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Abstract

Gas hydrates are of particular interest in petroleum industry since their formation during
oil-production can be a major risk factor. Gas hydrates can block pipelines, interrupt
production, and in worst case even cause bursting flow lines. There are a few strategies
available to monitor the hydrocarbon flow in pipelines in order to give an early warning
system against hydrate formation. A potential technique is to monitor changes in the
dielectric properties of the flow, and relate these to hydrate formation. There is however a
need for a dielectric measurement technique which can perform bulk permittivity
measurements to detect gas hydrate formation. This is because gas hydrate formation is
not always a homogenous process, and it can take place in the bulk phase of a multiphase
flow. A potential technique for bulk permittivity measurements is based on capacitance

measurement methods.

This thesis studies the feasibility of using the capacitance sensing technique to monitor the
formation of gas hydrates. To achieve this goal, a non-intrusive capacitance measurement
system prototype has been designed, constructed, and tested under varying operating
conditions. The COMSOL Multiphysics software tool has been used to determine an
appropriate sensor design configurations of a capacitance sensor prototype. The design
configurations are subsequently utilized for the construction of an experimental
capacitance sensor. Finally, the ability of the capacitance sensor to identify permittivity
changes during gas hydrate formation is experimentally investigated. To do so, the
temperature and capacitance of two hydrate-forming test-samples with different water
fractions have been measured in the kHz frequency range. The measured capacitance data
was then used to find the permittivity information of the sample using capacitance sensor
calibration curves. By following the measured permittivity and temperature variations of
the hydrate-forming samples as a function of time, it is shown that the information derived
from the capacitance sensor can be an indication of different stages of hydrate generation
and evolution, for instance, (i) the onset and completion of the hydrate generation, (ii)

phase inversion in the hydrate forming sample, and (iii) the permittivity relaxation related



to the hydrate generation. This study verifies that permittivity measurements with these

types of sensors can be used to monitor the generation of gas hydrates.

Although important information about formation of gas hydrates can be obtained from the
measured permittivity, no industrial applications of the capacitance sensors in the field of
gas hydrate characterization have been reported so far. In addition, correlating the
measured changes in dielectric parameters to the gas hydrate formation requires more

analytical work.
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1. Introduction

1.1. Motivation

One of the solid deposits which may form in oil and gas production, transportation and
processing facilities is the gas hydrate. Gas hydrates are ice like crystalline compounds
formed by small gas molecules (such as methane, ethane or carbon dioxide) and water [1,
2]. They belong to a group of compounds called clathrates (for more details see Chapter

2).

Gas hydrate formation requires certain conditions such as low temperature combined with
high pressure. These conditions can be met in an oil and gas production process which is
usually a high pressure operation, combined with the low temperature at the seabed, where
subsea production facilities are located. In addition, there is always an excess amount of
water coming from an oil reservoir into the drilled wells along with hydrocarbons that are
in the hydrate guest size range. Thus, the possibility of gas hydrate formation in oil and

gas production facilities is very high.

As gas hydrates form, they can deposit on the pipe walls or agglomerate into large solid
deposits which can eventually lead to pipeline blockage. Moreover, movement of hydrate
plugs in the pipeline at high velocities can cause the pipeline to rupture or even blowouts
or eruption of the plugs through pipeline bends. For these reasons, gas hydrate formation
can lead to serious operational and safety concerns. Gas hydrate plugging up a pipeline
may cost the gas industry in excess of approximately 1 million U.S. dollars each day due
to production shut down [3], and once a hydrate plug has formed, it can take weeks or
even months to dissociate its safely and may require complex operations such as pigging

for plug removal [4].

The prevention of hydrates requires substantial investment, typically up to 10 to 15% of
the production cost [5]. Therefore, from both an economic and operational safety

perspective, there has been a considerable need to understand the mechanism of gas



hydrate formation in order to better manage and mitigate the hydrate formation risks in the

petroleum production sector.

The main motivation for this thesis is the need for monitoring hydrate formation by means
of a dielectric measurement instrument based on the capacitance method, and the prospect
of being able to develop this instrument for on-line measurements. The reason for
choosing the capacitive measurement method is that the formation of gas hydrates will
give a change in the capacitance. Thus, the capacitance measurement can provide valuable
information about the formation process of gas hydrates and it can be a potential technique

for gas hydrates detection.

1.2. Background

Current industrial solutions for avoiding hydrate formation are mainly by thermodynamic
means, i.e. maintaining the temperature and pressure at a safe level and removing water,
or by injecting 10-50% volume of Thermodynamic Inhibitors (TI) such as mono ethylene
glycol (MEG) to the fluids [6]. In addition to thermodynamic inhibitors, new methods
such as kinetic inhibitors (KI) and anti agglomerants have been developed in the past
decade to prevent hydrate crystal growth and agglomeration, respectively. In this method,
polymers and surfactants are added to the flow in the pipelines forming water-in-oil
emulsions or microemulsions. Consequently, gas hydrates are only formed in the small
water droplets, and large plug deposition will be prevented [7]. However, to minimize the
risk of hydrate formation, it is common practice to use an excess amount of inhibitor. An
excessive dosage of inhibitor results in negative environmental impacts and unwanted
extra cost. For this reason, the need to minimize the amount of inhibitors is another

motivation for further studies to understand the mechanisms of gas hydrate formation.



As mentioned, when gas hydrates form, free water molecules form clathrate structures.
Since the dielectric properties of gas hydrates are different from water, bulk permittivity

measurement can be an appropriate way of monitoring the formation of gas hydrates.

Dielectric property (permittivity) measurement methods range from low frequency
capacitive methods to high frequency microwave techniques. Permittivity measurement
methods are generally divided into single and broadband frequency methods. Although
single frequency methods ensure high accuracy permittivity measurements, they are rather
time consuming methods. In contrast, broad band methods provide quicker permittivity

measurements over a wide frequency range, but they are less accurate.

