas, which were designed for application
in river water, and the impedance matching system is excellent in pure water. A VSWR below
1:1.1 is achieved with the Q-match and in the frequency range 60 — 63 MHz. It is expected that
the antenna performance will be more than sufficient for application in river water.

Measurement pipe

The measurement pipe exhibits unwanted reflections. Is is suspected that these reflections will
only appear in non-saline water, where there is only minimal signal attenuation. The slightest
conductivity will probably attenuate the electromagnetic waves to such a degree that the reflected
signal no longer noticeably interferes with the source signal.

A side effect of the absence of conductivity, is that the performance of the antennas varies
with varying sand content in the pipe. In other words, the antennas ‘feel’ the presence of the sand
packs. The VSWR of an antenna, tuned to a VSWR of 1 : 1.05 without sand, has been seen to
increase to 1 : 1.5 with 3-4 sand packs in the pipe. Presumably this effect will also be less severe
in more saline water.

Density measurements

Electromagnetic density measurements appear to be possible. The measured density represents a
large volume of the pipe and can be seen as the average density in the pipe, in contrast with the
radioactive density meter which probes only a small cross-section.

The changes in the measured time difference with and without one sand pack are in the order of
0.5 ns, so an accuracy of 0.01 —0.05 ns is desirable to achieve a reasonable resolution. This demands
quite a lot of the measurement circuit. However, this accuracy does not have to be obtained in a
single shot, but may very well be the average of several hundreds of measurements. One density
measurement every few seconds is sufficient, considering the performance of the radioactive density
meter.

Measurements using antennas which are placed at a mutual angle of 120° instead of the usual
180°, show that this antenna configuration yields reproducible if electromagnetic transmission
across the entire pipe is not possible (e.g. in highly saline water). Measurements using antennas
at a mutual angle of 60° do not yield reliable data.
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7.1 Introduction

The typical conductivity of river water is assumed to be 0.65 S/m = 6.5 mS/cm. Instead of using
‘real’ river water, a NaCl solution is created using ordinary salt, which is 99.9% NaCl and 0.1%
KI. For 0.65 S/m, about 2.9 g/1 of salt is needed. The salt was added while stirring and measuring
the conductivity with a Henna conductivity probe.

The increased conductivity has an direct influence on the received signal. Whereas the typical
voltage received by antenna #2 was 7.5 V in pure water, after adding the salt it was only 180 mV.
The source voltage of the frequency generator is kept the same. Using these values the attenuation
can be calculated:

ATT =200 ]og (‘;—"") = —32dB.

pure

The slight rise in VSWR has been ignored. More importantly, the VSWR does not depend

on the amount of sand in the pipe anymore, as it did in pure water. So the performance of the
antennas has become more stable.

7.2 Varying conductivity

To get some insight in the effect of water conductivity, it was decided to perform the density
measurements in ’river’ water not only at the conductivity of 0.65 S/m, but also at a few lower
and higher conductivities. The unprocessed measurement data can be found in appendix N.3.
To calculate the sand volume fraction using the C.R.I.M. model, the propagation time and/or
attenuation have to be determined.

Propagation time

A combined plot of the measured time differences for all river water measurements, combined with
measurement #7 in pure water, is shown in figure 7.1. The computed linear fits are also shown.

Time difference

e 0.937 (#6)
n 0.744 (#7)
o 0.637 (#5)
s 0.632 (#4)
8604 8)
o 0.476 (#3
x 0.46 (#2)
v 0.438 (#9)
0.61 (#1)
8! €

t (ns)

(SPEQ)

Figure 7.1: Measured time difference between the source and the received signal as a function of the
sand volume in the pipe, for various conductivities. Fits using y = ax+b are shown. The conductivity
of the water in the outer pipe was negligible for the measurement series ‘pure’ and o, = 0.61 S/m.
For all other measurements, the conductivity in the outer pipe was 2.1 S/m.
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Except for measurements #1,#2,#3 the measurements show a fairly consistent behaviour. The
time difference decreases as the sand fraction in the pipe increases, which supports the calculated
behaviour from example 1 in chapter 4. The largest gradient is found for g, = 0.937 S/m, the
smallest gradient for pure water. The largest spread in the measured time difference is found
without sand in the pipe and is reduced as the sand fraction increases. This behaviour makes
sense, as an increase of the sand fraction ¢ means a decrease of the average conductivity. In the
limit ¢ — 1 the time differences should all coincide.

The two upper outliers are measurements #2 and #3. The measured time differences are
distinctly higher than for the subsequent measurements, most likely due to different wiring. This
can be verified by calculating and plotting the propagation time instead of the time difference, as
given by equations (4.2,4.4). A combined plot of the propagation times is shown in figure 7.2.

Propagation time
22 T 1 T T T T

20

e 0.937 (#6)
® 0.744 (#7)
o 0.637 (#5)
& 0.632 (#4)
A 0.604 (#8)
O 0.476 (#3)
o
v

X

+

0.95—~(
0.438 (#9)
0.61 (#1)

t (ns)

(SPEQ)

Figure 7.2: Propagation time, calculated using (4.2) and (4.4), as a function of the sand volume
in the pipe, for water with conductivities 0.438 < ¢, (S/m) < 0.937 in the inner pipe. Fits using
y = ax + b are shown. The conductivity of the water in the outer pipe was negligible for the
measurement series ‘pure’ and o, = 0.61 S/m. For all other measurements, the conductivity in the
outer pipe was 2.1 S/m.

In this plot, measurements #2 and #3 do agree with the other measurements. So the higher
times differences are a constant factor, most likely caused by accidentally using a longer coaxial
cable in the receiver side of the circuit.

The lower outlier,measurement #1, still exists. This measurement at g, = 0.61 S/m was
performed with non-saline water in the outer pipe. Because the water in the inner pipe is more
conductive than the water in the outer pipe, it is quite plausible that a significant part of the
measured signal travels through the pure water in the outer pipe and does not ‘see’ the sand
packs.

To make certain that this would not happen for the subsequent measurements, salt was added
to the water in the outer pipe to make it more conducting than the water in the inner pipe. The
conductivity of the water in the outer pipe was set to 2.1 S/m, which is more than twice the
maximum conductivity used in the inner pipe. Though the outer pipe conductivity was also zero
for the pure water measurement, the water in the outer pipe did not present a more favourable
path. This explains why the pure water measurement agrees with river water measurements
#2-#9 and measurement #1 does not.

A questionable aspect of the calculated propagation times is that they more or less coincide
between (SPEQ) = 3—3.5. This should only just occur in pure sand, which has not been reached by
far. This implies that the propagation times calculated using (4.2) and the inner pipe conductivity
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are inaccurate, possibly because the electromagnetic wave not only travel through the inner pipe
but also partly through the water in the outer pipe, which has a different conductivity.

To avoid this issue, an alternative determination of the propagation times has been performed
by determining the fired delay in the wiring t.ire and subtracting it from the measured time differ-
ence tmeas s indicated by equation (4.1). Using a fixed wiring delay is justified for measurements
#4—#9 as the whole circuit has been exactly the same for these measurements. The propagation
times, calculated using the fixed tyire, are shown in figure 7.3 for the measurements #4-#9. The
calculated propagation times display a reproducible behaviour.

Propagation time

22 T T 1 T T ) 1
. o 0.937 (#6)
201 s 0.744 (#7)
) o 0.637 (#5)
18 f a 0.632 (#4)
a 0.604 (#8)
v 0.438(#9)

t (ns)

(SPEQ)

Figure 7.3: Propagation time, calculated using (4.1) and a fixed twire = 5.924 ns, as a function of
the sand volume in the pipe, for water with conductivities 0.438 < 0. (S/m) < 0.937 in the inner
pipe. Fits using ¥ = az + b are shown. The conductivity of the water in the outer pipe was negligible
for the measurement series ‘pure’ and oe = 0.61 S/m. For all other measurements, the conductivity
in the outer pipe was 2.1 S/m.

Attenuation

The voltages received on antenna #2 have been plotted for a few measurements in figure 7.4.
Calculated exponential fits are shown.

The voltage measurement shows that the calculation of the attenuation constant is somewhat
problematic at higher conductivities. Theoretically, if the sand volume fraction is decreased, the
average conductivity increases and the received signal should decrease.

As figure 7.4 shows, the received voltage as a function of the sand fraction doesn’t follow
the expected exponential behaviour at the lowest sand fractions for the measurements at ‘high’
conductivity (e =~ 1). Instead, the received voltage increases as the sand fraction decreases to
zero. For lower conductivities, this effect becomes less pronounced. Only for the measurements
with ¢, < 0.64 decreases the voltage monotonously as the sand volume goes to zero. A plausible
explanation for this behaviour is that here is an alternative signal path which is not hindered by
the increase in conductivity.

Possible suspects, besides the shielding of the cables, include the shields in the outer pipe
which may help the signal propagation, and the inner pipe. The inner pipe is made of a non-
conducting dielectric material, on both sides surrounded by saline water which is a conducting
material: effectively a waveguide has been created. The influence of the shields and the inner pipe
is investigated as a function of the conductivity in chapter 8.
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Received voltage, measurements #6—#9
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Figure 7.4: Plots of the voltage received by antenna #2 as a function of the sand volume fraction,
for various water conductivities in the inner pipe. Fits using y = aexp(bz) are shown. The outer
pipe conductivity is 2.1 (3/m). The fitted curves show the expected behaviour. The data points for
0. = 0.744S/m and g, = 0.937 S/m have been fitted using only the four measurement points for
(sPEQ) > 1.5, to show that the other four measured voltages are too high.

Apparent permittivity

Because the problems arising in the measurement of the attenuation (and thus the conductivity)
do not seem to cause a noticeable disturbance of the time difference measurement, the C.R.I.M.
method using the apparent permittivity (4.19) is preferred because it only needs a measurement
of the propagation time. The propagation time is derived from the measured time difference using
an average wiring delay of {yire = 5.924 ns.

A characteristic density measurement (#5) is shown in figure 7.5 and a combined plot of the
sand volume fractions calculated from measurements #4-#9 in river water using the C.R.1.M.
model is shown in figure 7.6.

Two things stand out in these plots:

1. For higher (SPEQ) values the data points lie significantly below the fit .
2. The slope of the fits is not the same for the measurements at different conductivities.

The first aspect can be a systematic error in the calibration of the sand packs. It may also
indicate a shortcoming of the C.R.I.M. model. The reason why the deviations occur mainly at
higher (SPEQ) values is because the weighted fit puts more weight on the lower (SPEQ) values.
The lower values have a smaller error because a higher sand (SPEQ) means that more sand packs
have been used, each with its own uncertainty. In a practical density meter, a calibration using an
unweighted fit is preferable, because it gives a constant density measurement error over the entire
calibrated range.

The second aspect can be investigated more closely by searching a possible conductivity de-
pendence in the slope. The fit parameters a and b of the linear fits ¢ = a - (SPEQ) + b in figure 7.6
are summarized in table N.17 in appendix N.3. A plot of the regression constant a, which corre-
sponds to 0¢/8 (SPEQ), is shown in figure 7.7. This plot does not show a significant conductivity
dependence as the uncertainty in the slope is almost 100%.
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Density measurement #5
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Figure 7.5: Measurement #5: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = az + b and y = czx yield a = 0.165 £ 0.011, b = 0.00253 +
0.00407 and ¢ = 0.1673 £ 0.0103. The weighted sums of squared residuals are x2 = 12.95 and
X2 = 11.82 respectively.

Density measurements #4—#9
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Figure 7.6: Calculated sand volume fractions in the water using the C.R.I.M. model. Weighted fits
using y = az + b are shown.
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Conductivity dependence of the C.R.I.M. model
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Figure 7.7: Conductivity dependence of the parameter a from the linear fit y = ax + b which has
been applied to the sand volume fractions calculated using the C.R.I.M.model. The found regression
coefficients are a = —0.0154 £ 0.0152 (98.6%) and b = 0.168 £+ 0.012 (6.9%).

7.3 Combined measurements

The difficulties arising in the use of the C.R.I.M. model can be resolved by using a semi-empirical
model. As the propagation time measurements show the highest reproducibility, a model based
on propagation time data looks favourable.

Again, only measurements #4—#9 have been used. Only data sets 4-9 are considered reliable
enough to be used, because the measured time differences of measurements 2 and 3 were not in the
same range (most likely due to different wiring) and measurement 1 was performed with non-saline
water in the outer pipe.

Because the propagation time depends on both the permittivity and the conductivity of the
propagation medium, one calibration measurement of the time difference between source and
received signal, without sand in the pipe, is needed each time the conductivity of the water changes.
This calibration time is ¢, and the corresponding density is 1 ton/m®. The time difference tmeas
that is measured during normal operation of the density meter is compared to this calibration
time, which gives rise to the introduction of the relative time difference:

tr = tmeas — fo- (71)

In short, the parameter ¢y varies with varying conductivity and the parameter ¢, varies (mainly)
with varying density. To make a fit which results in the actual density instead of a sand volume
fraction, the total density of the four used sand packs has been estimated from the change in water
level in the pipe:

¢ = Vsand/Vtotal = Ah/h (7.2)
~0.43m/1.40 m = 0.307. (7.3)

Assuming psand = 2.65 ton/m3 the density can be calculated using (4.23):
P4-packs = 1.51 ton/m?, (7.4)
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and the (SPEQ)-density relation is given by:

p

The determination of the fitting model relating the density p to the parameters {¢,,%0} can be
found in appendix K. The result is the following model:

plto,t,) =1+a-t,+b-t24+c-ty-t,. (7.6)

The results of the fit are shown in figure 7.8. The residuals are given by p;; — p where p;; represents
the actual data points and p = p(to,t,) represents the calculated values. A residual plot versus
t,, for all measurement series (and corresponding tg) combined, is shown in figure 7.9.

The uncertainty in the residuals is composed of an uncertainty in p;; due to the uncertainty
in the measured values t, and {y, which has been derived in appendix K, and an uncertainty in g
due to the uncertainty in the regression constants a, b, c.

As the residual plot shows, the typical (RMS) uncertainty is :0.04 ton/m®. Compared to the
stated accuracy of the radioactive density meter of £1% full scale, which corresponds to an RMS
uncertainty of £0.018 ton/m? for p < 1.8, it can be concluded that this is an excellent performance!

p (ton/m3) Density measurement

(4

p(t07 tr) —

Figure 7.8: Combined measurements: plot of the calculated densities of all density measurements
in ‘river’ water versus the time difference without sand ¢¢ (calibration point) and the change in the
measured time difference ¢, = tmeas — to. The typical (SPEQ) and 0. dependencies of ¢, and to are
indicated by arrows. A weighted fit has been made using p(to,t,) = 1+ a-t. +b-t2 +c-to - tr.
The result of the fit is a = —0.1427 4+ 0.0052, b = 0.00363 £ 0.00054 and ¢ = 0.00673 £ 0.00045. The
weighted sum of squared residuals is 38.9. The distance between the measurement points and the
fitted surface is indicated by vertical lines.

78



CHAPTER 7. RIVER WATER MEASUREMENTS 7.3. COMBINED MEASUREMENTS

Residual plot

1 T 1 T

0.10 | 1
- -
. 005 | T 11 1 I .
o y % y
: i 7
Q ) ¢ g / .
£ 000 2% s _&_,/4/ , ,
0700
Q -0.05 F L 1 - __J. I ]
L L
—e— residuals
-0.10 | |l . . rz2 RMS ]
-10 -8 -6 -4 -2 0
tr (ns)

Figure 7.9: Residual plot of the combined measurements: plot of the residuals p;; — 6 of all density
measurements in ‘river’ water versus the change in the measured time difference ¢, = tmeas — to. The
parameter p;; represents the actual data points,  represents the values calculated with model (7.6)
The RMS of the total (measurement -+ regression) error is £0.04 as indicated by the hatched area.
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7.4 Probe Measurements

To compare the pure water probe measurements with the river water measurements, the measure-
ment along the line from antenna #1 to antenna #2 (180° in figure 6.5) was repeated with river

water (0, = 0.61 S/m) in the inner pipe. The water in the outer pipe is non-saline. The plots are
shown in figure 7.10.
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Figure 7.10: Probe voltages and time difference between the probe signal and the source signal
(antenna #1) as a function of the probe position in the pipe, for river water and pure water in the
inner pipe. The water in the outer pipe is non-saline in both cases. The probe is moved from behind
antenna #1 to beyond antenna #2. The position of the inner pipe wall is indicated by the dashed

lines. The antenna positions are approximately at 1 and 48 cm. The data points are connected with
straight lines for visual reference only.

The plots show that the resonance effects, which are clearly present in the voltage measurement
in pure water, are completely absent in the river water: the voltage decays exponentially, at least
up to the position 35 cm. When the coaxial probe approaches the antenna #2, the exponential
relation no longer holds. A possible explanation for this, is that the measured voltage is so low
that other (e.g. reflected) signals become dominant.

Another possible explanation is the transition from reactive near field to radiating near or
far field. The transverse electric field decays much faster in the reactive near field than in the
radiating far field, as shown in section 3.4. A great part of this gradual transition takes place in
the radiating near field zone, so a change in the electric field is very likely to appear there.