At low frequencies (i.e. below approximately 10 MHz), parallel plate and coaxial
capacitors are commonly used to estimate the permittivity of a sample by placing the
sample in the capacitor and then measuring the admittance of the cell with an impedance
bridge [8]. At radio and microwave frequencies below approximately 10 GHz, coaxial
measurement cells are mainly used by calculating the permittivity of a sample from the
measured transmission and/or reflection coefficient of the cell. High accuracy permittivity
measurements at microwave frequencies are obtained by single frequency waveguide
methods such as the variable length waveguide method and the cavity resonator technique

[9-11].

Jacobsen et al. [12] have shown that the formation of gas hydrates in emulsions can be
monitored by means of dielectric spectroscopy with a modified open-ended coaxial cell.
The drawback of their measurement system was that the sensor was intrusive.
Furthermore, the coaxial cells have a very low measurement volume, which means that
only the permittivity of materials very close to the end of the probes affect the
measurements. This makes these cells suitable only for measurements on thin liquid levels
[13]. On the other hand, the measurements are not capable of representing the bulk
permittivity of sample under test. Jakobsen and Folgere [14] studied the applicability of
non-intrusive open-ended coaxial probes for permittivity measurements of gas hydrate
formation. Their sensor represented a better quality of the measured dielectric spectrum at

high frequencies than those acquired by Jacobsen et al. [12]. However, the measurement



volume of open-ended probes is low and they provide a small sensitivity depth. Because
gas hydrate formation is not always a homogeneous process, and it takes place in a form
of hydrate clusters, local measurements performed by open-ended probes may not give

enough information about the bulk permittivity of the emulsion.

Therefore, there is a need to design a non-intrusive measurement system with high
sensitivity. Suggested measurement systems for this purpose are parallel plate capacitors
at low frequencies, large open ended probes at intermediate frequencies and waveguides at

high frequencies [13, 15].

1.3. Objectives

The objective of this thesis is to design and test a non-intrusive prototype measurement
system based on a capacitance sensing technique in order to monitor the formation of gas
hydrates. The capacitance sensor will then be used to determine if bulk permittivity
measurements at a low frequency are accurate and sensitive enough to monitor gas hydrate

formation in water/oil emulsions.

In this thesis, a capacitance sensor model is implemented using the COMSOL
multiphysics software to optimize the capacitance system parameters and to determine the
most appropriate electrode configuration for monitoring and detection of gas hydrate
formation. This is done for a range of operating conditions including operating frequency

and water content of the hydrate forming emulsion.

An experimental setup is established for measuring the capacitance of an emulsion during
gas hydrate formation. The capacitance of hydrate formation in emulsions is measured for
various water fractions and operating frequencies. In order to calibrate the system and
determine the sensitivity and accuracy of the measurement setup, the capacitance of

known reference liquids is measured.



1.4. Outline

The thesis begins with a brief introduction to gas hydrate structure, the theory of
capacitors, measurement techniques, current applications, and challenges facing the

capacitive methods in Chapter 2.

Chapter 3 provides a numerical and finite element analysis of a specific capacitance
electrode configuration using COMSOL Multiphysics in order to identify the optimum

design of the electrodes for permittivity measurements of gas hydrate formation.

In Chapter 4, the elements of the measurement instruments used in monitoring formation

of gas hydrates as well as a description of the experimental procedure are presented.

Chapter 5 presents experimental results obtained from the capacitance sensor prototype. In
this chapter the ability of the sensor to identify permittivity changes during formation of

gas hydrates is experimentally investigated.

Chapter 6 summarizes and concludes the main achievements of the thesis, and suggestions

for future work will be given in Chapter 7.



2. Background Theory

As discussed in Chapter 1, the main objective of this thesis is to monitor gas hydrate
formation by means of capacitance sensors. To achieve this goal, an insight into the
fundamentals of gas hydrate formation phenomenon and capacitance sensors is required.
Therefore, this chapter presents a brief overview of these two subjects in Section 2.1 and

Section 2.2, respectively.

2.1. Gas hydrate

In this Section, an introduction to structures, general attributes and challenges for gas

hydrates formation is presented.

2.1.1. Chemical structures of hydrates

Gas hydrates are a large subgroup of clathrate' hydrates formed mostly under relatively
high pressure of 10-30 MPa and low temperatures from deep negative up to 20-25 °C.
However, the typical stability temperatures of gas hydrates are generally below 15-20 °C
[5]. In the gas hydrate structure, a water crystal cage is built by the hydrogen-bonded
water molecules (host molecules), whereas smaller molecules (guest molecules) are
entrapped in the water cages stabilizing the lattice structure [2]. Depending on the nature
and size of the guest molecules, hydrates can form one of the three repeating crystal

structures [1]: structure-I, structure-II, and structure-H.

" A clathrate compound is a chemical substance made of a lattice which traps or contains other molecules.
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Cavity types Hydrate structure Guest molecules
6 Methane, ethane,
carbon dioxide....
Water molecule ‘cage’ @ e
2 51262 Structure |

Propane, iso-butane,
natural gas....

Gas molecule
(e.g. methane)
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(@) (b)

Figure 2.1: Figure taken from [7]: (a) Water molecules form a cage-like structure and guest molecules (e.g.
methane) are contained in it. (b) The three common hydrate unit crystal structures. Nomenclature: 5262
indicates a water cage composed of 12 pentagonal and 2 hexagonal faces. The numbers in squares indicate
the number of cage types. For instance, the structure I unit crystal is composed of two 52 cages and six
51262 cages.

Light weight gas molecules of a size less than 0.6 nm form the structure-I hydrate.
Methane, ethane, carbon dioxide and hydrogen sulfide are examples of guest molecules
which can form structure-I hydrate. Note that the combination of methane and ethane can
form structure-II formed from larger molecules with sizes in the interval from 0.6 and 0.7
nm. These hydrates can be formed by propane, isobutane, etc. Gases with a molecular size
between 0.7 and 0.9 nm can form structure-H. Hydrocarbons such as cyclopentane and
Tetrahydrofuran (THF) are examples of structure-H hydrates [16]. Figure 2.1 shows these

three common unit crystal structures.

2.1.2. Kinetics of gas hydrate formation

The hydrate formation process is a stochastic phenomenon and it is analogous to the

crystallization process [17]. This process can be divided into two stages: hydrate

7



nucleation and hydrate growth. The hydrate nucleation is a microscopic stochastic
phenomenon where the gas-water clusters (nuclei) grow and disperse until some nuclei
grow to critical sized stable hydrate nuclei. Hydrate nucleation may occur spontaneously,
or it may be induced around impurities. After the nuclei are reached to a critical size, the
hydrate growth process begins. This process refers to the growth of stable hydrate nuclei

as solid hydrates.

The growth of gas hydrates are dependent on many factors such as the amount of the
hydrate former substance (guest molecules) and how the hydrate former substance is
dissolved in water. Therefore, the hydrate growth period may differ substantially
according to the thermodynamic and chemical conditions of hydrate formation. The
hydrate growth is an exothermic process. Therefore, the increase, decrease and
stabilization of the temperature during the hydrate formation provide the information of
kinetics and the thermodynamics of this process. Nevertheless, there is still little

knowledge of the dynamic process in hydrate growth during the formation process.

2.1.3. Physical properties and implications

Physical properties of hydrates are determining factors for their roles that they play in both
industry and the environment. Hydrates have a solid and non-flowing nature, and their
densities are higher than typical fluid hydrocarbons. Gas hydrates stabilize under certain
pressure and temperature conditions which can be met in deep seabed where oil and gas
pipelines are installed. In addition, in oil and gas wells there is always undesired water
along with hydrocarbons in the hydrate guest size, and this may lead to formation of gas

hydrates inside the pipelines.

The formation of gas hydrates inside the pipelines is an undesired event from one
perspective, because it may block or hinder the flow of oil and gas. The petroleum
industry tends to devise practical implications for flow assurance in oil and gas
transportation pipelines and the safety thereof. On the other hand, the fact that hydrates
concentrate their guest molecules results in a number of potential useful applications for

hydrates as well; e.g. energy can be recovered from in situ hydrates [18]; hydrates can be
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used for natural gas storage and transportation [19-21]; hydrates may be a factor in climate
change [22, 23]; it can be employed for water purification [24] and evaluation of water

desalination [25].

2.2. Capacitance sensors

Capacitive sensors are widely used for a large variety of measurement applications. They
can be used to sense a variety of physical variables directly e.g. motion, electric field,
chemical composition, and many other variables indirectly such as pressure, acceleration,
fluid level, and fluid composition, which relate to the motion or the dielectric constant

[26].

2.2.1. Fundamental principles

A capacitor is an electronic component which can store electric potential energy and
charge. A capacitor fundamentally consists of two electrical conductive electrodes isolated
from each other by a surrounding medium called a dielectric. By applying a potential
difference across the two electrodes, the capacitor is charged and both electrodes carry
equal but opposite amount of charges on the electrodes. The difference in the electric
potential V across the electrodes is proportional to the charge Q accumulated on the
capacitor, while the ratio of Q over V is a constant value called the capacitance C which is

measured in Farad [F]:

a
I
< Q

(D



By definition, the capacitance quantity will be always positive, and since the potential
difference increases with an increase in the stored charge, the Q/V ratio will be constant
for a given capacitor. In general form, the capacitance value depends on the electrode’s
geometrical arrangement, the distance between the electrodes and the permittivity of the

insulating material separating the charged electrodes (called the dielectric material).

Conducting plates

area A

\ / / Dielectric medium

ANV 4

Figure 2.2: A parallel plate capacitor.

The simplest form of a capacitor consists of two parallel metal plates across which a
potential difference is applied, as shown in Figure 2.2. For simplicity, in this section, the
basis of the capacitance measurement principle is explained using the parallel plate as an
example. The capacitance between two oppositely placed electrodes is given by the

expression [27]:

)

Il

™
>

(2)

Where A is the overlapping area between the two conducting plates, d is the distance
between the conducting plates, € is the permittivity of the surrounding medium.

Permittivity ¢ is calculated by:

£ = g 3)

where &, is the permittivity of free space (vacuum) of magnitude 8.854 X 10712 F/m and

&, 1s the relative permittivity (or dielectric constant) of the insulating dielectric material.
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2.2.2. Dielectrics

The term dielectric is usually used to signify materials with low conductivity and high
insulation characteristics. When a dielectric material is inserted between the conducting
plates of a capacitor, it increases the capacitance value by decreasing the potential
difference by a dimensionless factor &,, called the dielectric constant. Since the potential
difference between the plates is equal to the product of the electric field and the
conducting plates separation:

AV =E.d 4)

the electric field is also reduced by the factor &,.. Thus, if EO is the electric field with no

dielectric material, and E is the field in the presence of a dielectric, dielectrics cause the

electric field inside the capacitor to be reduced.:

s _ EO

E= . (5)
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Figure 2.3: Polarization of the dipoles by external electric field E,.

This is because the molecules of a dielectric material can get polarized. Dielectrics can be
subdivided into two types of polar and nonpolar. The molecules of a polar dielectric

material possess a permanent electric dipole in the absence of an electric field, e.g. water,
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whereas permanent electric dipoles are not present in a nonpolar dielectric material. In the
absence of an electric field, the dipoles are randomly orientated, as shown in Figure 2.3
(a). When the dielectric material is placed in an external electric field, as shown in Figure
2.3 (b), the dipoles get partially or fully aligned in the direction of the electrical field.
Consequently, induced charges are formed on the two sides of the dielectric, dependent on
whether the dielectric consists of polar or nonpolar molecules. The dipoles align
themselves in a way that an induced electric field is set up inside the dielectric opposite to
the direction of the external field. The induced electric field produced by the polarization
will therefore reduce the original electric field. The net result of the alignment of the
individual dipoles is the formation of equal positive and negative surface charge densities

o; on either sides of the dielectric material, as shown in Figure 2.3 (c).