According to the guidelines, the transition to the radiating near field should occur at approxi-
mately 33 m from the antenna. However, this guideline should not be taken too strictly here as it
is intended for bare antennas in free space and not for insulated antennas in water. A similar effect
is shown in [36] and [1], where it is ascribed to a transition from the near to the ‘intermediate’ or
far field. In the vicinity of the antenna, rapid attenuation is observed and at larger distances, the
attenuation is vastly reduced.

Using the measurement points between 1 and 35 cm, the logarithm of probe voltage has been
plotted against the probe position, see figure 7.11, which shows the excellent exponential decay
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of the measured voltage. The found attenuation constant a = 11 m™~! corresponds to an effective
water conductivity of 0.71 S/m, as calculated using (3.8a).

The time measurement also shows an improvement: the apparent propagation speed (inverse
of the slope) is much more constant in the river water than in the pure water, which means that
the wave is much less affected by reflections in river water than in pure water.

Coaxial probe
voltage measurement
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Figure 7.11: The logarithm of the probe voltages as a function of the probe position in the pipe.
The linear fit In(V) = az + b shows that the probe voltage decreases exponentially. The squared
correlation coefficient is x2 = 0.87.

7.5 Pack rotation

A general assumption which justifies the use of sand packs to represent slurry is that the sand packs
do not reflect or refract the electromagnetic waves, but only change the propagation speed and
attenuation. Thus a sand pack placed at a certain angle 8 > 0 with respect to the propagation
vector will merely enlarge the electromagnetic path through the sand at the cost of the path
through the water. To investigate this effect, the time difference and antenna voltage have been
measured as a function of the sand pack orientation. The orientation 8 of a sand pack with respect
to the antenna configuration is defined as shown in figure 7.12. The results of the measurements
are shown in figures 7.13 and 7.14.
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Figure 7.12: The orientation of the sand pack with respect to the antenna positions is given by the
angle 6.

The electromagnetic path through a sand pack placed at angle 8 with respect to the electro-
magnetic propagation vector is related to the pack thickness dpack and the sand pack width wp,ex
by:

. [ dpac
dn(e) = min { Cg: ; s wpack} , (7.7)

where the angle should be limited by 0 < 8 < 90°. For 8 =~ 90° the electromagnetic path through
the sand pack reaches its maximum: the sand pack width wgang.

Propagation time

The total propagation time of an electromagnetic wave in the pipe is given by:

twave(6) = dnT@ e = a(6)
1 dpack pack
(Ve \/@ + ==/

~ Ccosf Co

(7.8)

where dyave is the total electromagnetic path (antenna separatlon) €5, the relative apparent
permittivity of the saturated sand pack and €. the relative apparent permittivity of the water,
which has a conductivity of 0.317 S/m durmg this experiment. Based on equation (7.8) the
measured time differences are fitted using:

tmeas 1
= . b 7.
1ns cos 0 @t (7.9)

where

paCk (/€3 — V) /1ns
b= <%°“ : \/e;V,+twire> /1ns.

Because the function cos™!# goes to infinity when # — 90°, and because it is likely that for
large angles the electromagnetic waves will ‘leak’ around the sand pack, the fit is limited to angles
0 < 6 < 45°. The plot of this fit is shown in figure 7.13. Using the following parameters:

dpack = 0.06 m (7.10a)
dwave = 0.47m (7.10b)
Ve =9.99 (7.10¢c)
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and the found regression constant a = —0.303 & 0.048 the relative apparent permittivity of the
sand pack can be calculated:
eqr R T2 (7.11)

which seems to be rather high. Literature values of saturated water indicate much lower relative
apparent permittivities of soils. In [39] the measured relative apparent permittivities are below 40
for water content (1 — @) < 0.5. In other sources the stated relative apparent permittivities are
still lower than that.

If the measured apparent permittivity had been &5, = 40, the angular dependence would have
been much more pronounced. The reduced angular dependence is an advantage for our purpose,
because a it makes a density meter less sensitive to the slurry density distribution in the pipe.

Pack rotation measurement
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Figure 7.13: Measurement of the time difference between the source signal and the received signal as
a function of the orientation of a sand pack. The orientation 6 is as indicated in figure 7.12. Function
(7.9) has been fitted through the data. The found regression constants are a = —0.303 £ 0.048 and
b= 8.4+ 0.1. The weighted sum of squared residuals is x2 = 0.63.

Voltage
The orientation dependence of the voltage of the received signal V is given by:

V(0)/Vo = exp [~aw(dwave = dn(6) )] - exp [~ dn(6)]

1 (7.12)
= exp [—0tw dwave) - €xP [(Ctw — 0ts) dpack cos ™ 6]
which takes the form:
-1
V(8)/Vo=A-BOS 0 (7.13)
where
A= €xXp [‘aw dwave]
B = exp [(ow — @5) dpack] -
This equation can be written as a Taylor expansion for § = 0 in radians:
V(8)/Vo = AB - [1 + 1/2In(B) 6> + 0(6°)] . (7.14)
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Because the “zero conductivity” voltage Vp is not available, the factor AB can only be deter-
mined by means of fitting to the measured data. For small angles, the Taylor expansion (7.14)
can be reasonably approximated by a second order polynomial, which leads to the following fitting
function:

4 _ 2
S —a (467 (7.15)

with 8 in radians and

a=Vy-AB/1mV
b =1/21n(2B) = /2 (aw — @s) dpack-

Pack rotation measurement
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Figure 7.14: Measurement of the voltage received by antenna #2 as a function of the orientation
of a sand pack. The orientation @ is as indicated in figure 7.12. Function (7.15) has been fitted
through the data. The found regression constants are a = 399 + 2.004 and b = —0.0942 + 0.0193.
The weighted sums of squared residuals is x2 = 9.87.

The attenuation constant of the water oy, can be calculated using (3.8a) with the measured
conductivity of 0.317 S/m and an assumed relative effective permittivity el = 79.0:
aw ~5.98m™.

The attenuation constant of the saturated sand pack can be determined from the data fit, again
limited for angles < 45° (0 € 6 < %) as shown in figure 7.14. Using the definition of regression
constant b, the attenuation constant of the saturated sand pack can be determined:

as ~9.12m™!

which is actually higher than the attenuation constant in water. This is caused by the lower
apparent permittivity of sand compared to water, as can be verified by looking at the permittivity
dependence of the attenuation constant, which can be calculated by combining (E.5) and (E.7):

Ueco Oe 1
== ~ 1
a(gar) 5 s " (7.16)
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The corresponding conductivity in the sand pack can be calculated using (7.16) and the mea-
sured relative permittivity of the sand pack (7.11):

2
02 = o /5. =0.41S/m. (7.17)

Like the apparent permittivity, the measured conductivity is too high — higher than the conduc-
tivity of the water. However, for a lower and more realistic relative apparent permittivity 3. < 40
the effective conductivity is also lower (03 < 0.31 S/m) which is in better agreement with the
conductivity of the water (0.317 S/m), though still a bit high.

With this single sand pack, the sand appears to have the same conductivity as the water. It
seems that the sand pack is so thin and saturated to such a degree that the conductivity has not
noticeably decreased.

This behaviour differs from the behaviour seen during the density measurements, which have
been performed with more than one sand pack, as described in section 7.2. Those measurements
demonstrate that at larger sand volume fractions the received voltage increases, as shown figure
N.16 in appendix N.3.1. This can only mean that the attenuation constant is lower in the sand
than in the water. Assuming that the apparent permittivity of the thicker sand pack, used for the
density measurements, will be at most as high as the apparent permittivity of the single sand pack
used here, this means that the effective conductivity in the thick sand pack is noticeably lower
than the effective conductivity of the water, which seems reasonable.

From this point of view, the observed angular dependence of the received voltage appears to
be exceptional, and attributable to the use of a single sand pack. This does not affect the density
measurements, because the density calculation is only based on a time difference measurement.

Another cause for deviations is that in this model the electromagnetic propagation is treated
as a straight point-to-point transmission without electromagnetic waves traveling around the sand
pack, the sand pack as assumed to consist of only (saturated) sand, and it is assumed that the
sand pack does not reflect and/or refract the electromagnetic waves, even at larger angles. This
makes it plausible that this simplified model offers only a qualitative description and does not
yield the exact numerical values.
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7.6 Conclusions

Compared to the measurements in pure water, the measurements in river water have some advan-
tages and some disadvantages:

® Advantages:

— No more unpredictable reflection of waves: the waves show the expected wave decay.
— The antenna performance is more constant, deduced from the much more constant
VSWR.

¢ Disadvantages:

— Signal loss is much higher due to the conductivity.
— Waves may travel around the inner pipe, through the water in the inner pipe, so:
— the water in the outer pipe must be made more conducting than in the inner pipe.
The density (or sand volume fraction) calculations using the C.R.I.M. model show a great deal
of potential, though the observed deviations in the fit (figure 7.6) cannot be accounted for. Using a

semi-empirical model, based only on the time-difference measurements, a model has been derived
which results in a density calculation with an RMS uncertainty of +0.04 ton/m3.
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8.1 Varying conductivity

To discover the operational limits of the experimental setup, measurements of the received voltage
and propagation time were measured as a function of the conductivity of the water in the inner
pipe 0", while keeping the water in the outer pipe non-saline. The results of these measurements
are shown in figure 8.1 and the data can be found in appendix N.4.1.

Propagation measurements
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Figure 8.1: Plots of the voltage received by antenna #2 and the time difference between the source
and receiver antenna #2 as a function of the effective conductivity of the water in the inner pipe
o®. The exponentially decaying curve in the left plot is not a fit but calculated using (4.5) and
matched to the point ¢! ~ 0. The square root curve in the right plot is calculated using (4.2) and
also matched to the o!® ~ 0 point.

The behaviour for conductivities above approximately 0.7 S/m diverges quite a lot from the
model. The voltage measurements shows that the attenuation does not increase as the conductivity
of the water in the inner pipe increases.

A plausible assumption is that a substantial part of the electromagnetic waves travels around
the inner pipe, probably through the water in the outer pipe which is non-saline and causes less
attenuation. The propagation time measurements support this assumption as the propagation
time decreases where it should increase according to the model. The theoretical curve in the right
plot of figure 8.1 shows that the measured time difference for g, = 2.1 S/m should be approximately
one period longer. With the current measurement setup, this cannot be determined as all time
differences are measured modulo T'.

To verify this assumption, three measurement series were performed using saline water in
the outer pipe. Additionally, a method was devised to send short sine wave packets instead
of a continuous wave, and thus measure the absolute time difference between the start of the
transmitted wave packet and the start of the received wave packet.

Theoretically, these short sine wave packets can be seen as a pulse-modulated sine wave. A
screenshot of a signal obtained using 110 kHz square wave modulation is shown in figure 8.2.
There is no retraceable wave packet start, only a subjective perception of a growing amplitude. In
between the wave packets, the signal is still clearly present. At higher conductivities this subjective
‘start’ of the signal tends to disappear in the oscillations between the wave packets.
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To obtain a retraceable wave packet start, the modulated signal must have a much faster fast
rise time, preferably well below one period (16 ns), and have a negligible amplitude in between the
wave packets. This practically excludes the use of amplitude modulation for this purpose.
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Figure 8.2: Oscilloscope screenshot showing the transmitted (upper) and received (lower) square
wave modulated wave packet. The slowly rising step function is the 110 kHz square wave modulation

signal. The time base is set to 50 ns/DIV, and the measured rise time of the square wave signal is
clearly longer than one division.

A striking aspect in figure 8.2, is that the source signal is inverted in comparison to the received
signal. A direct measurement of the waveform on the oscilloscope reveals that the polarity is

reversed in the pickup coil. This has no influence on the measurements, because it only causes a
change in the circuit delay tyire.

Signal
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Figure 8.3: Synthesized sine wave packet for absolute time difference measurements.

The measurement series at o%"* = 2.2 S/m was performed with an Agilent 33250A arbitrary
waveform generator, which was temporarily on loan. This device appears to be perfect for this
task. The waveform that has been programmed is shown in figure 8.3. It is composed of 2 periods
of the original 62.5 MHz sine wave, followed by 30 periods of silence.
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This wave packet has been chosen because it is short enough for nearly complete signal damping
in between the packets, yet still contains a significant frequency component near 62.5 MHz, so that
the behaviour of the electromagnetic waves is not affected too much. This wave packet is only
used to verify the time difference measurements performed with the continuous wave signal, which
are performed automatically by the oscilloscope and are thus much more accurate.

The waveform generator is thus used in two modes: producing a normal continuous wave, for

accurate automated time difference measurements, and producing the short sine wave packets, as
a verification of the absolute time difference.
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Figure 8.4: Transmitted (upper) and received (lower) sine wave packet in slightly saline water
{ce = 0.22 S/m), revealing the absolute time difference. The step function in the left top of the
screen is the TTL synchronization signal.

A screenshot of the oscilloscope, obtained during the measurement series at oo = 2.2S/m
and o = 0.22 S/m is shown in figure 8.4. The upper sinusoidal waveform is the (inverted) source
signal as obtained using the pickup coil, the lower waveform is the received signal.

The step function in the left top of the screen is the TTL synchronization signal from the
waveform generator, used for triggering. The x-axis markers Ax and Bx are positioned at the
points that were used as reference points for the absolute time difference measurement. The
y-axis markers serve no particular purpose here.

The results of these measurements, and the measurement with pure water in the outer pipe, are
shown in figure 8.5. The propagation time behaviour at higher conductivities has improved much
and is monotonous up to oi" ~ 1.3S/m. The voltage plot has also improved, but still does not
decay exponentially at higher conductivities. The data can be found in appendices N.4.2-N.4.4.
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Propagation measurements
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Figure 8.5: Plots of the voltage received by antenna #2 and the time difference between the source

and receiver antenna #2 as a function of the effective conductivity of the water in the inner pipe o'
out __

at various outer pipe conductivities o5"* = {0.05,1.9,2.2,3.1} S/m.

8.2 Probe Measurement

Probe measurement
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Figure 8.6: Plots of the probe voltage and time difference between the source and the coaxial probe
as a function of the probe position, at o® = 2.1 S/m and ¢2** = 3.1 S/m. The measurement points

are connected with straight lines just for a visual reference.
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To investigate the effects at higher conductivities further, measurements of the voltage and the
time difference were performed using the coaxial probe, at several positions (approximately 5 cm
apart) on a straight line from antenna #1 to antenna #2, all at the same horizontal plane at the
center of the antennas. The time difference is determined relative to the source signal. The results
of the probe measurement, performed at ¢i® = 2.1 S/m and ¢2"* = 3.2 S/m, is shown in figure 8.6.

The plot shows an exponentially decaying voltage and linearly increasing time difference up to
approximately halfway the pipe. After that point, the signal decay rate has decreased significantly.
A transition from a (reactive) near field to the radiating near or far field, which offers a plausible
explanation for a similar effect in river water (see section 7.4), does not satisfactorily explain the
observed behaviour here: the fact that the received signal does not decay continuously suggests
that the received signal is distorted by reflected signals.

8.3 Shields effect

Because increasing the outer pipe conductivity does not enhance the electromagnetic wave prop-
agation at higher conductivities, the cause is looked for elsewhere. As there is a possibility that
the waves are ‘received’ and ‘re-transmitted’ by the long metal shields, as shown in figure 8.7, two
series of measurements are performed.

Figure 8.7: Possible propagation routes by receiving and re-transmitting metal shields. Antenna
#3 may also have some influence in this process.

The first series is performed with the shields halfway antenna #1 and antenna #2 removed,
thus leaving the four shields closest to the antennas. The second series is performed with all six
shields removed.

Four shields

Antennas The two of middle shields were removed, leaving only the four shields closest to
and shields antennas #1 and #2 and antennas, as shown in figure 8.8. The idea is, that the
increased distance between the shields surrounding antenna #1 and the shields
surrounding antenna #2 prevents the shields from ‘passing on’ the signal.

Voltage and time difference measurements were performed using the coaxial
probe at several positions (approximately 5 cm apart) on a straight line from
antenna #1 to antenna #2, at three different inner pipe water conductivities
and a constant outer pipe water conductivity. The results are shown in figure

8.9. Comparison of the semi-log voltage plot with the corresponding plot in
figure 8.6 shows that the largest improvement is obtained from increasing the conductivity of the
water in the inner pipe and that removing the two shields does not improve the system much.

Figure 8.8:
Configuration
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Probe measurement
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Figure 8.9: Plots of the probe voltage and time difference between the source and the coaxial probe
out

as a function of the probe position, with four shields, at o!® = 2.1 $/m and ¢2"* = {0.05,0.91,1.75}
S/m. The measurement points are connected with straight lines just for a visual reference.
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Figure 8.10: Plots of the probe voltage and time difference between the source and the coaxial probe

as a function of the probe position, without shields in the outer pipe, at o' = 2.18 /m and at various
outer pipe conductivities oo™ = {0.07,0.37,0.93} S/m. The measurement points are connected with
straight lines just for a visual reference.
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All six shields were removed, to rule them out as possible cause for the electromagnetic propa-
gation around the inner pipe. The voltage and time difference is measured using the coaxial probe
at several positions (approximately 5 cm apart) on a straight line from antenna #1 to antenna

#2.

The results are shown in figure 8.10. The semi-log voltage plot shows that the performance
has slightly degraded, because the signal at receiver antenna #2 is even higher than with the four
shields. Without any shielding, the possibility of electromagnetic waves traveling around the inner
pipe has increased. This is in agreement with the assumption that these waves around the inner
pipe cause the increase in the voltage near the receiver antenna.