Thus, the net electric field E in the dielectric has a magnitude given by Equation (6)

where E ; and EO are the induced and external electric fields, respectively:
E=E,—E (6)

The relationship between the external field EO and the free charge density o, on the

conductors of a parallel plate capacitor is given by the relation:

b=y (7)

The induced electric field in the dielectric is related to the induced charge density o;
through:
=2

Ay ®)

Therefore, the net electric field inside the capacitor decreases to:

Op

= )

& &

t11
Il

|

This drop in the net electric field can also be considered as a decrease in the charge

density:
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£ & & (10)

1
P =0 =( . )00 (11)

where P is the electrical polarization.

One aspect of the electric field that is defined solely by the free charge densities is called

the electric displacement D:
D=¢.6.E=¢.E+P (12)

When the frequency of external electric field is increased, the dipoles are not able to align
themselves with the electric field. At sufficiently high frequencies, the dipoles do not
contribute to the polarization any more leading to a gradual decrease in the permittivity
(permittivity dispersion) from low-frequency (static frequency) €, = &5 to high-frequency
& = &». This dispersion is characterized by a phase difference between the external
electric field and the displacement vector. Therefore, the ratio of displacement to the

electric field becomes a complex quantity:

D
T =8 = —jeNe (13)

where €* is the complex relative permittivity, and €’ and €’ are the dielectric constant and
dielectric loss, respectively. The presence of the phase difference between the electric
displacement and the electric field causes the absorption of energy by the system. When
the dielectric loss €', and thus, the phase difference is zero, the absorbed energy becomes
zero as well. The frequency, where the dielectric loss €” is at its maximum level, is called

the dispersion or relaxation frequency f;. The relaxation time is then defined as:

1
T (14

In the complex materials, several relaxation processes can take place. These relaxation

processes can be described by the empirical models such as Cole-Cole [28] and Debye
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[29]. Figure 2.4 shows the dielectric parameters, and the difference between a Cole-Cole

and Debye dispersion profile.

When considering a gas hydrate forming flow, three relaxation processes occur in the
dielectric spectrum of the gas hydrate formation process [12]. The first relaxation process
occurs in the low frequency region (kHz frequency range), and it is due to the dispersion
of gas hydrates. Other relaxation processes occurring at high frequencies are caused by the
polarization of the conductive water droplets in the flow. Therefore, by measuring the
frequency dependent permittivity, valuable information about the changes in the mixture

system and the formation of gas hydrates can be obtained.

€

log(f)

Figure 2.4: Dielectric relaxation process due to Debye model (solid line) and Cole-Cole model (dashed line)
[13].

In Figure 2.5, a model spectrum of a water/oil emulsion with gas hydrates is shown [13].
The low frequency dispersion around 100 kHz is the dielectric relaxation of gas hydrates.

The static permittivity value of the gas hydrate is equal to &, = 58.0.

14



50 .

40

T
1

20

10

T
1

0 £ L l!lllll- 1 A2 < cccf 1 [ e | 1 L !lt!ll.
10° 10° 10 10° 10°
Frequency (Hz)

4

Figure 2.5: A Model spectrum of an emulsion with gas hydrates [13].

2.2.3. Applications

Capacitive techniques electronically measure the capacitance between two or more
conductors, and have been applied to solve many different types of sensing and
measurement problems [26]. Capacitive touchscreen based on pressure sensing [30] is one
of the applications most related to people's life. Furthermore, capacitive techniques have
been employed in many areas such as micrometer development [31], proximity and
position sensing displacement measurement [32, 33] and materials characterization [34-

37].

A practical application of the capacitive technique is in the field of material dielectric
property characterization called dielectrometry, which yields the complex permittivity of a
test material by means of a capacitance sensor. Interdigital dielectrometry sensors, with

increased effective length and output capacitance between the electrodes have been used
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for dielectrometry measurements due to their interdigital structure. The interdigital
dielectrometry sensors have been applied in many fields such as material property
monitoring, humidity and moisture sensing, electrical insulation properties sensing,

monitoring of curing processes, chemical sensing, biosensing, etc [35, 36, 38-40].

Apart from interdigital dielectrometry sensors, other sensor configurations have been used
for defect characterization, sensing moisture content, temperature, aging process,
delamination, and inhomogeneities in dielectric materials. For instance, rectangular
capacitance sensors have been used to detect specific surface features in conductive
materials and ultrastructural features in dielectrics [41, 42]. In recent years cylindrical
geometry quasistatic dielectrometry sensors have been developed to measure the
permittivity of a dielectric plate [43]. Furthermore, rectangular coplanar capacitance
sensors with high sensitivity have been developed for detection of water intrusion in
composite structures [44] based on the fact that the presence of defects, for instance water,
cause the dielectric characteristics in composite structures to be changed, leading to
variations in the measured capacitance of the sensor. On the basis of a similar principle,
rectangular coplanar capacitance sensors have been applied for detecting damage in
laminated composite plates [45]. In addition, these techniques have even been used to

monitor the tissue cultures and thickness of biofilms [46].

Electrical capacitance tomography (ECT) is another application of capacitance techniques
that is employed for imaging cross sections of industrial processes containing dielectric
materials [47]. The principle is that the test piece permittivity distribution and hence the
material distribution over a cross section can be determined through image reconstruction.
An application for ECT is identification of the flow pattern in oil and gas pipelines [48,
49].

Capacitance measurement techniques have also been widely investigated in the oil and gas
industry to measure the distance, liquid level, speed and phase percentage of the
multiphase flow in pipelines [50-53]. Capacitance sensors have been utilized in measuring
the water content of crude oil since these sensors are sensitive to the existence of water

due to its high permittivity [54-56]. So far, capacitance sensors have been only used for

16



homogeneous mixtures of water and oil due to the dependence of this technique on the
distribution of the components in the mixture (flow regime) being monitored. For
example, the calibration curve required for an annular flow would be different from that
required for a bubble flow. It is, however, possible to deal with the flow regime
dependency by various approaches. For example, if the sensor is installed on a specific
location of the pipeline, e.g. after a bend, natural mixing of the flow produces a
homogenous flow regime [57]. Employing helical shaped surface plate electrodes based
on 180° twisted electrostatic field or rotating electric fields is an alternative approach to
reduce the effect of flow regime dependency [58-60]. Another approach is to use multiple
electrodes with sensitivity to different regions of the cross-section, and through that

correct for flow regime changes [61].

2.2.4. Challenges

Capacitance sensor technology is widely used in the industry as it is inherently simple,
robust, low cost, and has a faster dynamic response than many other types of sensors. In
addition, accurate electronics for the capacitance sensors are currently available, and they
are noise immune. However, capacitance techniques suffer from two important
limitations: they are flow regime dependent and cannot be used over the full component

fraction range.

If capacitance techniques are used for component fraction measurement, then the
calibration of a capacitance component fraction meter is dependent on the flow regime of
the flow being monitored. Therefore, these techniques cannot be used in applications
where the flow regime is unknown or unstable. Nonetheless, even if the capacitance
technique is flow regime dependent, it can still be used for the measurement of

homogeneously mixed flows.

The other limitation which capacitance techniques face is that they cannot be used over
the full component fraction range of an oil/water mixture. This implies that the

capacitance sensor domain is insensitive to conducting liquids between the electrodes at
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low excitation frequencies. Consequently, in order to conduct a capacitance measurement,
it is generally required to use a non-conducting substance or liquid in the measurement
volume. For instance, once the water emerges as the continuous phase in the oil and gas
pipes, the electrical field inside the sensor becomes short circuited by the conducting ions
in the water, rendering the capacitance sensor insensitive to the measured parameter. The
short circuiting occurs at excitation frequencies below approximately 1 GHz. To have a
better understanding of how this occurs, it is useful to model the capacitance sensor as an
equivalent circuit as shown in Figure 2.6 [59]. In this figure, it is assumed that the
capacitance sensor is formed from two electrodes which are curved to fit the outer pipe
diameter of an insulated test section in which a mixture is flowing. The mixture is
assumed to be an oil/water mixture with the oil as its continuous phase, and it can be
modeled as a capacitance C,, (of pure imaginary impedance 1/jwC) and a resistance R,,
(of real impedance R) in parallel. Gy, and Cp,, represent the resultant pipe wall
capacitances. Using this equivalent circuit for the sensor, the measured capacitance and

equivalent parallel resistance will be [59]:

Figure 2.6: Equivalent circuit diagram of a capacitance sensor.
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Here, w = 2nf where f is the excitation frequency of the capacitance sensor and Cy,, =

1 1
> prl =3 prz-

We can see from Equation (15) that the effective capacitance C, is dependent both on the
excitation frequency w and on the resistance R,,of the mixture. Equation (15) also shows
that the sensitivity of the sensor will increase with increasing electrode/bulk capacitance
(Cow) but decrease with decreasing bulk resistance R,,. In addition, in practical
applications, Equation (15) is always fulfilled, and a typical behavior shown in Figure 2.7
is generally anticipated. As can be seen from this figure, for a well-mixed mixture of
North Sea crude oil and water, a transition where the oil/water mixture shifts from oil
continuous to being water continuous i.e., to the percolation point will occur at 78-80%

water fraction.

In general, a homogeneous water/oil mixture is typically oil-continuous up to water
fractions of 40% - 80%. The appearance of the percolation point will be dependent on
many factors including the conductivity, i.e. the salinity of the flowing mixture,
temperature, pressure, degree of mixing and the content of hydrocarbon components, e.g.

78-80% for typical North Sea crude oil [59].
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Figure 2.7: Effective capacitance per unit length of a surface plate capacitance sensor as a function of the

water fraction B of a well-mixed mixture of North Sea crude oil and water [59].

We have so far assumed that the oil is the continuous phase in the oil/water mixture. If the
water is the continuous component in the oil/water mixture, and the conductivity of the
water is much larger than the conductivity of the oil g,, > g,;;, the current through the
two elements of the equivalent circuit in Figure 2.6 will be equal when:

1 1

Wc Cm

The mixture can be modeled as a slab of cross section area A and length L, such that:

p _PL_ L
mTA T g, A (18)
e A
Cm =1~ (19)
which means that:
1 Ow
©¢ T Rl & (20)

where w, is the critical frequency.
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If the capacitance sensor excitation frequency is significantly lower than the critical

frequency w,, i.e., W, K :—W, a short circuiting effect will occur caused by the conductive

w

water. When this happens, the only contribution to the capacitance measurement of the
sensor will be solely the pipe wall capacitances C,,,1and C,,,, and thus a constant value is

measured even if the water volume fraction f varies (See Figure 2.7).

The conductivity of the sea water from North is approximately 5 S/m. Assuming that the

relative permittivity of the same component is 80, we have:

Oy 5
© 2meye, 2m X 8.85 % 10712 x 80

= 1. X Z = 1. Z
3 112 % 10° Hz = 112 GH 0

This means that when the oil/water mixture is water continuous, we have to operate at
frequencies larger than approximately 1 GHz, which is not feasible for practical systems.
For instance, a 100 kHz capacitance sensor will be insensitive to measurements of the
oil/water mixture beyond the percolation point. Intrusive capacitance electrodes can fail to
function before that point since local water collections will act as short circuiting paths
between the electrodes. The issues relating to water continuous phase for the capacitance
sensors can be problematic in horizontal pipe flows, since the water and the oil
components tend to become separated due to the gravitational forces acting on the flowing
liquid. Therefore, the capacitance sensors may become short circuited for only a few

percent of water.