The probe voltage beyond 25 cm still shows a temporary increase instead of a gradual decrease,
which is more pronounced with saline water in the outer pipe than with (almost) pure water. Even
without shields, the electromagnetic signals still appear to be distorted.

8.4 Inner pipe effect

Because the removal of the shields did not resolve the problem of the apparent shortcut for the
electromagnetic waves around the water in the inner pipe, it was devised that the shortcut could
be the glass fibre pipe itself which, combined with the conducting water on both sides, constitutes
a (lossy) waveguide.

After removing the inner pipe, the voltage at the receiver antenna and the time difference
between the source and the receiver antenna were measured as a function of the conductivity of
the water in the entire pipe. The shields were still left out, and to be certain that the antenna #3
would not spoil the results, it was removed as well. The results are shown in figure 8.11.

The voltage measurement shows a huge improvement. The measurement points follow the
calculated curve, which is not a fit but only matched at the o, = 0 point, up to approximately
e = 2.0. At the highest measured conductivity, the agreement with the model is still very decent.
The time difference measurement also reveals a reproducible behaviour, except for one or two
outliers around ¢, = 2.0 which are probably caused by insufficiently dissolving the salt in the
water.

After the measurement series at varying conductivity, voltage and time difference measurements
as a function of the position in the pipe were performed with the coaxial probe. Because the inner
pipe was removed, the coaxial probe is now moved over the entire outer pipe diameter. The results
are shown in figure 8.12 and the data can be found in appendix N.4.5

This measurement shows a similar effect as measured with the coaxial probe in river water:
the electromagnetic waves exhibit exponential decay and linearly increasing time difference up to
25 cm from the transmitter antenna. Beyond that point, the decay rate has decreased and does
not show the strange behaviour as measured with the inner pipe (see figures 8.6,8.9,8.10). The
most likely explanation of the decrease in the decay rate is a transition from a reactive near field
to a radiating near or far field, as already described in section 7.4.
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Propagation measurements
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Figure 8.11: Plots of the voltage received by antenna #2 and the time difference between the source
and receiver antenna #2, without inner pipe, as a function of the conductivity of the water in the
entire pipe Je.

Probe measurement
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Figure 8.12: Plots of the probe voltage and time difference between the source and the coaxial
probe as a function of the probe position, without inner pipe, at ge = 2.61 S/m. The position where
the inner pipe wall used to be is indicated by the dashed lines. The measurement points are connected
with straight lines just for a visual reference.
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8.5 Crosstalk

The measurement circuit was checked for crosstalk by disconnecting the cable at the receiver
antenna between the balun and the Q-match. Even after re-connecting the braid of the coaxial
cable is there no measurable signal on the corresponding oscilloscope channel.

Because disconnecting the transmitter antenna between the balun and the Q-match causes
an almost infinite VSWR, the coaxial cable is terminated using three 50 € resistors in parallel
connection. Again, there is no measurable signal on the oscilloscope.

It is concluded that, at the used power levels of 0.5 — 1.0 W, crosstalk is of no measurable
influence on the measurements.

8.6 Conclusions

The metal shields in the space between the outer and the inner pipe do not have a significant
influence on the electromagnetic wave propagation, certainly when the conductivity of the water
in the inner pipe is (slightly) conducting.

The theory that the seemingly conductivity independent signal propagation is caused by the
inner pipe functioning as a waveguide is confirmed by measurements without the inner pipe.
To avoid this issue, using a lossy material for the inner pipe will certainly help. However, a
lossy material will also absorb part of the transmitted electromagnetic energy. This is unwanted,
especially at higher conductivities where all amplifier power is needed to be able to transmit
through the conducting water. So, the material should not be too lossy either.

Because of this waveguide effect, no density measurements could be performed in sea water.
The operational range of an electromagnetic density meter is restricted to river water until this
is resolved. According to [1], electromagnetic propagation in sea water is quite feasible, as long
as the antennas are sufficiently insulated. Otherwise, the conduction losses in the vicinity of the
antenna drain most of the power. It is not possible to make any well-founded predictions on the
accuracy that can be expected in sea water yet.
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Concluding remarks

The project started not knowing if a density measurement using electromagnetic transmission
would be technically feasible. The main problem was expected to occur in highly saline water
such as sea water. According to calculations, measurements in sea water will require a high-gain
amplifier. According to measurements performed up to a conductivity of 2.6 S/m, highly saline
water causes the electromagnetic waves to search for an alternative, less conducting path. Such a
shortcut has to be avoided.

Feasibility

Based on the performed measurements, it is expected that a density meter based on electro-
magnetic transmission is feasible with an RMS accuracy of £0.04 ton/m3, at least under the
following restraints:

® Restricted conductivity range, evidently at least up to 0.937 S/m. To verify the applicability
of an electromagnetic density meter in water with higher conductivities, some modifications
are needed with respect to the inner pipe material and the filling between the pipes, as
described below.

® Limited diameter, at least for 0.50 m. The main limiting factor is the signal attenuation in
a conductive medium, which increases exponentially with diameter size.

® Soil constituents should have no significant conductivity.

Sea water

Whether, and if so, with what accuracy, density measurements are possible in sea water can not
be concluded based on these measurements. Based on measurements in {1], where electromagnetic
transmission has been successfully performed in sea water (. = 4.0) up to a distance of at
least one meter and with approximately the same operating frequency, it is expected that density
measurements in sea water may still be possible, with a carefully designed, high dynamic range
setup and the issues which are described below resolved.

New issues

As a result of the experiments some new issues have emerged and some questions have risen. These
subjects need to be addressed in the follow up phase:

¢ The space between the inner and the outer pipe should be filled with a lossy material instead
of pure water, to prevent the electromagnetic waves from traveling through it. As far as the
matching of the antennas to the wall in concerned, a high permittivity material is preferred
because it reduces the physical dimensions of the device. Possible candidates are:
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— saline water, possibly from the dredging area. By definition the conductivity of this
water equals the highest conductivity of the slurry. The advantage is that the device
can be transported in a light empty state.

— a high permittivity liquid containing an electrolyte or other conducting particles like
carbon.

— a high permittivity solid, for example a — typically low permittivity — epoxy containing
high permittivity ceramic particles and metal particles to provide conductivity. This
way the permittivity can be chosen at will by changing the mixture. By making it
higher than the permittivity of water the outer pipe diameter, and the total mass of
the device, could be reduced.

® The inner pipe needs to be made of lossy material instead of the glass fibre reinforced epoxy.
This should ideally match the conductivity of the medium to be measured, to prevent the
electromagnetic waves from traveling through it. As long as the wall is thin, the permittivity
is not very important. The conductivity should not be too high, as a highly conducting
material near the antenna would consume all its power. A possible material would be carbon,
which shares the strength of the glass fibre pipe and has a limited amount of conductivity.

® The issue of the inner pipe material and the filling between the two pipes can be totally
removed if a different antenna is used, which does not need a reflector behind it. In that
case only a single metal pipe would be needed. An example of such an antenna is the horn
antenna which radiates mainly in a forward direction. This horn should ideally be filled with
a material with the same permittivity of water to make a correct impedance match to it.

® An electronic circuit needs to be designed, capable of accurately measuring time differences
in the order of 0.1 ns between two 10-100 MHz signals. The timing should be insensitive
to temperature and moisture variations and vibrations. Using intermediate frequency (IF)
modulation, the timing measurement could be performed on these IF signals, although the
same accuracy would be needed.

Verification

At the project start, some assumptions were made. At that time these assumptions were nec-
essary to limit the number of possible solutions and facilitate experiments. Now that the static
experimental setup has shown that the principle of density measurements using electromagnetic
transmission works, some of these assumptions deserve a reassessment:

® Tt has been assumed that the technical feasibility of density meter can be reliably tested using
a static setup, because the time scale of the measurements is much shorter than the time scale
of the slurry transport in the pipe. This has simplified the experimental setup considerably.
However, a static setup does not take into account the possible effects of turbulence. It has
been assumed so far that any turbulence will equally affect the radioactive density meter,
but for the next phase a flowing setup, which enables verification of these two assumptions,
would be desirable.

® Another assumption is that various slurry densities can be simulated by placing a stack of
sand containing wooden frames in water. For a follow up, measurements with real slurry are
preferred.

Suggestions

As a follow-up project the following options are suggested beforehand:

® Create a measurement device that can be connected in the 300 mm pipeline at MTI in
Kinderdijk. For this purpose it may be necessary to reduce the pipe diameter to maintain a
certain flow. However, to keep with reality, the pipe diameter should be as close to 500 mm
as possible.
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® Modify the construction in one out of two ways:

— Design and build a dielectric-filled horn antenna and use a single metal pipe.

— Embedded the dipole antenna in an irethane layer in the inside of a carbon pipe and
encapsulate the carbon pipe in a metal pipe with the smallest possible diameter, which
is determined by the permittivity of the medium between the two pipes. A small pipe
diameter requires a high permittivity solid or liquid mixture in the space between the
two pipes.
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Appendix A

Permittivity in detail

In literature, many different notations are used for the permittivity of materials, especially when
conductivity is involved. An overview of these definition is given here. The permittivity is in
general a complex constant. The real and imaginary parts of £* represent the refractive and
absorptive properties of a dielectric material. For a purely dielectric (i.e. non-lossy) material, the
complex permittivity is given by:

et =¢ —je' (A1)

and for a conducting material, the complex conductivity ¢* can be written in a similar way:
c*=d —jo' (A.2)

In a material with both dielectric and conducting properties, i.e. a lossy dielectric material,
the imaginary part of the permittivity (¢”) can be hard to distinguish from the real conductivity
(¢') term, especially if €” has a 1/w dependence. This can be shown using (L.2a):

*

V x H=0E + jwe"E = jw [5*—j%]E:jwéE

where the permittivity and the conductivity have been combined in the complex permittivity &
defined by:

f=er— . (A.3)
An alternative notation of £ can be obtained by substituting (A.1) and (A.2) and combining
the real and imaginary parts,
= —je' — Lo — jo]
w

o 0_” o’ + we”]
w

!

ge=¢ — — (Ada)
e =0 + we” (A.4Db)

The notation used in chapter 2 corresponds to these two equations, although with the assump-
tion that the conductivity is real-valued, so ¢’/ = 0. The definition of the complex permittivity *
that is used there is based on definition (A.3) which, under the same assumption, can be written
as:

o U_/
E=e"—jle"+ . (A.5)
w
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For notational simplicity, the real part of the conductivity has been renamed to ¢ and the tilde
has been replaced by an asterisk in the main text, see equation (2.2) in chapter 2.

Dielectric properties are sometimes described using the electric susceptibility instead of the
electric permittivity. The complex susceptibility x = x’ — jx” is related to the complex permit-
tivity by:

X' =¢€" (A.6a)
X =¢-1 (A.6b)
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Temperature Density Salinity

Temperature Density Salinity Conversion Chary
Saiifity (%, or ppt)
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Figure B.1: Conversion chart defining the relationships between temperature, density and salinity
of saline water, from the UCLA Marine Science Center.
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Appendix C

Water models

Permittivity

Permittivity of saline water as a function of salinity and temperature, according to [23], valid for
5<T(°C) <30 and 4 < S (ppt) < 35:

e (T,8) = &*(T) - a(S,T) (C.1a)
59T = 87.134 — 1.949x 10717 — 1.276 x 107272 4 2.491 x 107473 (C.1b)
a(S,T) = 1.000 4+ 1.613x 1075ST — 3.656 x 10735 + 3.210x 107552 — 4.232x1077S® (C.1c)

The relaxation time as a function of salinity and temperature, according to [23]:

(T, 8) = 7(T,0) - b(S, T) (C.2a)
7(T,0) = 1.768 x 10~ — 6.086 x 10~ 13T + 1.104x 107172 — 8,111 x 1071773 (C.2b)
b(S,T) = 1.000 4 2.282x10755T — 7.638x 10745 — 7.760x 107652 + 1.105x 107853  (C.2¢)

Conductivity
Conductivity of sea water as a function of salinity and temperature, according to [38]:
Osea(T,S) = 0sea(25,5) - exp (—A - a(4A, §)) (C.3a)
Osea(25,8) = S [0.182521 — 1.46192x 10735 +2.09324x 107 °S% — 1.28205x1077S%]  (C.3b)
(A, S) =2.033x1072 + 1.266x 107*A +2.464x107°A% — §[1.849x1075~].  (C.3¢)

where

A=25-T (C.3d)

In [37], the conductivity of saline water is given as a function of normality and temperature.
Normality is the number of mols of effective material per liter: a normal solution contains 1 mol
of solute in 1 liter of solution. Though for acids and bases there is a difference between molarity
and normality (normality = molarity x number of available hydrogen/hydroxide ions), for a NaCl
solution they are the same. The salinity is related to the normality as follows [23]:

Niea = 0.9141 - S - [1.707x 1072 + 1.205x 10755 + 4.058x 107°5?] . (C.4)

For NaCl solutions, the factor 0.9141 is suppressed. The conductivity as a function of normality
and temperature is then given by:

o(T,N) = 0o(25°C,N)[L+ c(N)(T — 25)] (C.52)
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For 0 < N <0.01:

0(25°C, N)= N - [12.653 — 8.974N"/* 4+ 4.682N In(N) + 18.234N)] (C.5b)
c(N) =0.0208 (C.5¢)

For 0.01 < N <0.1:

0(25°C, N)= N - [12.653 — 8.974AN"/? + 6.8046N + 33.567N /2

—1.4148x10°N?] + 1.6649 x 102N/ (C.5d)
¢(N) = 0.0202 (C.5€)

For0.1< N<1:

o(25°C, N)= N - [12.653 — 8.974N"/? 4 11.385N — 10.403N*/*

+4.7224N?% — 8.2288x 10" 1 N*/?) (C.5f)
¢(N) =0.0193 (C.5g)
(C.5h)

Note the discrepancy in the use of the closing square-bracket in equations (C.5d) and (C.5b,C.5f),
which could indicate a typesetting error.
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Transmission line model

To model the behaviour of the insulated antenna in a conducting medium, it can be represented
by a coazial transmission line. In order to model the behaviour of the insulated antenna in a
conducting medium, it can be represented by a coazial transmission line, as shown in figure D.1.

Figure D.1: Schematic representation of a dipole antenna (1) with two insulating layers (2) and
(3) in medium (4).

Employing the same numbering convention as used by [17, 20, 21, 24, 42], the inner conductor
(antenna) is assigned number 1, two insulating layers are numbered 2 and 3 and the ambient
medium (water), which takes the role of outer conductor, is assigned number 4 - even in absence
of insulating layer 3. An electronic representation of a coaxial transmission line is shown in figure
D.2.

L

Figure D.2: Electronic representation of a coaxial transmission line. The series impedance z; and
shunt admittance yz of a coaxial transmission line are distributed parameters.

In general, the series impedance (per unit length) consists of a resistance and an inductance
(21 = R+ jwL) and the shunt admittance (per unit length) consists of a conductance and a capac-
itance (yr, = G + jwC). Both 2, and yi, are distributed parameters: impedance and admittance
are spread out over the entire length of the transmission line and not confined to a single lumped
element.
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To be able to calculate the important antenna parameters resonance frequency and driving
point impedance using the coaxial transmission line model, the derivation of the transmission line
parameters characteristic impedance Zg (which is independent of the line length) and complex
wavenumber ki, is needed.

The complex wavenumber kj of the transmission line can be derived from the propagation
constant:

kL =—jy=+V-1y (D.1)

and both the propagation constant v and the characteristic impedance Zy can be derived from
the distributed parameters z;, and yy:

/R—I—ij /zL
G +]LUC YL (D2)
v =+v/(R+ jwL)(G + jwC) = \/zryL (D.3)

Multiplying and dividing these equations leads to the following equations for the series impedance
and the shunt admittance

2z, =jwL+R=1Z (D.4)
yL = jwC + G = v/Zo (D.5)

Because the shunt admittances and the series impedances are necessary for the calculation of
all important parameters of the insulated antenna, they will be described in detail below.

Shunt admittances

In case of the insulated antenna of figure D.1, the effective shunt admittance per unit length yz,
depends only on the properties of the two insulating dielectric layers:

_ Y2Y3 (D 6)
Y2 +y3 '

where

2m(og — jwes)

Y2 = T n(b/a) (D7)
= ) (D.8)

This can be derived from the electric field in the dielectric between two conductors, as shown in
figure D.3 (¢), which is (for region 2) given by:

I 27r

/V-(EE)dsxzs/E~nd2x:5//Edsdx:q (D.9)
v 5 00

_q .

= omrel” (D-10)

and the voltage difference between the conductors at r =a and r = b

b
— (g gee 9 1. (b
V= /E dr = 5] In (a) (D.11)
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(a) Magnetic field (side}  (b) Magnetic field (top) (c) Electric field (top)

Figure D.3: Magnetic and electric field lines in a coaxial transmission line.

which leads to a capacity

_ a4 _ 2mel
¢= V  In(b/a)

and a conductance, which can be approximated for low conductivities by [20]

c 2mol
G=2C= In(b/a)

leads to a shunt admittance yo = Y/l of

_ Y_ G+ jwC  2m(09 + jwea)
RETTT T T T (/e

which matches equation (D.7), apart from a minus.

In absence of dielectric layer 3, radius b = ¢ and

_ 2n(oy — jwes) . 2mk3

yL=y2= In(c/a) ]wp In(c/a)’

where the general definition (3.3) has been used for ks.

Series impedances
The series impedance consists of three parts:

zr =25+ z5 + 2°

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)

where 2% and z} are the impedances per unit length of the inner and outer conductors, and z¢
is the impedance of the dielectric layers. The superscripts ¢ and e stand for internal (inside the
conductors) and external (outside the conductors). The impedance per unit length 2% includes
the effects of both dissipation and radiation in the ambient medium [42]. This means that the
radiated power is accounted for by a distributed parameter, which is quite unusual: radiation is
generally a property of a complete circuit. According to [20], the internal series impedances are

given by:
i 1 kia Jo(k1a)
malo; 2 Ji(kia)
; 1 kac Jo(ksc) H(" (kad) — HS (kac) J1 (kad)
mc2oy 2y (kyd) HY (kac) — HY (kad)Jy (k)
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APPENDIX D. TRANSMISSION LINE MODEL

where ki and k4 are the wavenumbers of medium 1 and 4 according to (3.3) and a,b,c the
dimensions as indicated in figure D.1. The parameter d represents the outer dimension of the
propagation medium 4.

These equations can both be simplified using small-argument approximations for the Hankel
functions:

Jo(kla)
k1 e C\R, |kia| > 1= = -
! \R, [kl Ji(k1a)
(1)
H; 7 (k4d)
ks € C\R, |kad| >1=> 22 =0
4 \ |4| Jl(k4d)

which are valid for a thin antenna and a large propagation medium and lead to the series impedance
of a purely conducting antenna core (k? = jwuai):

. —jk1 Wy

~ = D.1
1 2mac,  2waky (D.19)
and of the outer conductor
H® (kod
-l kae Ho (kac) = Jo(kac) Sjring
47 104 2 L0 HO (kyd
04 2 H (kye) — i (kac) e
o H Ho (ko) (D.20)
2rasksc H{l)(kzlc)
Finally the external impedance per unit length:
2 = juwl® = —J;"—ﬂ“ In (g) (D.21)

where £¢ is the inductance per unit length, so ¢ = L/l. The inductance L of a of a conductor
which encloses a flux ® is given by:

L= 7 (D.22)

with magnetic flux ® through the dashed box in figure D.3 (a):

[ c
=//B-ndrdz:ul/H-ndrdz (D.23)

0 a a

and Ampere’s Law applied to a circle with radius r, see figure D.3 (b):
]{ Bds = ]{ pH ds = plenclosed (D.24)
c

= — D.25
27rr¢ ( )

which can be substituted in equation (D.23):

"” / dr = ﬂ n (%) (D.26)
e = % - %m (2) (D.27)
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Simplifications in water

An insulated antenna is water is effectively a coaxial transmission line with an extensive outer
conductor (region 4). The applicability of the coaxial transmission line model depends of course
on the conductivity of the outer conductor, which in turn depends on the salinity of the water.
By definition, a good conductor fulfills the requirement

Z 1 (D.28)
we

whereas a good dielectric satisfies [16]

(é)2 <1 (D.29)

At first glance, this would mean that the following condition must be met:
04 >> wey (D.30)

For sea-water (o ~ 4 and ¢ =~ 80) this poses the following limit on the frequency f [18]:

o
f5=<

4
L 35MHs .
Sz = 50m808, 0 MHz (D-31)

However, this is not a necessary condition [20]. A sufficient condition is:
|k3| = |w’nles + jos/w)| > |K3| = |w2u(62 + joo/w)] (D.32)
For saline water and a single insulating layer of teflon (2 = 2.1) this poses the following restriction:
lea + jou/w| > ea. (D.33)

The global frequency dependence changes around w, = 04/g4. For the intervals above and below
w, the following conditions are found:

Saline water:

w <K 04/€g for w < w, (D.34a)

Eq4 > & for w > w, (D.34b)
Pure water:

€42 €2 for all freq. (D.34c)

For water (saline or pure) conditions (D.34b) and (D.34c) are met easily, because the dielectric
constant of most materials is well below 80. For w <« w, = 04/¢4 condition (D.34a) is always met
if £4 > €2 which is generally true for water. In other words, there is no frequency restriction of
the applicability of the coaxial transmission line model for an insulated antenna in water.

As mentioned above, the most interesting series impedance is z%, because the real part r}
represents the radiation resistance [20]. Under the sufficient condition (D.32), the good-conductor
approximation k3 = jwuo, can be inserted in the series impedance 2} (D.20):

K Hy) (hao)
2noskse HY (kye)
_ Tjwk H (ksc)

2m kac BV (kyc)

zy =
(D.35)

Note that k4 still appears in this equation, so it does depend on the conductivity of the water.
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Water as a good conductor

In case the water (region 4) is a good conductor, as in sea water, the wavenumber k4, defined in
(3.3), can be approximated by

. ~ [wuo
ky = \/jwuos = (1 + 5) 24.

Substitution of this approximation in the series impedance leads to:

HY(
¢ +] —(+7) [wr Hy (k) (D.36)
204 H( ) k4c)

Using 2§ = r% + jz¥, the radiation series resistance is given by r§ = R(z%). The insulation layer is
preferably thin. In the case of |ksc| < 1 the Hankel functions can be approximated by a truncated
Taylor series:

23 27 27
HP (kae) = 1= L2+ Zhn(kse) + 2y +O( (hac)? )

~1+ === (D.37a)
Wy = =201 ~ 221
H;" (kgc) = — + O(kqc) — (D.37b)

where 4/ = In~ and « is Euler’s constant! (M.4). Using these approximations the series radiation
resistance becomes: _ wi
TZIsea = ? (D38)

water as a poor conductor

In case the water is a poor conductor, as in river water, the wavenumber k4 can be approximated
by
ka = w+/1u€q.

Substitution of this approximation in the series impedance leads to:

(1)
. —J (ksc)
A= Vi A, 0 (D.39)
mvesc HY (kye)
Using the same approximations for the Hankel functions (D.37) yields
; _YH

7"4|river T4 (D40)

The radiation resistance per unit length of an insulated antenna in river water is twice that in sea
water!

The wavenumber

Returning to the wavenumber of the coaxial transmission line k7, which was introduced in equation
(3.13) and using the shunt admittance of a single dielectric layer from (D.15) and the series
impedances from (D.19),(D.21) and (D.35) the following equations for the series impedance zp,
and the shunt admittance y;, of the transmission line are obtained:

(1)
on [ 1, g0y L B
ZL = [kla JI (a) J k4C H(l) (k’ ) (D41a)
2rk3
VL= uin(c/a) (D.41b)

1Not to be mistaken with the propagation constant v used elsewhere.
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Combining these equations using (D.1) yields the complex wavenumber of the transmission line:

j H (k
kp = ko, |1+ J + (l;) ( 46) .
kialn(c/a) = g,e Hi/(ksc)In(c/a)

Neglecting losses in the antenna (k; — 00) leads to the following simple equation:

H (kac)

kp = kosi 1+ o)
ksc H; " (kac)In(c/a)

(D.42)

Note that this equation is not valid in the limit ¢ — a. Physically, we expect that kr, — k4, but
in this model k; — oco. A modification of this model that does give the correct behaviour in
the limit ¢ — a can be found in [5]. However, this modification is not needed as the condition
|k§ - k%l > |k% - k%| is met for both sea and river water.

According to [16] approximation (D.42) is excellent when the condition |k£ Jk3| = e4/e2 > 16
is satisfied, which means 5, < 5 for insulated antennas in water. In sand water mixtures however,
the permittivity €4, can become as low as 35, in which case the condition is no longer met and
either an insulating material with a lower permittivity (e2; < 2.2) or a more complex equation
should be used. Using (D.2,D.41b,D.42) the characteristic impedance Zy can be derived:

%:Jﬁzﬁ- (D.43)
yL JyL

kL
= D.44
7k In(c/a) ( )

where 172 = wp/ko is the complex characteristic impedance of medium 2.
Using (D.42) and (D.44) the driving point impedance Z,,; of an insulated dipole antenna of
half-length h can be calculated:
Zant = 2jZycotkph (D.45)
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Appendix E

Measurements to permittivity

As already shown in chapter 3, the relation between the complex wavenumber k = 3+ jo where 8
is the real wavenumber and « is the attenuation constant, and the effective permittivity and the
effective conductivity of the propagation medium is given by:

Ee W

a =ﬁ0\/%\ 1+ ( Te )2 -1 (E.1a)

EeW

5=ﬂ0\/1/_2\ 1+ ( Te >2+1 (E.1b)

where 3y is the real wavenumber at zero conductivity, given by:

w

Bo =a\/€§ = wy/Eolly/Eer (E.1c)

By combining these two equations, the effective permittivity and the conductivity can be
derived from the complex wavenumber:

WO
=_t-° E.2

af > (E.2)

B2 — a? = ggeerpuw® (E.3)

Permittivity

The effective (relative) permittivity is easily derived from (E.3):

1
Eer = —3
W HeQ

(ﬂ2 - az) (E.4)
where the real wavenumber 3 can be written similarly to (E.1lc):
w
B=—+/ar (E.5)
Co
and €,, is the apparent permittivity as defined by (4.8). Combining (E.4) and (E.5) yields an

equation very similar to (4.11). After substitution of (4.10) the following simple equation is
obtained for the effective permittivity:

for = 3 { (tw;ve>2 - (5)2} (E.6)

where both ty.ve and o are to be measured at the same effective conductivity o.
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Conductivity

Similarly, the effective conductivity is easily derived from (E.2):
2
Oe = —af. (E.7)
wi

After substitution of equations (E.5) and (4.10) the following simple equation is obtained for
the effective conductivity:

2
O = A tyave- E.8
Tod (E.8)

where, again, both ty..e and @ are to be measured at the same effective conductivity o,.

Errors

An evaluation of the theoretical accuracy limitations on the determination the effective permit-

tivity, the effective conductivity and the apparent permittivity is easiest performed using equations
(E.4), (E.7) and the square of (E.5).

The relative error in the effective permittivity is given by:

Ager  2BA[ - 20l
Eer - 52 —a?

which can be rewritten as

Ace 1 AB Aa
e 1@ | B ) (B:10)

Because for higher salinities /8 — 1, as shown in figure 3.2, the error in the effective permit-
tivity gets very large!

The relative error in the measured conductivity o, is given by:

Ao, AB  Aa
=2,
Oe Jé] «

(B.11)

The relative error in the calculated conductivity varies just linearly with the relative errors in
a and §.

The relative error in the apparent permittivity is given by:

Aear _ 288 (E.12)
Ear B

The apparent permittivity does not have the accuracy issue of the effective permittivity, because
it only depends on .

So it is expected that at higher conductivities, using the apparent permittivity or the conduc-
tivity will be more accurate than using the effective permittivity. At very low conductivities, the
difference in conductivity at varying soil content is probably too small (compared to the noise) to
notice.

Based on these error calculations the apparent permittivity is expected to be the most reliable
parameter, as it can be determined with a limited error for both low and high conductivities.
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Appendix F

Construction drawings

For completeness, the AutoCAD drawings for the experimental setup are included here. The
drawings are listed in table F.1

Table F.1: Description of the included AutoCAD drawings.

Doc. no. Description

OSTJ1001 General description
0STJ6001 PVC Flange
OSTJ6002 Steel Flange
OSTJ6003 Steel Ring
OSTJ6004 Steel Plug
OSTJ6005 Iron vessel
OSTJ6006 Steel strip
OSTJ6007 Iron shield
OSTJ6008 Iron handle
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Appendix G

Transmission line transformer

A transmission-line transformer (TLT) can be used as an impedance matching device instead of
a quarter wave match [32, 33, 35]. The main advantage of a TLT is that it’s theoretically a
broad-band device, whereas a quarter-wave match is tuned for a specific frequency. Two different
approaches exist to transmission line transformers: the Guanella design and the Ruthroff design.
The latter is used here. Its concept involves summing a direct voltage with a delayed voltage, as
shown in figure G.1 for an unbalanced 1 : 2.25 TLT.

v,

l

Figure G.1: Schematic circuit of a transmission line transformer which matches a source impedance
R; to a load impedance Rr. The indicated coiled wires are to be wound around a ferrite coil.

5
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dll‘eCt —Ndel E 2
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]
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As indicated in the circuit, the TLT causes a voltage ratio Vj : Vi = 2 : 3. The impedance
ratio is the square of the voltage ratio:

Because a transmission line transformer can be made for specific impedance ratios only (like
1:4,1:3, etc.) and because some impedance ratios have a wider bandwidth than others, a TLT
for a 1: 2.25 impedance ratio has been made, which matches a 50 Q transmission line to a 22 Q
device (antenna). In order to maintain a high bandwidth, the wiring should be kept as short as
possible. Because of this requirement, a 1 : 2.25 transmission line transformer has a much wider
broadband than a 1 : 3 device which uses 5 instead of 3 parallel windings [35].

Using different types of wire and changing the sequence of the windings on the ferrite coil, a
TLT can be tuned for various specific impedances. In the specific case of a 1: 2.25, the windings
that lead to 502 : 112 Q and 50 2 : 22 Q impedance ratios are shown in figure G.2.
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o !_[Vm . o T

220V, vV, 509
O . OOl- lO

Figure G.2: A transmission line transformer which transforms 50 2 to 112 Q should be wound
differently than a TLT which transforms 50 Q to 22 Q.

A 1 : 2.25 transmission line transformer has been made by winding 6 turns of 3 parallel wires
of 0.85 mm enamel insulated copper wire (magnet wire) around a Ferroxcube 4C65 NiZn ferrite
core (type TN14/9/5-4C65), see figure G.3. Its performance in the experimental setup has been
measured, see appendix N.1.2.

.
T

Figure G.3: The transmission line transformer built to transform a 50  coaxial transmission line
to 22 Q.
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Appendix H

Pickup coil

To maintain galvanic separation between the transmitter and the receiver side, the source signal
is fed to the scope by means of a pickup coil. The pickup coil works like a transformer, where the
coaxial transmission line forms the single turn primary winding as shown in figure H.1(a). As in
every transformer, the output voltage can be increased by using more windings on the secondary
coil.

(2) (b)

Figure H.1: Design (a) and photo (b) of the toroid pickup coil.

The pick-up coil does not respond to the current on the inner conductor of the coax cable,
but only to currents on the outside of the braid, which should ideally be zero. In practice, there
will always be a small current through the braid. Because any current on the outside of the coax
braid will form standing waves, the picked up voltage depends on the position of the device on
the cable. Thus the voltage of the pickup coil cannot be used as an absolute reference. In the
experimental setup, it is used as the reference signal for the time difference measurements.

As indicated in the schematic drawing (figure H.1(a)), the secondary turns are distributed
evenly over the entire ferrite coil to minimize capacitive coupling between the wires. The secondary
winding is terminated with the characteristic impedance of the coax cable (50 Q) to avoid reflections
caused by an impedance mismatch.

The core is a Ferroxcube 4C65 NiZn ferrite core (type TN14/9/5-4C65), the same as used for
the transmission line transformer. Ferrite cores are generally made of NiZn or MnZn. A NiZn
ferrite core has been chosen because it has a higher permeability in the 50-100 MHz range. Before
resorting to the ferrite cores, some more easily obtainable iron powder cores have also been tested,
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such as the TN-2 (colour code: red/clear) TN-6 (yellow/clear) and TN-12 (green/white) iron pow-
der cores. These cores yielded significantly lower output voltages than the 4C65 ferrite core. This is
quite understandable, as the permeability of iron cores is generally much lower than of ferrite cores.

Note: After the measurements it was devised that the pickup coil can be improved by isolating
the mass of the side connector from the metal box.
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Appendix I

Low pass filter

To attenuate possible higher harmonics from the frequency generator, a 5th order Chebyshev low
pass filter with a corner frequency of 75 MHz was made, based on the circuit from figure 1.1.

50 O i 68 nH 150 nH 68 nH
=56 pF T 56 pF 50 Q

Figure 1.1: Chebyshev 5th order low pass filter, shown in the dashed box, connected to a frequency
generator with 50 © impedance on the left side and a 50 Q load on the other side.

A frequency sweep was calculated using an evaluation version of pSpice 8.0, as shown in figure 1.2.

1.0v

0.2v4

'

ov4 -- -- -

SO0MHz 100MHz 200MHz
F3

Frequency

Figure 1.2: Frequency sweep of the 5th order Chebyshev low pass filter with a corner frequency of
75 MHz.
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Appendix J

Measurement in detail

The first (pure water) density measurement in the pipe was performed when the first sand pack
(#1) was ready. Measurements were performed with and without sand pack and when the pack
was approximately 50% submerged. The measured time difference 625 between the source signal
and the received signal has two origins:

1. The electromagnetic wave in the tube: fyaye

2. A delay in the electric wiring: fyire
Of course only the first part is of real interest, the second remains constant as long as the circuit
remains the same. The propagation time depends on the propagation medium: the wavelength
in sand is longer than in water, so the higher the density the shorter the propagation time. The
relation between the apparent permittivity and the propagation time is given by equation (4.10).