It can be concluded from this section that the capacitance sensor system can only measure
the water fractions in oil up until the percolation point. It implies that the technique can
sometimes be used for mixtures with water fractions of up to 80% (Figure 2.7). However,
as mentioned before, the point at which a flow will shift from an oil or gas continuous to
water continuous mixture is not stable. Adding corrosion inhibitors to the flow can even
cause problems since they will lower the water fraction at which a flow becomes water

continuous.
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3. Design, Optimization and Construction of the

Capacitive Sensor

3.1. Computer modeling of the capacitive sensor

Computer modeling can be used as an efficient way to test the functionality of a device
under various operating conditions. Building a prototype can be costly and also take a long
time. Computer models can be a cost effective alternative for determining if a device will
function as predicted in theory. It is also possible to evaluate many different designs by

modeling them in order to find the most appropriate design prior to building the device.

In this thesis, computer modeling is used in order to find an optimized capacitance sensor
configuration for reliable identification of the gas hydrate formation. This will be
determined by investigating the different sensor parameters including electrode position,

electrode dimensions, and pipe configuration.

In this thesis, the design criteria of the capacitance sensor for identification of the gas

hydrate formation can be defined as follows:

o The capacitance sensor should perform high sensitivity measurements where a
small change in the dielectric material (gas hydrate formation in emulsions) leads
to a large change in the measured parameter (capacitance).

o For a mixture of water and oil, the capacitance sensor should be applicable to
measuring the permittivity over the whole range of 0-100% water.

o The capacitance sensor should be able to measure the bulk permittivity of the

dielectric material (gas hydrate).

In this chapter, first, the Finite Element method (FEM) for modeling the capacitive

measurement system is described in Sections 3.2 and 3.3. Then, the implementation of a
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capacitive sensor by COMSOL Multiphysics simulation tool is presented in Section 3.4.
This implementation is used to determine an appropriate sensor configuration design
described in Section 3.5. In order to verify the implemented capacitance sensor model, an
experimental setup of the sensor configuration is constructed. The construction details are
presented in Section 3.6. Finally, the experimental setup is used to verify the implemented

model in Section 3.7.

3.2.  The finite element method

In this thesis the capacitive measurement sensor consists of two curved electrode plates
which are mounted on the external wall of a cylindrical pipe (see Figure 3.1). The
boundary conditions are such that one electrode is at zero potential, whereas the other
electrode is kept at a non-zero potential. The electric potential distribution at any point
between the two electrodes is governed by Laplace’s equation [62]:

62V+62_V o%v
2

2 _9gVv gy _
VV=rztnitaz=0 (22)

Solving the above equation for this capacitive sensor geometry and its boundary
conditions is not simple, and in practice it is calculated numerically. For this reason,
applying a numerical technique, for instance the Finite Element Method (FEM), will be an
appropriate way to perform the calculations and thereby to find the electric field

distribution.

The Finite Element Method (FEM) approximates solutions to the partial differential
equations by dividing a complicated model into a number of smaller model elements,
solving the partial differential equations for these smaller model elements, and finally

integrating the solutions of these [63].

FEM simulations can be implemented using various software tools such as COMSOL
Multiphysics [64] which will be used for finite element analysis in this thesis. COMSOL

Multiphysics is an interactive physics solver and simulation software that performs the

23



modeling and simulation of any physical phenomena in a way that is quite simple to

implement [65].

3.3. Governing equations

The challenge of electromagnetic analysis on a macroscopic level is that of solving
Maxwell’s equations subject to certain boundary conditions. The equations can be
formulated in either differential or integral form. Since FEM can handle differential

equations, the differential form of Maxwell’s equations is as follows:

VxXH= +8D

0B
VXE:_E (24)
V.D = P (25)

The first two equations are referred to as Maxwell-Ampére’s law and Faraday’s law.
Equation (25) and (26) are two forms of Gauss’ law: electric and magnetic, respectively.
The respective quantities are: Electric field intensity E [V /m], electric displacement or
electric flux density D [C / m?], magnetic field intensity H [A/m], magnetic flux density
B [T], electric charge density p [C] and current density J [A / m?] [66].

The equations governing the capacitive sensor model are based on the following

assumptions [67]:

1. The material inside the capacitive measurement sensor is assumed to be linear and

isotropic:
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J=oE 27)

D = gye,E = €¢E (28)
2. It is also assumed that the magnetic flux density can be ignored and hence:
VXE=0 (29)

By considering these initial assumptions, the electric form of Gauss’ law can be written as:

p=V.D =¢geV.E (30)
Knowing that the electric field intensity can be written as the gradient of a scalar potential

E = —VV, where V is the electrical potential distribution, the equation becomes:

p=V.D =¢€4€,V.E = —€4€,V.VV = —€,€,V?V (31)

This is called Poisson’s equation [68]:

pP
€Eo€r

=2V (32)

Poisson’s equation is what needs to be solved when the Electrostatics (es) interface of the

AC/DC module is selected in COMSOL Multiphysics.

When there is a dielectric material inside the sensing region of the capacitive sensor, the
electric charge density is zero p = 0, and Poisson’s equation reduces to Laplace’s

equation:
72V =0 (33)

The COMSOL Multiphysics simulation provides an approximation to the potential
distribution V within the sensor at a finite number of points corresponding to the nodes of

the tetrahedral mesh that is normally used in the finite element method [69].

In this way, the potential distribution within the sensor and subsequently, the electric field

intensity E = —VV for any position in the model can be determined. Knowing the electric
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field intensity, the energy stored in the electric field between the capacitor plates can be

calculated by solving the following integral in COMSOL Multiphysics

Wetored = f D.EdV (34)

Where Wg;eq [J] s the stored electric energy between the capacitor electrodes. Knowing

the stored electric energy, the sensor capacitance can be computed as follows

1 2.
Wstorea = SCV2 - C = Stgred (35)
2 %

Where C [F] is the sensor capacitance, and V [V] is the potential distribution across the

capacitor terminals.

3.4. Model implementation

3.4.1. Introduction

In this section, a COMSOL Multiphysics model of a capacitive sensor is developed in
order to find the optimum sensor configuration. The design process for the capacitive

sensor model consists of the following steps:

1. Definition of the model geometry

2. Assignment of model materials and their properties

3. Definition of the boundary conditions

4. Generating a proper mesh

5. Determining the field distribution

6. Using the post processing capabilities of COMSOL Multiphysics to compute the

capacitance of the sensor
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Figure 3.1: (a) capacitive sensor model schematic diagram where, for simplicity, the earthed screen is not

illustrated (b) Cross sectional view of the sensor model. Red circle represents the outer screen.