For non-saline water, the effective conductivity is assumed to be negligible (¢. = 0), and the
apparent permittivity becomes equal to the effective permittivity:

cot ?
ur = ( g) (3.1)

where ¢g is the speed of light in vacuum (M.1). The propagation speed in pure water is given by

v= \;;’_w ~ 33729286.7 m/s

which results in a propagation time tyave = dwave/V after having traveled over a distance dyaye-
Inserting the antenna distance dyave = 0.47 m for dyave gives the propagation time in pure water:

twave ~ 13.934 ns

This calculated propagation time is to be compared to the measured time difference t;,eqs in pure
water:

Density tmeas (+1T) tmeas twave

(ns) (ns)  (ns)
pure water 16.7 0.746 13.934
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Thus the delay in the wiring (which includes the difference due to the modulo T' determination of
tmeas) can be calculated:

tmeas = twave + twire
0.746 = 13.935 + twire
= twire ~ —13.189 ns

Now the propagation times and the effective permittivities ¢, can be calculated for the other
measurements.

Sand pa‘Ck tmeas (+]‘T) tmeas twave Eer
submerged (%) (ns) (ns) (ns)

0 16.7 0.746 13.934 79.0

50 16.2 0.246 5291 73.4

100 15.5 -0.454 5.015 66.0

Using the C.R.I.M. model (4.15) and assuming ¢, = 4.0 and £¥. = 79 the sand volume fractions
can be calculated:

Sand pack Eer ¢
submerged (%)

0 79.0 0.00
50 73.4 0.05
100 66.0 0.11
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Model selection

The difficulties arising in the use of the C.R.I.M. model gives problems at ‘higher’ conductivities
call for a different method. As the propagation time measurement showed the least deviation, the
semi-empirical model using only propagation time data looks favourable. The propagation times
of density measurements 4-9 (in river water) have been plotted as a function of the sand volume
and the conductivity, see figure K.1. Measurements 1,2,3 were not used because the measured
time differences of measurements 2 and 3 were not in the same range and measurement 1 was
performed with non-saline water in the outer pipe.

Propagation time measurement

Figure K.1: Combined measurements: plot of the propagation times of all density measurements in
‘river’ water. A simple linear fit has been made using T'(z, y) = az+by-+c, which yields a = 5.46+0.53,
b= —2257+0.085 and ¢ = 15.98 &+ 0.39. The weighted sum of squared residuals has not been
calculated.

This plot shows that for each value of the conductivity, there is a predictable relation between
the propagation time and the sand volume, but also that there is a predictable relation between
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the propagation time and the conductivity for each sand volume.

So it appears that the density can be calculated using only the propagation time tyave, Or even
more practical: the time difference between the source signal and the received signal £ ,,0,5. Because
the propagation time depends on both the permittivity and the conductivity of the propagation
medium, one calibration measurement without sand is needed each time the conductivity of the
water changes. This calibration time is ¢y and the corresponding density is 1 ton/m3. A plot of
the measured calibration times of measurements #4-#9 is shown in figure K.2. The calibration
time varies almost linearly with the conductivity of the water.

Calibration time measurement

16 F T T T T ° =

to (ns)

9 1 1 1 1 !
0.4 0.5 0.6 0.7 0.8 0.9 1

o (S/m)

Figure K.2: The measured time difference between source signal and received signal without sand
packs in the pipe is the calibration time to.

The phase difference between the source signal and the received signal £,e.s, measured during
normal operation of the density meter is compared to this calibration time:

tr = tmeas — to- (K.1)

In short, a relation of the form p — p(t,,tp) is to be found. In order to get an idea which
terms should be considered, the theory can be consulted. Using (4.12a,4.15,4.22,4.23) the following
approximate relations can be found:

e~ t?

p Ve, C.RIM.
€, Arith.

p~ o

Condidering t, ~ t these equations can be combined to:

t,, C.R.I.M.
t%, Arith.
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which suggests using the terms ¢, and ¢2. To be on the safe side, third and fourth order terms will
also be considered.

Calibration time dependence
_0.7 1 1 1 1 i

o data
— y=ax+H

O (SPEQ) /Ot

_0‘3 1 L 1 1 1 ] [l
9 10 11 12 13 14 15 16

to (ns)

Figure K.3: The change of the gradient in figure as the conductivity changes 7.2 has been plotted
versus the calibration time to.

The plot in figure 7.2 shows that the conductivity causes a change of the gradient 0t/0 (SPEQ).
A plot of the inverse of this gradient versus the calibration time ty is shown in figure K.3. This
suggests the inclusion of the term #g - ¢, in the density model. Because tg is defined as the propa-
gation time at p = 1, there cannot be a direct ¢y dependence. This leads to the following set of
candidates:

pE (tr t2,83,80, 4 - o) (K.2)

The objective is now to find the ‘best’ equation for the relation p — p(t,,t4), which is the
simplest model that adequately fits the data. Such a regression equation can be found using
forward stepwise multiple regression. This method starts with a constant (the intercept), and at
each step the variable with the highest partial correlation coefficient is added to the model and
the ‘Sum of Squared Errors’ (SSE) is calculated, until the addition of an extra term no longer
improves the model. An objective parameter to assess the benefit of including an extra term is
the ‘Proportional Reduction in Error’ (PRE), defined as:

SSE(A)

PRE=1- cop )

where C stands for the Compact model and A the Augmented model. The PRE can be expressed
as a fraction or a percentage and indicates by how much the error has been reduced by choosing
the augmented model over the compact model. The frequently used coefficient of multiple deter-
mination R? is actually the PRE when the Compact model is the simple model p = 1. With the
set of candidates (K.2) the following steps are found:
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Table K.1: Stepwise multiple regression. The number of parameters p is increased and for each model
the PRE and R? is calculated.

Model D SSE PRE R?
p=1 0 346282.6 - -
p=1+cy-t, 1 10658.8 0.9692 0.9692
p=1l+4ci-tr+ca-to-tr 2 3665.55 0.6561 0.9894
p=1+4c-t,+co-ty -ty +c3-t2 3 1907.04 0.4797 0.9945

p=1l+4ci-tr+eca-to-tr+ez-t2+cy-to-t3 4 1499.43 0.2137 0.9957

Though the PRE indicates that even the last step improves the model by about 21%, the
absolute improvement is quite small, as indicated by R2. A plot of R? versus the number of
parameters in the model is shown in figure K 4.

Regression model selection

1 [ \ \ T n

0.8 - -

0.6 - —

R2

0.2 —

Figure K.4: The coefficient of multiple determination (Rz) as a function of the model complexity,
indicated by the number of parameters p. A coefficient of 1 indicates a 100% correct model.

Counsidering:
® the small reduction in error in the last step;
® the lack of a physical basis for higher order terms;

® the term tg - t2 has the largest influence for large (positive or negative) values for ¢, which
occur less frequently in the data set;

the last step is discarded. So, the data is to be fitted using:
pltostr) =1+a-t,+b-t24+c-to-t, (K.3)

The error in the calculated density can be calculated from the errors in the measured propagation
times using normal error propagation:

5f(t07t’l‘) éf(t()’t’r‘)
dp=|——">|dt, + | —%— K.
0 ‘ . dt ™ dto (K.4)
dp=la+2b-t.+c-to|dt, +|c-t | dto (K.5)

142



APPENDIX K. MODEL SELECTION

where dt, = dtmeas + dto and {dtmeas, dto} the average errors in the measured propagation times.
The calculated error dp depends on the regression parameters {a, b, c} while the weighting factor
for the fit is defined as s = 1/dp?. This cyclic dependence is solved by estimating the parameters
{a,b,c} using a non-weighted fit first, calculating the error and then performing a couple of
weighted fits while updating the error each time, until the values converge.
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Appendix L

The Maxwell equations

The (macroscopic) Maxwell equations are

oD
0B
VXE= 5 (L.1b)
V.D=p (L.1¢)
V-H=0 (L.1d)

where
D:EIOE-I-P:EOarE:&"E
J=0E
B = poprH = pH
P = Ptrue = Ptotal — Ppol

Ppol = -V-P

Using the above definitions, these equations can be rewritten using only the E and H vectors

VxH=0E+ 5%;3— (L.2a)
OH
E=—-pyu— 2
V x o (L.2b)
V. E= g (L.2¢)
V-H=0 (L.2d)
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Appendix M

Constants & Identities

Constants
co = 299792458 ms ™! speed of light in vacuum
po = 4rx 107" NA~2 permeability in vacuum
g0 = 1/poc® = 8.854187817x 10712 Fm~? permittivity in vacuum
y=1+412+13+...~0.577215665 Euler’s constant

Mathematical identities

VxVxA=V(V-A4)-V34

_ sin(2z) — jsinh(2y) .
cot(2) = cos(2z) + cosh(2y) ’ =Tty
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Appendix N
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N.1. PRELIMINARY

APPENDIX N. MEASUREMENT DATA

N.1 Preliminary

N.1.1 Quarter wave match

Measurement setup:

Antennas Date: September 24, 2004

and shields

Experiment settings  Frequency: 62.6 MHz
o &S A Antennas: Source: #1
0,0 Receive: #2
# Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CH1: Connection: Send
Setting: 50 mV/DIV
Termination: 50Q
CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ
Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s
Remarks Phase difference measured in degrees
Send power: 0.5 W
Quarter wave match
2.2 T | 1 T | T |
o
2 o -
o
1.8 -
fos
= 16| -
0 o
-
1.4 |- ° -
1.2 o o ]
o ° %00
1 | | 1 | | ] |
52 54 56 58 60 62 64 66 68
f (MHz)

Figure N.1: VSWR vs. frequency for the quarter wave match.
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APPENDIX N. MEASUREMENT DATA

N.1. PRELIMINARY

Table N.1: Measurement data

dsrc (Cm) f (MHZ) VSWR Vi (mV) Viec (V) Ag (o) Vrec/Vsrc At (IIS)
+0.05 +0.03 +1 +0.04 +1
0 53.69 2.00 189 3.71 24 19.6 1.22
57.98 1.38 157 6.22 199 39.6 9.53
58.91 1.20 149 6.54 232 43.9 10.94
59.95 1.10 155 6.78 275 43.7 12.74
61.00 1.13 150 7.13 318 47.5 14.48
61.98 1.13 149 7.65 356 51.3 15.95
62.30 1.10 149 7.52 360 50.5 16.05
62.60 1.10 150 7.39 383 49.3 16.98
63.08 1.10 153 7.40 392 484 17.26
64.01 1.20 155 6.54 427 42.2 18.53
65.00 1.55 147 6.07 460 41.3 19.66
65.93 1.90 137 6.00 487 43.8 20.52
66.85 2.10 109 5.21 518 47.8 21.52
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N.1. PRELIMINARY

APPENDIX N. MEASUREMENT DATA

N.1.2

Measurement setup:

Transmission line transformer

Antennas Date: September 27, 2004
and shields - -
Experiment settings  Frequency: 63.0 MHz
N Antennas: Source: #1
0,0 Receive: #2
#t Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CHI1: Connection: Send
Setting: 50 mV/DIV
Termination: 50 Q
CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ
Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s
Remarks Phase difference measured in ns
Transmission-line transformer as
send antenna impedance match
2.2 T T | | | T I
2~ o -
1.8 |- -
a'e
= 1.6 |- o o .
n
> o o
14 + ° ° —
o % o N
12 | ° .
1 | | | | | 1 |

52 54 56 58 60 62 64 66 68
f ( MHz)

Figure N.2: VSWR vs. frequency for the transmission-line transformer.

152



APPENDIX N. MEASUREMENT DATA N.1. PRELIMINARY

Table N.2: Measurement data

drec (cm) | Ve (V) Viee (V) Viec/Vare A#(+1T) (ns) | At(ns) (At+1T)-T VSWR

0.1 - | +0.04 +0.1 +0.1 +0.05
10.4 137 6.73 49.12 16.5 0.60 0.63 1.2
94 138 6.80 49.28 16.7 0.80 0.83 1.2
8.3 140 6.81 48.64 16.9 1.05 1.03 1.15
7.3 143 6.97 48.74 17.1 1.20 1.23 1.15
6.5 143 6.93 48.46 17.2 1.40 1.33 1.1
5.5 149 7.00 46.98 17.4 1.55 1.53 1.1
4.4 149 6.99 46.91 17.5 1.60 1.63 1.1
3.3 150 7.04 46.93 17.6 1.70 1.73 1.1
2.1 150 7.04 46.93 17.6 1.80 1.73 1.1
1.6 151 7.08 46.89 17.6 1.70 1.68 1.1
1.0 152 7.04 46.32 17.5 1.65 1.63 1.1
0.2 150 6.93 46.20 17.2 1.30 1.33 1.1
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N.1. PRELIMINARY APPENDIX N. MEASUREMENT DATA

N.1.3 Receiver antenna position

Measurement setup:

Antennas Date: September 24, 2004
and shields
Experiment settings  Frequency: 63.0 MHz
o“i’o Antennas: Source: #1
0,0 Receive: #2
#1 Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CHI: Connection: Send
Setting: 50 mV/DIV
Termination: 50 Q2
CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ
Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s
Remarks Send power: 0.5 W
Send antenna placed along the inner pipe wall
Source antenna position varied (0 cm = along
the inner pipe wall)
Receive antenna postition
1.8 T T | T |
o o
16 ° ° ]
°
1.4 o -
o
= 12+ o —
£
4 1F ¢ =
0.8 o -
0.6 - 3 —
04 L i I l 1
0 2 4 6 8 10 12

d (antenna — wall) (cm)

Figure N.3: Propagation time vs. the receiver antenna position.
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APPENDIX N. MEASUREMENT DATA

N.1.

PRELIMINARY

Varc (mV)

Viee (IIIV)

152

Receive antenna postition

150

148
146 -
144 -
142

140
138

136

d (antenna — wall) (cm)

12

Figure N.4: Source antenna voltage vs. the receiver antenna position.

7.1
7.05

6.95
6.9
6.85
6.8
6.75
6.7

Receive antenna postition

d (antenna — wall) (cm)

12

Figure N.5: Receiver antenna voltage vs. the receiver antenna position.
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N.1. PRELIMINARY APPENDIX N. MEASUREMENT DATA

N.1.4 Calibration data

Radioactive

Table N.3: Data of the radioactive density meter calibration.

glass (mm) | p(ton/m?) | Counts #1 Counts #2 Counts #3

(backgr.) 132 122 114
(water) 0 39934 40033 39901
170.8 1.2562 11319 11374 11259
288.9 1.43335 4885 4890 4882
459.7 1.68955 1518 1530 1557

Density meter calibration
1.8 | T T T I
1.6 |
1.4
1.2 |~

0.8 -
0.6

04
0.2 data o
) y=2.08(xr — 1) +0.0189 — |
0 | | | | | | L
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8

Calculated density (ton/m3)

log(Attenuation)

Figure N.6: Calibration of density meter 584-422A-1131 using the data from table N.3. A weighted
fit using y = a(z—1) +b yields a = 2.08+0.02 and b = 0.018940.0064. The weighted sum of squared

residuals is x2 = 1.1.
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APPENDIX N. MEASUREMENT DATA

N.1. PRELIMINARY

Density measurement in the radioactive meter

1.2 T T T | | T T
%
g 15 ]
g
8
ﬁ;} 1.1 — ]
wn)
5
.= 1.05 —
a]
L
2 1.0
@ . _|
%’ data o~

y = 0.0492 4+ 0.999 —
0.95 | | | | | | ]

1.5 2 2.5

SPEQ

3 3.5 4

Figure N.7: Density measurement of the sand packs in the radioactive density meter. A weighted
fit using y = ax + b yields a = 0.049 + 0.001 and b = 0.999 + 0.002. The weighted sum of squared

residuals is x2 = 2.77.

Electromagnetic

Measurement setup:

Antennas

Date: Jan. 17&19, 2005

and shields

Experiment settings  Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV /DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Ginner pipe = 0.470 +0.05S/m, T = 16.6 £ 0.2 °C
Gouter pipe = 2.13 £ 0.02S/m, T = 16.5 + 0.5 °C
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N.1. PRELIMINARY APPENDIX N. MEASUREMENT DATA

Table N.4: Measurement series #1

pack # | Ve (mV)  Viec (mV)  V,/V5l, At (ns) VSWR
+2 +2 +0.025

- 311 192 1.00 1940 + 0.02 1.60

3 309 185 0.97 1871 + 0.02 1.60

5 310 178 0.93 18.19 + 0.02 1.60

4 310 178 0.93 18.30 + 0.02 1.60

2 310 174 0.91 1790 + 0.02 1.60

Table N.5: Measurement series #2

pack # | Ve (mV)  Viec (mV)  Vi/V4l, At (ns)
+1 +1
- 313 190 1.00 1947 £+ 0.01
3 309 179 095 [18.79 <+ 0.02
5 310 173 0.92 18.22 + 0.02
4 308 175 0.94 1837 £ 0.02
5 308 171 0.91 1830 £ 0.01
2 309 165 0.88 1790 + 0.01
- 310 188 1.00 1945 + 0.02

Water volume

Table N.6: Data of water volume
calibration measurement

pack # Ah(cm) Relative
+0.02 volume

- 0 0

3 8.3 0.456
5 144 0.791
4 14.5 0.797
2 18.2 1.000
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APPENDIX N. MEASUREMENT DATA N.2. PURE WATER MEASUREMENTS

N.2 Pure water measurements

The first series of density measurements were performed in ‘pure’ water, i.e. tap water without
the addition of salt. The primary objective of these measurements was to get an understanding
of the characteristics of the antennas, the impedance matching, the measurement pipe, the signal
generation and measurement system and the effects of sand in the pipe - without complicating the
system’s behaviour too much.

The measurement data of all density measurements in pure water are contained in this section.
The raw data from the coaxial probe measurements is not contained as these measurements are
regarded to be of secondary importance.

N.2.1 Measurement 1: First sand pack

Measurement setup:

Source signal:

Antennas Date: September 30, 2004
and shields -
Experiment settings  Frequency: 62.7 MHz
#2
Je/ Antennas: Source: #1
0,0 Receive: #2
#1 Shields: All 6 present
Low pass filter: Yes

pickup before amplifier

Equipment used

Frequency generator:
Power amplifier:
Pre amplifier:

Oscillator

Diamond SX-1000

VSWR meter:
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CHI: Connection: Send

Setting: 50 mV/DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ

Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s

Remarks Measurements were performed with sand pack #1.
Phase difference was measured in interval T' < At < 2T,

hence the notation “At(+1T)”

Table N.7: Measurement data

Sand pack Vire (V) Viee (V) Vi/Vilg | At(+1T) (ns) At (ns) | VSWR
submerged (%) +1 +0.04 +0.1 +0.025
0 151 6.99 1.00 16.7 0.75 1.13
50 148 7.08 1.03 16.2 0.25 1.20
100 145 6.99 1.04 15.5 -0.45 1.30
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N.2. PURE WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

Density measurement #1

0.2 I | : :

g o015 |
B

3

&

Q

g 0.1 |-

=

5

o

g 005

n

data ¢
y = 0.00111x — 0.00309 ——
0e | ] i

Sand pack submerged (%)
Figure N.8: Measurement 1: Calculation of the sand volume fraction in the water using the C.R.I.M.

model. A non-weighted fit using y = ax + b yields a = 0.00111 £ 0.00011 and & = —0.00309 £ 0.0069.
The weighted sum of squared residuals was not determined.
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APPENDIX N. MEASUREMENT DATA

N.2. PURE WATER MEASUREMENTS

N.2.2 Measurement 2: Three sand packs

Measurement setup:

Antennas Date: October 4-6, 2004
and shields
Experiment settings Frequency: 62.6 MHz
oﬁzo Antennas: Source: #1
0,0 Receive: #2
# Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR. meter: Diamond SX-1000
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CH1: Connection: Send
Setting: 50 mV/DIV
Termination: 50 Q2
CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ
Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s
Remarks Phase difference was measured in interval T' < At < 2T,
hence the notation “At(+17)”
Density measurement #2
0.4 T | I |
0.35 |- -
g o3f -
E
g 025
(8}
g 0.2 -
=
S 015 |
g
= 0.1 |- data o
0.05 | y = 0.104z — 0.00582 —— _|
y =0.0999¢ ----
0 &= | |
0 0.5 1 1.5 2 2.5
SPEQ

Figure N.9: Measurement 2: Calculation of the sand volume fraction in the water using the C.R.I.M.
model. Weighted fits using y = az + b and y = cz yield a = 0.104 + 0.003, b = —0.00582 £ 0.00346
and ¢ = 0.09991 + 0.00208. The weighted sums of squared residuals are x2 = 1.14 and x2 = 1.27

respectively.
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N.2. PURE WATER MEASUREMENTS

APPENDIX N. MEASUREMENT DATA

Measurement data:

Table N.8: Measurement data

#packs pack | Viee (mV) Vi (V) Vi/Vilg | At(+1T) (ns) At (ns) | VSWR | Remarks
seq. +1 +0.04 +0.1 +0.025
0 151 7.97 1.0 22.9 6.93 1.30
1 1 141 7.25 0.97 22.0 6.03 1.20 | sand level -20 cm
0 151 7.97 1.00 22.9 6.93 1.20
0 151 7.84 0.98 22.9 6.93 1.20
0 151 7.73 0.97 22.9 6.93 1.20
1 2 148 7.92 1.01 22.0 6.03 1.30
2 1,2 152 7.33 0.91 20.6 4.63 1.38
2 1,2 148 7.13 0.91 20.7 4.73 1.35
1 1 146 7.75 1.01 22.0 6.03 1.23
0 149 7.57 0.96 22.9 6.93 1.20
0.5 3 149 7.39 0.94 22.1 6.13 1.33 | pack in mid pos.
0.5 3 156 7.22 0.88 21.9 5.93 1.30 pack near ant. #1
frame 3 150 7.65 0.97 22.9 6.93 1.20 empty frame
frame 2 151 7.91 0.99 22.7 6.73 1.20 empty frame
0 151 8.1 1.02 22.7 6.73 1.20 | water level -30cm

Note: sand pack sequence from transmitter antenna to receiver antenna.
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APPENDIX N. MEASUREMENT DATA

N.2. PURE WATER MEASUREMENTS

Table N.8: Measurement data (cont.)

#packs pack | Ve (mV)  Viec (V) Vi/Vilg | At(+1T) (ns) At (ns) | VSWR | Remarks
seq. +1 +0.04 +0.1 +0.025

0 146 7.48 1.00 22.9 6.93 1.20

0.5 3 148 7.52 0.99 224 6.43 1.25 mid position

0.5 3 154 7.54 0.96 22.3 6.33 1.25 near transm. ant.
0.5 3 150 7.83 1.02 22.5 6.53 1.20 near receiver ant.
1.5 3,1 150 7.08 0.92 21.2 5.23 1.40

2.5 3,1,2 152 7.22 0.93 20.0 4.03 1.33

1.5 , 153 21.2 5.23 1.40 | Viec not measured
0.5 3 150 7.71 1.00 22.4 6.43 1.30

1 1 141 7.25 0.97 22.0 6.03 1.2

0 0 151 7.97 1.00 22.9 6.93 1.2

0 0 151 7.84 0.98 22.9 6.93 1.2

0 0 151 7.73 0.97 22.9 6.93 1.2

1 2 148 7.92 1.01 22.0 6.03 1.3

2 1,2 152 7.33 0.91 20.6 4.63 1.375

2 1,2 148 7.13 0.91 20.7 4.73 1.35

1 1 146 7.75 1.01 22.0 6.03 1.225

0 0 149 7.57 0.96 22.9 6.93 1.2

Note: sand pack sequence from transmitter antenna to receiver antenna.
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N.2. PURE WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

N.2.3 Measurement 3: Improved sand packs

Measurement setup:

Antennas Date: October 13, 2004
and shields -
Experiment settings Frequency: 62.6 MHz
%/ Antennas: Source: #1
040 Receive: #2
#1 Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CHI: Connection: Send
Setting: 50 mV/DIV
Termination: 50 Q
CH2: Connection: Receive
Setting: 1V/DIV
Termination: 1 MQ
Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s
Remarks First measurements with the modified sand packs.
Phase difference was measured in interval T' < At < 2T,
hence the notation “At(+1T)”
Density measurement #3
0.7 T T I | 1 1
0.6 - —
g
S 05 | —
Q
s
(3]
o 04 —
:
= 03+
e
T 02}
e S L data e
01 === y = 0.0906x — 0.0148 ——
- y = 0.0859 ----
0 gmz== ! | ! |
0 0.5 1 1.5 2 2.5 3 35 4
SPEQ

Figure N.10: Measurement 3: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = ax + b and y = cz yield a = 0.0906 £+ 0.003, b = —0.0148 +
0.0086 and ¢ = 0.08594-0.0014. The weighted sums of squared residuals are x2 = 0.75 and x2 = 0.93
respectively.
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APPENDIX N. MEASUREMENT DATA N.2. PURE WATER MEASUREMENTS

Table N.9: Measurement data

#packs  pack | Vi (mV) Vi (V) Wi/Vely | AH(+1T) (ns) At (ns) | VSWR

seq. +1 +0.04 +0.1 £0.025
0 156 7.59 1.00 23.0 7.03 1.20
0.9638 2 153 7.45 1.00 22.2 6.23 1.28
1.3679 3,2 159 7.23 0.93 21.6 5.63 1.30
2.3679 3,2,1 160 7.01 0.90 20.7 4.73 1.33
1.9638 2,1 153 7.33 0.98 21.4 5.43 1.30
2.641 2,1,5 154 7.57 1.01 20.5 4.53 1.15
3.0451 3,2,1,5 157 7.64 1.00 20.0 4.03 1.18
3.8392 43215 162 7.41 0.94 19.0 303 | 110
3.4351 4,2.1,5 161 7.71 0.98 19.6 3.63 1.13

Note: sand pack sequence from transmitter antenna to receiver antenna.
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N.2. PURE WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

N.2.4 Measurement 4: Goodwill oscilloscope

Measurement setup:

Antennas Date: October 14, 2004
and shields
Experiment settings  Frequency: 62.8 MHz
N4 Antennas: Source: #1
0,0 Receive: #2
#1 Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR. meter: Diamond SX-1000
Oscilloscope: Goodwill GDS-8408
Oscilloscope settings CH1: Connection: Send
Setting: 20 mV/DIV
Termination: 50
CH2: Connection: Receive
Setting: 2V/DIV
Termination: 1 MQ
Timing Timebase: 1ns/DIV
Sampling rate: 25 GSa/s
Remarks At measured directly.
VSWR measurements skipped.
Density measurement #4
0.7 T | | I I I
0.6 -
g
£ 05 —
Q
g
[T
o 04 —
g ,,,,,,
= 0.3
V>
T 02 .
s =R data o
01} === y = 0.0976z — 0.0281 ——
,,,,,, y = 0.0883x ----
0 =" | ] | ]
0 0.5 1 1.5 2 2.5 3 3.5 4
SPEQ

Figure N.11: Measurement 4: Calculation of the sand volume fraction in the water using the
C.R.IM. model. Weighted fits using y = az + b and y = cz yield a = 0.0976 + 0.0041, b =
—0.0281 £ 0.0112 and ¢ = 0.08828 + 0.00235. The weighted sums of squared residuals are x2 = 18.5
and x2 = 29.41 respectively.

166



APPENDIX N. MEASUREMENT DATA N.2. PURE WATER MEASUREMENTS

Table N.10: Measurement data

#packs  pack | Vi (mV) Vi (V) Vi/Vil, | At (ns) | VSWR
seq. +1 +0.04 +0.04 | +0.025
0 104 7.12 1.00 7.12 1.28
0.964 2 107 7.90 1.08 6.48
1.368 3,2 105 8.08 1.12 5.92
1.964 1,2 108 8.08 1.09 5.44
2368 321 111 7.68 101 | 4.92
3.045 3,1,2,5 105 8.24 1.15 4.00
2.641 1,2,5 105 8.20 1.14 4.56
3.045 3125 109 8.08 108 | 3.96
3.839 4,3,1,2,5 108 8.00 1.08 2.84
3.435 41,25 108 7.92 1.07 3.52 1.10

Note: sand pack sequence from transmitter antenna to receiver antenna.
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N.2. PURE WATER MEASUREMENTS

APPENDIX N. MEASUREMENT DATA

N.2.5 Measurement 5: Painted pipe

Measurement setup:

Antennas Date: November 1, 2004
and shields
Experiment settings  Frequency: 60.2 MHz
o % 4 Antennas: Source: #1
0,40 Receive: #2
# Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: Oscillator
Power amplifier: -
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Goodwill GDS-840S
Oscilloscope settings CH1: Connection: Send
Setting: 20 mV/DIV
Termination: 50 Q
CH2: Connection: Receive
Setting: 2V/DIV
Termination: 1 MQ
Timing Timebase: 1ns/DIV
Sampling rate: 25 GSa/s
Remarks First measurement after the metal pipe has been sand
blasted and coated. Two times the phase difference was
measured including half a period, hence the column
‘4At(+1/2T)”
Table N.11: Measurement data
#packs  pack | Vie (mV) Viee (V) Vi/Vily | At(+Y/2T) (ns) At (ns) | VSWR
seq. +1 +0.04 +0.04 +0.04 | £0.025
0 114 8.00 1.00 3.92 1.05
0.964 2 100 8.32 1.19 3.00 1.13
1.368 3,2 102 8.08 1.13 2.40 1.13
2.368 3,1,2 103 7.24 1.00 1.44 1.10
1.964 1,2 104 7.36 1.01 1.80 1.18
2.368 3,1,2 104 7.04 0.96 1.40 1.10
3.045 3,1,25 98.4 5.22 0.76 8.24 -0.07 1.50
2.641 1,2,5 102 4.64 0.65 0.40 1.50
3.045 3,1,2)5 102 5.04 0.70 8.28 -0.03 1.45
3.045 3,1,2)5 100 5.44 0.78 -0.28 1.50
3.435 4,1,2,5 104 5.92 0.81 -0.56 1.38
3.839 43,215 128 6.40 0.71 -1.48 1.20
3435 4,125 | | | 110

Note: sand pack sequence from transmitter antenna to receiver antenna.
Note 2: Last measurement (VSWR only) performed at frequency of 61.97 MHz
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Density measurement #5
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Figure N.12: Measurement 5: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = ax + b and y = ¢z yield a = 0.123 + 0.007, b = —0.0368 =
0.0192 and ¢ = 0.1108 + 0.0032. The weighted sums of squared residuals are x2 = 55.03 and
X2 = 68.46 respectively.
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N.2.6 Measurement 6: Third antenna

Measurement setup:

Antennas
and shields

Date: November 8, 2004

Experiment settings

Frequency:
Antennas:

Shields:

Low pass filter:
Source signal:

61.8 MHz
Source:
Receive:

All 6 present

Yes

pickup before amplifier

varies
varies

Equipment used

Frequency generator:

Power amplifier:
Pre amplifier:

Oscillator

Diamond SX-1000

VSWR. meter:
Oscilloscope: Fluke Combiscope PM3380B
Oscilloscope settings CH1: Connection: Send

Setting: 20 mV/DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: 0.5V/DIV
Termination: 1 MQ

Timing Timebase: 5ns/DIV
Sampling rate: 10 GSa/s

Remarks

Phase difference was measured in interval T < At < 2T,
hence the notation “At(+1T)”

Table N.12: Measurements between all three antennas

Antenna  dant  #packs | Voo (mV)  Viec (V)  Vi/Vil, | At(+1T) (ns) At (ns) | VSWR
config (m) +1 +0.04 +0.1 +0.1 +0.025
152 0.47 0 151 7.36 1.00 21.7 5.52 1.05
1—-3 0.40 0 151 5.15 0.70 21.3 5.12 1.13
3—-2 0.23 0 170 3.23 0.39 18.3 2.12 1.13
3—-1 0.40 0 162 3.39 0.43 214 5.22 1.10
2—1 0.47 0 163 7.03 0.89 21.7 5.52 1.18
2—3 0.23 0 156 4.27 0.56 19.4 3.22 1.10

Table N.13: Measurements between antennas #1 and #2 (at 180°)

Antenna  #packs pack Vare mV)  Viee (V) Vi/Vilo | At(+1T) (ns) At (ns) | VSWR
config seq. +1 +0.04 +0.1 0.1 | +0.025
1—-2 0 158 7.24 1.00 19.8 3.17 1.10
1-2 0.720 5 L(#1,#2) 149 6.86 1.00 18.8 2.17 1.20
2—1 0.720 5 L(#1,#2) 160 6.94 0.95 19.5 2.87 1.08

Note: sand pack sequence “5 | (#1, #2)” means that sand pack number 5 has been placed
perpendicular to the line through antennas #1 and #2.
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Table N.14: Measurements between antennas #1 and #3 (at 120°)

Antenna  #packs pack Vare (mV)  Viee (V) Vi/Vily | AL(+1T) (ns) At (ns) | VSWR
config seq. +1 +0.04 £0.1 +0.1 | £0.025
3—-1 0 177 3.74 1.00 19.7 3.07 1.20
1—3 0.720 5 L(#1,#2) 147 4.34 1.40 18.5 1.87 1.30
1—-3 0.720 5 L(#1,#2) 150 4.38 1.38 18.7 2.07 1.30
153 0720 5 L(#1,#2) 148 4.23 1.35 17.4 0.77 1.40

Note: sand pack sequence “5 L(#1,#2)” means that sand pack number 5 has been placed

perpendicular to the line through antennas #1 and #2.

Table N.15: Measurements between antennas #2 and #3 (at 60°)

Antenna #tpacks pack Vire (V) Viee (V) Vi/Vilo | At(+1T') (ns) At (ns)| VSWR | Remarks
config seq. +1 +0.04 +0.1 +0.1 |[£0.025

3—2 0 171 4.43 1.00 17.7 1.07 1.10

2—3 0 136 4.82 1.37 16.4 -0.23 | 1.30

2—3 0720 5 L(#1,#2) 140 6.06 1.67 15.5 -1.13 1.40

253 0.720 5 //(#2,#3) | 139 6.69  1.86 15.8 -0.83 | 1.30 |mid position

23 0720 5 [/(#2,#3) 137 5.35 1.51 16.3 -0.33 | 1.30 |far from ant.

223 0.720 5 [/(#2,#3) 136 4.94 1.40 14.7 -1.93 1.30 [close to ant.

253 0.720 5 //(#2,#3) 137 5.31 1.50 16.3 -0.33 1.30 |far from ant.