3.4.2. Geometry

Figure 3.1 shows the configuration of the capacitive sensor model, which consists of two
identical curved electrode plates mounted to the exterior of a cylindrical pipe wall. The
electrodes have the same curvature as the cylindrical pipe, and the pipe is filled with a
dielectric material. An earthed outer screen surrounds the cylindrical pipe in order to
protect the capacitive sensor from external electrical interference. The space between the
electrodes and the screen can be filled with an insulating material, although in many cases

this space is occupied by air [70].

The capacitance between the two electrodes is dependent on both the dielectric properties
of the material inside the pipe and geometric properties of the capacitive sensor. The
geometric properties include the thickness and diametr of the cylindrical pipe wall and
dimension of the curved electrodes. The electrode configuration offers a non-destructive
and non-intrusive way of electrostatic field generation across the electrodes, compared to
the commonly used intrusive capacitive sensors using electrode plates mounted on the
inside of the pipe wall. These internal electrodes increase the sensitivity of the capacitive
sensor since they are exposed directly to the dielectric material. They do, however, suffer

disadvantages like contamination caused by the flowing medium and erosion. In Figure
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3.1 the general capacitance sensor model in which the cylindrical pipe and the electrode

can take various radii, is considered.

Table 3.1: Geometric parameters of the sensor model

Parameter Expression
Pipe radius T3

Pipe height h

Pipe wall thickness T, — T3
Electrode radius 7

Electrode length )

Electrode width w

Electrode arc angle 0

Screen radius Ty

Table 3.1 represents the geometric parameters of the capacitive sensor model. During the
simulation, these are the parameters whose values are varied in order to optimize the

capacitive sensor model.

3.4.3. Material

The material distributions applied to the simulated model are chosen to be the same as the
material distributions in the experimental setup in order to enable verification. The
electrical properties of different dielectric materials which are used to fill the cylindrical

pipe are given in Table 3.2.
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Table 3.2: Relative permittivity (&) and electrical conductivity (o) of different dielectric materials at 20 °C.

Material Es o [S/m] Reference
Air 1 0 [71]
Distilled water 80 0 [71]
Ethanol/Water x,2 = 0.22 55.2 0 [72]
Ethanol/Water x, = 0.36 45.2 0 [72]
Ethanol/Water x, = 0.54 36.2 0 [72]
Ethanol/Water x, = 0.76 29.8 0 [72]
3.4.4. Meshing

When performing a simulation in COMSOL Multiphysics, the mesh settings determine the
resolution of the finite element mesh used to discretize the model. The finite element
method divides the model into small elements of geometrically simple shapes. Since the
capacitive sensor model is a 3D model, a free tetrahedral shape is chosen. A finer mesh
size than the suggested default setting is defined in order to have a more accurate result.
To ensure the accuracy of the mesh, a convergence analysis is conducted such that the
model gets solved iteratively on progressively finer meshes until it is seen that the
variation in the solution becomes insignificant. Finally, a refined mesh is selected with
maximum and minimum tetrahedral sizes of 1 mm and 0.05 mm, respectively. This leads
to a model with an appropriately distributed mesh which consists of about 6 x 10°

tetrahedral elements. A 2D plot of the COMSOL-generated mesh is shown Figure 3.2.

2 X, is the applied mole fraction of ethanol in the ethanol/water mixture.
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Figure 3.2: 2D tetrahedral mesh plot of the capacitive sensor model. The region of surrounding
air and the grounded screen together with the cylindrical pipe is shown in this figure. To get a
better view, some of the boundaries are hidden.

3.4.5. Electrical field distribution

The simulation result for the potential distribution and electric field when one electrode is
excited (with the excitation frequency of w = 20 kHz) and the other electrode together
with the outer screen is kept at ground potential is shown in Figure 3.3. The color gradient
represents the electric potential distribution at various regions inside the capacitive sensor
while the arrows represent the orientation of the electric field. As expected, there is no

electric potential outside the grounded screen.

3.4.6. Post-processing

The COMSOL Multiphysics post-processing feature enables the sensor capacitance to be
calculated. As discussed in section 3.3, the capacitance can be computed from the stored

electric energy which is given by equation (35).

In the following section the post-processing feature is used to calculate the sensor
capacitance as a function of various sensor parameters in order to optimize the capacitive

sensor model.
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Figure 3.3: 2D potential and electric field distribution of the capacitive sensor.

3.5.  Optimization of the sensor model

Optimization of the sensor model is performed by investigating the dependence of the
output capacitance on sensor configuration. In order to do this, the effect of electrode
configuration and pipe geometry on the sensor output capacitance are investigated in the

following sections.

3.5.1. Electrode configuration

This section investigates the dependence of sensor capacitance on the electrode
configuration by means of COMSOL Multiphysics solver. The investigated parameters
include the electrode length 1 and the arc angle 6.

The geometric parameters of the cylindrical pipe in the COMSOL Multiphysics model are
shown in Table 3.3. The radius, height, and thickness of the cylindrical pipe are chosen for
practical reasons. It is assumed that the electrodes are placed on the external wall of the

cylindrical pipe i.e. r; = r,. By varying the electrode length 1 and the arc angle 0 (see
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Figure 3.4: Simulated capacitance C as a function of electrode length 1 and arc angle 6.

Figure 3.1) the capacitance C can be plotted as a function of the electrode configuration

(Figure 3.4).

Table 3.3: Specification of the cylindrical pipe.