23 1720 15 //(#2,#3)| 140 6.65  1.83 15.6 -1.03 | 1.30 |1: mid, 5: far

2—-3 0.720 137 6.52 1.84 15.6 -1.03 1.30

2—-3 0720 132 4.62 1.35 16.2 -0.43 1.30

Note: sand pack sequence “5 //(#2, #3)” means that sand pack number 5 has been placed
parallel to the line through antennas #2 and #3.
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N.2.7 Measurement 7: Agilent oscilloscope

Measurement, setup:

Antennas

Date: November 12, 2004

and shields - -
Experiment settings

Frequency:
Antennas:

Shields:
Low pass filter:
Source signal:

62.518 MHz

Source: #1
Receive: #2
All 6 present

Yes

pickup before amplifier

Equipment used

Frequency generator:
Power amplifier:
Pre amplifier:

Oscillator

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent 54832D
Oscilloscope settings CHI: Connection: Send

Setting: 50 mV /DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: 2V/DIV
Termination: 1 MQ

Timing Timebase: 500 ps - 1 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Phase difference was measured in interval T' < At < 2T,
hence the notation “At(+1T)”
Density measurement #7a
Antenna #1 — #2

0.7 I | T

0.6 -
§
£ 05 —
Q
5
=]
o 04 —
g
3 0.3 —
>
g 02l a
= data e

0.1 — y = 0.0953z + 0.0037 —

> y = 0.0971z ----
0 | | | | | | |
0 0.5 1 1.5 2 2.5 3 35 4
SPEQ

Figure N.13: Measurement 7a: Calculation of the sand volume fraction in the water using the

C.R.I.M. model.

Weighted fits using y = az + b and y = cx yield a = 0.0953 &+ 0.0043, b =

0.0037 £ 0.0075 and ¢ = 0.09706 + 0.00214. The weighted sums of squared residuals are x2 = 29.72

and x2 = 27.22 respectively.
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Density measurement #7b
Antenna #1 — #3
0.7 | T 1 i |
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5
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Figure N.14: Measurement 7b: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = az + b and y = ¢z yield ¢ = 0.157 = 0.009, b = —0.0407 =
0.0168 and ¢ = 0.1382 + 0.006. The weighted sums of squared residuals are x2 = 137.16 and
x2 = 211.74 respectively.

Sand volume fraction

0.7
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0.5

0.4

0.3
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0.1

Density measurement #7¢
Antenna #2 — #3

I | | I
- s y =0.131x — 0.0786 —— —
- y = 0.08952 ----
Pl | ! | ]
0 0.5 1.5 2 2.5 3 3.5 4

SPEQ

Figure N.15: Measurement 7c: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = az+b and y = cz yield a = 0.131+0.028, b = —0.07861+0.043
and ¢ = 0.08954 4 0.01778. The weighted sums of squared residuals are x2 = 259.81 and x2 = 327.36
respectively.
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Table N.16: Measurements with all three antennas

Antenna  dane  #packs | Ve (mV) Vi (V) Vi/Vilg At (ns) VSWR
config m +3 +0.2 +0.025
1—-2 0.47 0 159.5 9.35 1.00 718 £ 0.03 1.25
1—-3 0.40 0 164.0 6.33 1.00 6.57 + 0.02 1.10
2—-3 0.23 0 164.0 4.31 1.00 3.83 L 0.02 1.10
1—-2 0.47 0.964 156.6 9.14 1.00 6.21 + 0.02 1.20
1—-3 0.40 0.964 153.1 7.56 1.28 547 + 0.04 1.10
2—-3 0.23 0.964 156.5 7.62 1.85 3.40 + 0.03 1.10
1—-2 0.47 1.368 158.1 8.78 0.95 5.66 <+ 0.03 1.20
1-3 0.40 1.368 152.0 7.69 1.31 482 £ 0.03 1.10
2—-3 0.23 1.368 148.6 8.97 2.30 329 + 0.02 1.10
1-2 0.47  2.368 161.0 8.51 0.90 447 + 0.02 1.20
153 0.40 2.368 155.3 7.43 1.24 3.51 £ 0.02 1.10
2—-3 0.23 2.368 151.0 10.95 2.76 251 £ 0.04 1.10
1—-2 0.47  2.368 162.9 8.35 0.87 445 £ 0.03 1.20
1—2 0.47  3.045 162.5 7.06 0.74 3.60 £ 0.03 1.20
1—3 0.40 3.045 161.2 6.29 1.01 209 + 0.03 1.10
2—-3 0.23 3.045 147.8 9.58 2.47 2.13 £+ 0.04 1.10
1—-2 0.47 2.641 165.6 7.99 0.82 432 £ 0.05 1.20
1—-3 0.40 2.641 163.0 6.97 1.11 2.66 <+ 0.02 1.10
2—-3 0.23 2.641 147.5 9.77 2.52 224 + 0.04 1.10
1—-2 047 1.964 151.8 8.63 0.97 519 £ 0.02 1.20
1—-3 0.40 1.964 149.6 7.50 1.30 3.89 £ 0.02 1.10
2—-3 0.23 1.964 154.2 9.77 241 236 + 0.02 1.10
1—2 0.47  0.964 161.6 9.34 0.99 6.18 £ 0.02 1.20
1—-3 0.40 0.964 157.4 8.05 1.33 581 £ 0.02 1.10
2—-3 0.23 0.964 161.5 8.00 1.89 4.08 + 0.03 1.10
1—-2 0.47 1.368 162.2 8.78 0.92 559 £ 0.04 1.20
1-3 0.40 1.368 156.5 8.18 1.35 492 + 0.02 1.10
2—3 0.23 1.368 155.5 9.39 2.30 3.80 + 0.03 1.10
1—-2 0.47  0.404 162.2 9.11 0.96 6.40 + 0.02 1.20
1—3 0.40 0.404 161.7 7.26 1.16 6.34 £+ 0.02 1.10
2—3 0.23  0.404 161.8 6.01 1.41 423 £ 0.02 1.10
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N.3 River water measurements

Measurements in “river” water were not performed in real river water, but ordinary salt was
added to tap water. This way, the salinity of the water could be controlled more easily and varied
more accurately. The density measurements were fitted to the C.R.I.M. model. The regression
parameters of the linear fit y = ax + b are summarized in table N.17 below for measurements

#4-49.

The measurement data of all density measurements in pure water are contained in this section.
The raw data from the coaxial probe measurements is not contained as these measurements are
regarded to be of secondary importance.

Table N.17: Summary of density measurements in river water.
The fit (y = ax + b) corresponds to the C.R.I.M. model,

where y = p and = (SPEQ).

Meas.#  Ginner Oouter y=ax+b
(S/m) (S/m) a/10°2  b/1073
4 0.632 2.1 171 +13 3.2+49
5 0.637 2.1 165+11 25+4.1
6 0.937 2.1 155+ 6 —0.44+1.7
7 0.744 2.1 152+ 6 1.74+26
8 0.604 2.1 158+ 10 1.6+3.0
9 0.438 2.1 159+11 16+3.1

N.3.1 Measurement 1: 0.61 S/m

Measurement setup:

Antennas

Date: December 17, 2004

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI1: Connection: Send

Setting: (variable) mV /DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Ginner pipe = 0.61 +0.01 S/m, T = 155+ 0.5 °C
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Figure N.16: Measurement 1: plots of the measured propagation times and voltages received by
antenna #2.

Table N.18: Measurement data

pack seq. SPEQ | Ve (mV)  Viee (mV)  Vi/V, At (ns) VSWR
+4 +4 +0.03
- 0 188 143 1.00 991 £+ 0.03 1.35
4 0.794 187 178 1.25 9.52 £+ 0.02 1.35
4,3 1.198 187 214 1.50 8.83 =+ 0.02 1.35
4,3,5 1.875 187 234 1.65 8.51 £+ 0.02 1.35
4,5 1.471 187 210 1.48 8.77 £ 0.04 1.35
4,2,5 2.435 186 265 1.87 790 + 0.03 1.35
4,2,3,5 2.839 186 283 2.00 7.33 + 0.03 1.35
2,3,5 2.045 186 231 1.63 8.30 £+ 0.03 1.35
3,5 1.081 186 189 1.34 9.02 + 0.02 1.35
- 0 187 156 1.10 9.7 £+ 0.03 1.35
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N.3.2 Measurement 2: 0.46 S/m

Measurement setup:

Antennas Date: January 17, 2005

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI1: Connection: Send
Setting: (variable) mV /DIV
Termination: 50 Q
CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ
Timing Timebase: 10 ns/DIV
Sampling rate: 250 GSa/s (eq. time)
Remarks Oinner pipe = 0.46 £0.01S/m,T = 16.0 £ 0.5 °C

Gouter pipe = 2.13 £ 0.02S/m, T = 16.5 £ 0.5 °C

Table N.19: Measurement data

pack seq. SPEQ | Ve (mV)  Viee (mV)  V;/V5l, At (ns) VSWR
+2 +2 +0.03
5234 2839 | 317 192 098 | 1471 + 002]| 1.65
5,2,4 2435 314 183 0.94 1546 £ 0.03 1.65
52,3 2.045 312 175 0.91 1596 £ 0.01 1.60
52 1.641 312 167 0.87 16.68 = 0.04 1.60
5,3 1.081 310 166 0.87 17.41 =+ 0.04 1.60
5 0.677 310 167 0.87 18.06 = 0.02 1.60
3 0.404 311 183 0.95 1859 =+ 0.02 1.60
- 0 311 192 1.00 1940 =+ 0.02 1.60
5,2 1.641 310 165 0.86 16,52 £ 0.01 1.60
52,3 2.045 310 169 0.88 15.79 £ 0.01 1.60
5,2,34 2.839 310 177 0.92 14.46 £+ 0.01 1.65
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N.3.3 Measurement 3: 0.48 S/m

Measurement setup:

Antennas

Date: January 18, 2005

and shields

Experiment settings  Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR. meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CH1: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MSQ)

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Ginner pipe = 0.476 £ 0.002 S/m, T = 16.7 + 0.2 °C
Touter pipe = 213 £0.02S/m, T = 16.5 +0.5 °C

Table N.20: Measurement data

pack seq. SPEQ | Vi (mV)  Viee (mV)  Vi/V4, At (ns) VSWR
+1 +1 +0.03
5,2,3,4 2.839 308 172 0.92 1444 + 0.01 1.65
5,2,4 2.435 309 168 0.90 1524 £+ 0.01 1.65
5,2,3 2.045 309 166 0.89 15.80 =+ 0.02 1.65
5,2 1.641 307 161 0.87 16.61 + 0.02 1.65
5,3 1.081 308 162 0.87 1723 + 0.02 1.65
5 0.677 307 162 0.87 18.01 £+ 0.02 1.65
- 0 308 186 1.00 19.48 £+ 0.02 1.65
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N.3.4 Measurement 4: 0.63 S/m

Measurement setup:

Antennas
and shields

Date: January 24, 2005

Experiment settings  Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Tinner pipe = 0.632 £0.07S/m,T =152+ 0.2 °C
Gouter pipe = 2.13 £ 0.02S/m, T = 16.5 0.5 °C
Density measurement #4
0e = 0.632S/m
1 | I I T T
o 0.8k _
.9
g .
g -
& 0.6 — o= -
[
5
—_— ——
e 04 _
g E
(2 0.2 = data e _|
ro y =0.171x + 0.00319 —
y=0.175¢ ----
0 | | ! | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
(SPEQ)

Figure N.17: Measurement 4: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = ax + b and y = cz yield ¢ = 0.171 £ 0.013, b = 0.00319 +
0.00493 and ¢ = 0.1745 & 0.0112. The weighted sums of squared residuals are xZ = 15.28 and

xZ = 14.01 respectively.
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Table N.21: Measurement data

pack seq. SPEQ | Ve (mV) Ve (mV)  Vi/V4|, At (ns) VSWR
+1 +1 +0.03
5234 2.839 | 266 121 200 | 58 + 002] 1.90
52,4 2.435 266 108 1.86 6.79 + 0.04 1.90
5,2,3 2.045 266 98 1.69 741 £+ 0.03 1.90
5,2 1.641 266 87 1.50 826 =+ 0.02 1.90
5,3 1.081 266 76 1.31 882 =+ 0.02 1.90
5 0.677 267 68 117 9.84 + 0.02 1.90
3 0.404 266 61 1.05 1095 <+ 0.02 1.90
- 0 266 58 1.00 1234 =+ 0.02 1.90
5] 0.677 266 64 1.10 1006 + 0.01 1.90
5,2 1.641 266 80 1.38 828 + 0.02 1.90
5,2,3 2.045 266 90 1.55 741 £+ 0.02 1.90
5234 2839 | 265 109 189 | 616 + 001] 1.90
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N.3.5

Measurement 5: 0.64 S/m

Measurement setup:

Antennas
and shields

Date: January 25, 2005

Sand volume fraction

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting;: (variable) mV /DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Tinner pipe = 0.637 £0.002S/m,T =15.4+0.2°C
Oouter pipe = 2.131+0.025/m,T =16.5+ 0.5 °C
Density measurement #5
0e = 0.637 S/m
1 T T T I T
0.8 | —
0.6 -
04 e —
——i
—o—i
0.2 data e _|
ro1 y = 0.1652 + 0.00253 ——
y =0.167c ———-
0 | | | | | 1 |
0 0.5 1 1.5 2 2.5 3 3.5 4
(SPEQ)

Figure N.18: Measurement 5: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = az + b and y = cz yield a = 0.165 + 0.011, b = 0.00253 +
0.00407 and ¢ = 0.1673 + 0.0103. The weighted sums of squared residuals are xZ = 12.95 and
X2 = 11.82 respectively.
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Table N.22: Measurement data

pack seq.  SPEQ | Vie (mV)  Viee (mV) V. /V5l, At (ns) VSWR
+1 +1 +0.03
5234 2839 | 266 109 1.98 | 603 + 001] 1.90
5,2,4 2.435 266 94 1.71 7.05 £+ 0.02 1.90
5,2,3 2.045 266 87 1.58 772 £+ 0.03 1.90
5,2 1.641 266 77 1.40 852 =+ 0.06 1.90
5,3 1.081 265 65 1.19 922 <+ 0.05 1.90
5 0.677 265 61 1.11 1017 £ 0.02 1.90
3 0.404 265 56 1.02 11.15 + 0.02 1.90
- 0 266 55 1.00 1253 + 0.02 1.90
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N.3.6 Measurement 6: 0.94 S/m

Measurement setup:

Antennas

Date: January 28, 2005

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV /DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Oinner pipe = 0.937 £0.007 S/m,T = 16.0£0.2 °C
Oouter pipe = 2.13 +0.02 S/m, T =16.5+0.5°C
Density measurement #6
e = 0.9375/m
1 | T | |

o 0.8 -

8

3]

&

H 06

(]

g

=

S 04 -

g

s 02 L data o _|

y = 0.155z — 0.000439 ——
y = 0.155x ----
0 | 1 | | | 1 |
0 0.5 1 1.5 2 2.5 3 3.5 4

(SPEQ)

Figure N.19: Measurement 6: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = ax 4+ b and y = cx yield a = 0.155+0.006, b = —0.000439 =+
0.001653 and ¢ = 0.1547 & 0.0052. The weighted sums of squared residuals are x2 = 2.79 and

X2 = 2.42 respectively.
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N.3. RIVER WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

Table N.23: Measurement data

pack seq. SPEQ | Vie (mV)  Viec (mV)  Vi/V, At (ns)
+1 +0.2

5,2,3.4 2.839 258 55.8 1.36 757 £+ 0.02
5,2,4 2.435 255 45.5 1.12 8.69 £+ 0.02
5,2,3 2.045 253 38.8 0.97 9.54 £+ 0.03
5,2 1.641 253 34.4 0.86 10,71 + 0.03
5,3 1.081 252 29.1 0.73 12.21 + 0.03

5 0.677 251 30.5 0.77 13.42 + 0.03

3 0.404 251 34.4 0.86 14.88 + 0.03

- 0 252 40.0 1.00 1597 + 0.02
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APPENDIX N. MEASUREMENT DATA

N.3. RIVER WATER MEASUREMENTS

N.3.7

Measurement setup:

Measurement 7: 0.74 S/m

Antennas

Date: January 28, 2005

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI1: Connection: Send

Setting: (variable) mV /DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Tinner pipe = 0.744 +0.005S/m, T = 16.6 £ 0.5 °C
Oouter pipe = 2.13£0.02S/m, T = 16.5+ 0.5 °C
Density measurement #7
0o =0.744S/m
1 T T | | | j
o 0.8 —
8
=
Q
]
& 0.6
Q
g
=
e 04 —
<
=1
A 0.2 |- data o _|
y = 0.152x + 0.00174 —
y = 0.154x ----
0 | | | 1 | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
(SPEQ)
Figure N.20: Measurement 7: Calculation of the sand volume fraction in the water using the

C.R.I.M. model. Weighted fits using y = ax + b and y = cz yield a = 0.152 £ 0.006, b = 0.00174 &
0.00261 and ¢ = 0.1536+0.0056. The weighted sums of squared residuals are x2 = 3.84 and x2 = 3.54

respectively.
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N.3. RIVER WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

Table N.24: Measurement data

pack seq. #packs | Vi (mV)  Viee (mV)  V;/Vilo At (ns)
+1 +0.3

- 0 253 46.3 1.00 1428 + 0.02

3 0.404 254 41.5 0.89 13.01 + 0.02

5 0.677 252 39.9 0.87 1205 <+ 0.03

5,3 1.081 253 41.0 0.89 10.86 + 0.03
5,2 1.641 252 47.6 1.03 10.00 + 0.02
5,2,3 2.045 252 53.1 1.15 897 £+ 0.02
5,2,4 2.435 252 59.4 1.29 828 £+ 0.02
5234  2.839 252 69.6 151 | 729 + 0.02
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APPENDIX N. MEASUREMENT DATA N.3. RIVER WATER MEASUREMENTS

N.3.8 Measurement 8: 0.60 S/m

Measurement setup:

Antennas Date: January 31, 2005
and shields
Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A
Power amplifier: R.F.P.A. RF001220-25
Pre amplifier: -
VSWR meter: Diamond SX-1000
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI1: Connection: Send
Setting: (variable) mV /DIV
Termination: 50Q
CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1MQ
Timing Timebase: 10 ns/DIV
Sampling rate: 250 GSa/s (eq. time)
Remarks Oinner pipe = 0.604 £ 0.003 S/m,T = 159+ 0.5 °C

Gouter pipe = 2.13 £ 0.025/m, T = 16.5 £ 0.5 °C

Density measurement #8

0e = 0.604 S/m
1 T | T T |
= 0.8 _
2
°
&
& 0.6 et
[<b]
g
=
) 04 —— —
>~ ——
g —o—i
& 02 data o _|
y = 0.158z + 0.00159 ——
y=0.159z ----
0 | | | | | 1 |
0 0.5 1 1.5 2 2.5 3 3.5 4
(SPEQ)

Figure N.21: Measurement 8: Calculation of the sand volume fraction in the water using the
C.R.I.M. model. Weighted fits using y = az+b and y = cz yield a = 0.158 +£0.01, b = 0.00159+0.003
and ¢ = 0.1592 + 0.0088. The weighted sums of squared residuals are x2 = 10.77 and x2 = 9.66
respectively.
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N.3. RIVER WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

Table N.25: Measurement data

pack seq.  #packs | Vi (V)  Viec (V) Vi/Vil, At (ns)
+1 +0.3
- 0 254 62.4 1.00 12.11 + 0.01
5,2,3,4 2.839 255 110.3 1.76 6.12 £ 0.01
52,4 2.435 255 98.0 1.56 6.99 £+ 0.02
5,2,3 2.045 255 90.2 1.44 754 £+ 0.01
5,2 1.641 255 81.3 1.30 841 £ 0.02
5,3 1.081 255 71.6 1.14 899 £ 0.01
5 0.677 255 65.8 1.05 10.05 <+ 0.02
3 0.404 254 63.6 1.02 10.87 <+ 0.01
- 0 254 62.4 1.00 12.11 £+ 0.01
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APPENDIX N. MEASUREMENT DATA

N.3. RIVER WATER MEASUREMENTS

N.3.9 Measurement 9: 0.44 S/m

Measurement setup:

Antennas
and shields

Date: February 1, 2005

Sand volume fraction

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CH1: Connection: Send

Setting: (variable) mV/DIV
Termination: 509

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks Oinner pipe = 0.438 £0.003S/m, T = 15.3 £ 0.5 °C
Gouter pipe = 2.13 £ 0.02S/m, T = 16.5 + 0.5 °C
Density measurement #9
oe = 0.438 S/m
1 T | I
0.8 -
0.6 ~
04 —o— -
——
—o—
0.2 e data e _|
y = 0.159z + 0.00157 ——
y =0.16z ----
0 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
(SPEQ)

Figure N.22: Measurement 9: Calculation of the sand volume fraction in the water using the
C.R.I.LM. model. Weighted fits using y = ax + b and y = cz yield ¢ = 0.159 £+ 0.011, b = 0.00157 =
0.00312 and ¢ = 0.1603 £ 0.0098. The weighted sums of squared residuals are x2 = 12.87 and
x2 = 11.5 respectively.
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N.3. RIVER WATER MEASUREMENTS APPENDIX N. MEASUREMENT DATA

Table N.26: Measurement data

pack seq.  #packs | Ve (mV)  Viec (mV)  Vi/V4ly At (ns)
+1 +0.5

- 0 261 133.3 1.00 9.58 + 0.01
5,2,3,4 2.839 261 197.9 1.48 447 + 0.01
5,2,4 2.435 262 190.1 1.42 522 + 0.01
5,2,3 2.045 262 176.4 1.32 573 + 0.02
5,2 1.641 261 163.0 1.22 6.71 £+ 0.03
5,3 1.081 261 149.7 1.12 7.03 + 0.02
5 0.677 261 143.2 1.07 787 £+ 0.01
3 0.404 261 141.0 1.06 849 + 0.01
- 0 261 133.3 1.00 958 + 0.01
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APPENDIX N. MEASUREMENT DATA N.3. RIVER WATER MEASUREMENTS

N.3.10 Measurement 10: Rotation

Measurement setup:

Antennas Date: February 7, 2005
and shields
Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Ginner pipe = 0.317 +0.003 S/m, T = 15.8 + 0.5 °C

Oouter pipe = 2.13+0.028/m,T =15.7+0.5 °C
Sand pack #5 is rotated around the centerline of then pipe.

Table N.27: Measurement data

Angle Ve (mV)  Viec (mV) At (ns)
0 2824+ 1 401+ 1 8109 &+ 0.015
10 283+ 1 393+ 1 8089 +£0.013
20 283+ 1 396+ 1 8065 £ 0.012
30 283 £ 1 388+ 1 8037 £0.013
40 283+ 1 380+ 1 8.008 +0.013
50 2844+ 1 366+ 1  7.958 + 0.012
60 286 £ 1 354+ 2 7911 £ 0.016
70 287+ 1 342+ 1 7.801 +0.014
80 287 £ 1 326+ 1  7.640 + 0.015
90 286 £ 1 322+ 1 7536 +0.014
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N.4. HIGH SALINITY MEASUREMENTS

APPENDIX N. MEASUREMENT DATA

N.4 High salinity measurements

The purpose of the high salinity measurements, is to observe what happens to the electromagnetic
propagation from antenna #1 to antenna #2 as the conductivity of the water in the inner pipe
increases. These measurements have been repeated for water with various conductivities in the

outer pipe.

The time difference and received voltage data of the measurements is contained in this section.
The raw data from the coaxial probe measurements is not contained as these measurements are
regarded to be of secondary importance.

N.4.1 Measurement 1: 0 S/m

Measurement setup:

Antennas

Date: December 24, 2004

and shields

Experiment settings  Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: Yes
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 864TA

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Cinner pipe = (variable),T =12.2+0.8°C

Oouter pipe ~ 0
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APPENDIX N. MEASUREMENT DATA N.4. HIGH SALINITY MEASUREMENTS

Table N.28: Measurement data

Salt (g) o (S/m) Vare (mV)  Viee (mV) At (ns)

0 0.0564 £ 0.002 179+ 4 9670 +£ 122 5.928 £ 0.021
100 013 £ 002 176+ 3 4161 + 45 6.393 £+ 0.044
200 020 £ 005 179+ 4 2264 + 44 7.181 £ 0.050
300 0.28 £ 005 182+ 4 1205+ 11 7.865 £ 0.017
400 037 £ 005 183+ 4 702 £ 8  8.512 £ 0.026
500 043 £ 005 184 + 4 447 £ 6  9.002 £ 0.034
600 0.50 + 0.02 18 + 4 280 £ 4 9.428 £ 0.024
700 058 £ 0.02 18+ 4 196 &+ 3 9.704 £ 0.030
800 0.65 £ 002 18+ 4 141 £ 2 9.833 + 0.013
900 0.73 £ 002 185+ 4 100 £ 2 9.819 + 0.038
1000 0.80 £ 0.02 184+ 4 73 £ 2 9.543 £ 0.017
1250 096 + 003 183 £ 4 56 £ 2  8.190 £+ 0.017
1500 1.13 £ 0.02 182+ 3 58 + 2 7.462 £ 0.021
1750 1.30 £ 0.02 180+ 4 62 £ 2  7.000 £+ 0.020
2000 147 + 0.03 180 &+ 4 64 £ 2 6.942 £ 0.031
2250 1.64 +£ 005 179+ 4 62 £ 1 6.532 £+ 0.016
2500 1.80 + 0.05 178 + 4 59 £ 2 6.347 £ 0.034
3000 211 £ 005 176 £ 4 51 £ 1 6.037 £ 0.064
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N.4. HIGH SALINITY MEASUREMENTS

APPENDIX N. MEASUREMENT DATA

N.4.2

Measurement setup:

Measurement 2: 1.9 S/m

Antennas

Date: January 10, 2005

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate:

Remarks

Tinner pipe = (variable)

,T=148+1.0°C

Gouter pipe = 1.87 £0.01S/m, T = 16 + 0.5 °C

Table N.29: Measurement data

Salt (g) o (S/m) Vare (mV)  Viee (mV) At (ns)

0 0.38 £ 001 170+ 2 152 £ 2 852 £0.04
100 0.45 +0.02 169 + 2 94 + 1 9.54 + 0.03
200 052+ 0.02 166+ 1 68 + 1 10.44 + 0.06
300 0.60 £ 0.02 165+ 2 49 + 2 11.44 4+ 0.03
400 0.66 £ 0.01 163 £ 2 37 £ 1 1241 £+ 0.07
500 0.74 £ 0.02 162+ 2 30 £ 2 13.39 +£ 0.05
600 0.81 £0.02 161 + 2 26 £ 1 14.33 £0.08
700 0.88+£0.02 161+ 1 25 + 1 15.06 + 0.07
800 1.01 £002 159+ 1 226+ 1 16.15+0.11
900 1.07+£002 159+ 1 216+ 1 16.55 £+ 0.05
1000 121 +£003 158+ 1 200+ 1 16.98 £ 0.08
1250 134 £002 157+ 1 181+ 1 1718 £0.07
1500 148 +002 157+ 1 164+ 1 17.24 4+ 0.06
1750 1.60 £0.02 156+ 2 1494+ 1 17.10+0.10
2000 1.73+003 156+ 2 136+ 1 16.89 +£0.15
2000 1.74 £ 003 158+ 2 136+ 1 16.55 £ 0.06
2200 1.87 002 157+ 1 1284+ 1 16.29 + 0.06
2400 200£0.02 158+ 2 124+ 1 16.00 £ 0.10
2800 225+002 157+ 1 120+ 1 15.56 +£0.05
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APPENDIX N. MEASUREMENT DATA

N.4. HIGH SALINITY MEASUREMENTS

N.4.3 Measurement 3: 3.1 S/m

Measurement setup:

Antennas

Date: January 11, 2005

and shields

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV /DIV
Termination: 50 Q

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate:

250 GSa/s (eq. time)

Remarks

Oinner pipe = (variable), T = 12.5 £ 0.8 °C
Oouter pipe = 3.10+£0.055/m, T =12.0+ 0.5 °C
Source power is 1.1 W instead of 0.5 W.

Table N.30: Measurement data

Salt (g) o (S/m)  Vge(mV) Viec (mV) At (ns)

0 0.06 £ 001 276+ 2 1901 £ 11 3.77 £ 0.02
100 0.13 £001 271 £ 2 942 + 5 491 £+ 0.02
200 0.21 £ 002 267+ 2 927 + 3 5.93 £+ 0.02
300 0.28 £ 0.01 262+ 2 311 +£ 3 6.96 £ 0.03
400 0.35 +£0.01 258 &+ 2 196 + 2 8.02 £+ 0.02
500 0.42 £ 0.02 256 + 2 129 =+ 1 9.14 £+ 0.02
700 0.57 £0.02 251+ 1 898 £ 1 11.35 £+ 0.04
900 0.71 £0.02 246+ 2 527+ 1 13.35=+0.03
1100 085 +002 242+ 3 484+ 1 14.7240.03
1300 096 +002 241+ 3 460+ 1 1555 +0.03
1500 1124+ 002 237+ 2 427+ 1 16.05 £ 0.02
1700 1.26 £0.02 236+ 2 396+ 1 16.24 £0.03
1900 1.39 £0.02 235+ 2 36.2 +0.5 16.26 £ 0.02
2100 1.52 £0.02 234+ 1 33.8 £ 04 16.20 £ 0.03
2300 1.66 £ 0.02 233+ 2 31.7 £04 1599 +£0.05
2700 193 £0.02 233+ 1 29.5 £ 0.2 15.49 £ 0.04
3100 219+£002 232+ 1 29.0 £ 0.1 15.01 £ 0.06
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N.4. HIGH SALINITY MEASUREMENTS

APPENDIX N. MEASUREMENT DATA

N.4.4 Measurement 4: 2.2 S/m

Measurement setup:

Antennas
and shields

Date: January 26, 2005

Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

Power amplifier:
Pre amplifier:

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV/DIV
Termination: 50 Q2

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks

Cinner pipe = (variable), T = 11.7+ 0.7 °C

Oouter pipe = 2.20 *

0.05S/m,T =12.0+£0.5°C

Source power is 1.1 W instead of 0.5 W.

Table N.31: Measurement data

Salt (g) g (S/m) Vire (mV) Viec (mV) At (ns)

0 0.068 £ 0.01 263+ 1 1969 + 6 4.295 + 0.017
100 0137+ 002 268+ 1 1211+ 4 5.196 =+ 0.026
200 0218 £ 0.02 270+ 1 654 + 2 6.347 £ 0.016
300 0.289 £ 0.01 272+ 1 404 + 1 7.225 + 0.013
400 0364 +£0.02 273+ 1 261 £ 1 8.181 £ 0.014
500 0434 £ 002 273+ 1 179 £ 1 9.085 + 0.018
600 0.509 £001 273+ 1 125 £ 1 10.032 £+ 0.030
700 0.58 £0.02 272+ 1 914 +£ 0.2 10.964 + 0.017
800 0.656 £ 0.02 271 + 1 69.9 + 0.3 11.932 + 0.022
900 0.726 £ 002 271 £ 1 57.3 £ 0.2 12.895 4+ 0.024
1000 0.799 £002 270% 1 50.1 £ 0.2 13.812 4+ 0.035
1250 0958 +0.02 268+ 1 42.6 £ 0.3 15.483 + 0.030
1500 1.13 £0.02 266 £ 1 386 +£ 0.3 16.370 + 0.030
1750 1.298 £ 0.02 263 + 1 344 +£ 0.3 16.808 4+ 0.036
2000 1.469 + 0.02 262 + 1 30.3 £ 0.3 16.948 + 0.038
2250 1.647 £ 0.02 260 + 1 26.6 + 0.3 16.854 + 0.055
2500 1.812 £ 0.02 257+ 1 23.7 £ 0.3 16.630 + 0.060
3000 2138 £0.02 254+ 1 20.9 +£ 0.2 15.975 £+ 0.050
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APPENDIX N. MEASUREMENT DATA

N.4. HIGH SALINITY MEASUREMENTS

N.4.5 Measurement 5: no inner pipe

Measurement setup:

Power amplifier:
Pre amplifier:

Antennas Date: February 9, 2005
and shields
Experiment settings Frequency: 62.5 MHz
Antennas: Source: #1
Receive: #2
Shields: All 6 present
Low pass filter: No
Source signal: pickup before amplifier
Equipment used Frequency generator: HP 8647A

R.F.P.A. RF001220-25

Diamond SX-1000

VSWR meter:
Oscilloscope: Agilent Infiniium 54831D
Oscilloscope settings CHI: Connection: Send

Setting: (variable) mV /DIV
Termination: 502

CH2: Connection: Receive
Setting: (variable) V/DIV
Termination: 1 MQ

Timing Timebase: 10 ns/DIV

Sampling rate: 250 GSa/s (eq. time)

Remarks o = (variable), T = £0.5 °C

The inner pipe has been removed.

Table N.32: Measurement data

Salt (g) o (S/m) Vire (mV)  Viee (mV) At (ns)

0 0.056 £ 0.01 2824+ 2 21459 £ 137 9.24 £ 0.02
500 022+001 288+ 1 3544 £ 8 9.85 + 0.01
1000 039 £001 28+ 1 948 + 2 1113 +£0.01
1500 0.55 £ 0.01 282+ 2 344 £+ 1 12.19 £ 0.01
2000 0.71 £ 0.01 277+ 2 1562 + 1 13.06 £ 0.02
2500 0.87 £ 0.01 272+ 2 75.2 + 0.3 13.82 + 0.02
3000 1.01 +0.01 267+ 2 40.8 £ 04 14.53 £+ 0.02
3500 1.16 = 0.01 263 £ 2 23.3 +£ 0.2 15.21 £ 0.03
4000 1.31 £ 0.01 260 + 1 141 + 0.1 15.88 + 0.05
4500 1.46 £ 001 256 + 1 9 £02 16.52+£0.08
5000 1.60 £ 0.01 254 £ 1 59 +£02 17.134+0.10
5500 1.7 £ 001 252+ 1 41 £ 03 1749 +0.23
6000 1.90 +0.01 2524+ 1 31 £02 17.73+0.29
6000 1.90 £ 001 237+ 1 29 +£02 19.02+0.33
6500 2.04 £0.01 235+ 1 22 £ 03 19.74 +£0.29
7500 233 £001 232+ 2 1.6 + 0.2 20.87 £ 0.50
8500 261 +£0.01 231+ 1 1.3 + 0.2 2220+ 0.70
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