Radius r3 [mm] 40

Height h [mm] 325

Thickness 1, — r3[mm] 5

Building material Plexiglass (¢ = 2.7)
Filling material Empty (¢ = 1)

Figure 3.4 shows a positive linear relationship between the capacitance C and the
electrode length 1 for a constant electrode arc angle 6, whereas for a constant electrode
length 1, the capacitance C increases very quickly and approaches infinity as the electrode

arc angle 6 tends to 180°.
The reason for this trend is that the charge density on the electrodes increases towards the

edges and becomes infinite at the edges of the two electrodes [73]. When the arc angle 0

gets close to 180°, the edges of the electrodes are moved closer together. Accordingly, the
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gap between the two electrodes becomes very small, and thus the capacitance C tends to
increase towards infinity. From Figure 3.4 it can be concluded that the maximum output
capacitance can be achieved when the arc angle 0 and the length 1 of the electrodes are as

large as practically possible.

As mentioned before, one of the design criteria for the capacitance sensor is to have a
sensitive sensor for detecting small permittivity changes of gas hydrate formation over the
bulk of the flow under test. In addition, it is known that the gas hydrate formation is not
always a homogeneous process, and it takes place in a form of hydrate clusters distributed
over the flow. The simulation on the electrode length reveals that the longer the electrode
length, the more sensitive the sensor to small changes in the permittivity of the bulk is.
However, using too long electrodes can have a disadvantage of yielding the averaged
capacitance measurements, and the sensor will not be able to detect all changes due to the
hydrate formation. Therefore, we need to make a compromise on the electrode length to

ensure an appropriate sensor configuration.

Peng et al. [74] investigated the impact of the electrodes’ length on the sensitivity
distribution in an electric capacitance tomography (ECT) sensor. The sensitivity
distribution is one of the key elements for image reconstruction in the ECT sensor, which
establishes the relationship between the capacitance measurements and the permittivity
distribution. They showed that the sensitivity becomes higher while the length of the
electrodes increases. They also showed that if the electrodes are too short (shorter than the
characteristic size of the ECT sensor), the sensitivity will be too low. In this paper, it was
suggested that the optimal length of the electrodes is when 1| is the same as the
characteristic size of the ECT sensor, which is the diameter of the inner pipe wall for a
cylindrical sensor. Since the optimization criterion in this paper was the sensitivity of the
sensor in detecting the permittivity distribution, their suggestion on the electrode length
can be a good compromise for our sensor configuration. Therefore, the electrode length 1

can be set to 80 mm, which is equal to the inner cylindrical pipe diameter (see Table 3.3).

As mentioned earlier, the capacitance C increases dramatically as 0 increases towards

180°. This means that larger values of 6 will lead to higher sensitivity. However, when 0
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becomes very large, the gap between the electrodes begins to lessen, and consequently the
electrostatic field penetration into the dielectric material inside the pipe decreases. To
avoid the field penetration issue on one hand, and to achieve a high sensitivity on the other
hand, 8 = 165° can be selected as the capacitive sensor arc angle. The reason for this is

that 8 = 165° is the angle at which the capacitance starts to increase more rapidly (see

Figure 3.4).

3.5.2. Pipe geometry

In this section the dependence of the sensor output capacitance on the pipe geometry is
investigated by means of the COMSOL Multiphysics solver. The investigated parameters

include the pipe thickness and its diameter.

In order to perform the simulation, the geometric parameters of the electrodes need to be
specified. According to Table 3.4 the resultant values discussed in section 3.5.1 are
selected as the values of the electrodes’ length and arc angle. It is assumed that during the

simulation, both electrodes have a constant radius of 7y, and it is also assumed that the

pipe is (¢ = 1).

Table 3.4: Specification of the arc electrodes.

Radius r; [mm] 45
Arc angle 6 165°
Length [ [mm] 80
. 2m.0
Width —— X r; [mm] 130
180

By varying the pipe diameter and its thickness, the sensor output capacitance can be
plotted as a function of the pipe geometry. The diameter and thickness variations are
represented by the difference r; —r, (while r; remains constant), and the difference

T, — 13, respectively (see Figure 3.5).
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Figure 3.5: Simulated capacitance C as a function of the pipe thickness (r, — 13) and diameter (r; — 1)

(while r; remains constant).

It is seen from Figure 3.5 that for a constant thickness, i.e. constant difference r, — 3, the
sensor output capacitance increases as the difference r; —r, (the gap between the
electrodes and external wall of the pipe) decreases, especially when this difference goes
toward zero. Figure 3.5 implies that during measurements with a capacitive sensor whose
electrodes have the same radius as the pipe, the presence of small air gaps between the
electrodes and the external wall of the pipe will contribute a systematic error in the
measured capacitance C. Therefore, in order to minimize the systematic error due to air
gaps between the electrodes and the pipe wall, the electrodes must be in tight surface

contact with the pipe wall [75].

Moreover, it is observed from Figure 3.5 that decreasing the difference 1, — 13 leads to an
increase in the sensor capacitance for any constant r; — r,. When the difference r; — 1,
tends to zero, the sensor capacitance grows faster as the difference r, — 3 decreases. The
reason for this trend is that the computed sensor capacitance of each electrode is actually
the series capacitance of the pipe wall capacitances C,, and the internal capacitance
C, which is solely related to the dielectric material inside the pipe [76]. When the

difference 1, — 13 or, in other words, the pipe wall thickness decreases, the influence of
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C,, on the computed sensor capacitance is mitigated, and the distance between the sensor
electrodes and the dielectric material inside the pipe decreases as well. Whenr; —r, = 0,
the computed sensor capacitance tends to infinity as r, — 73 approaches zero, since there is
no longer a gap between the electrodes and the dielectric material inside the pipe. In
practice, the pipe wall thickness r, — r3 is always fixed. Therefore, it is essential to keep

the difference r; — r, close to zero to achieve a high sensitivity.

3.5.3. Critical height

It is apparent that for a vertical capacitance sensor, such as the one utilized in this thesis,
the dielectric material level should be at least equal to the height of the electrodes.
However, to suppress the edge effect’ on the upper/lower ends of the electrodes, an
additional amount of the dielectric material is added to increase the dielectric level up to a
critical value. The critical value of dielectric level is where the capacitance becomes

independent of the dielectric level variation.

The critical value can be calculated via COMSOL simulations. For this purpose, the
electrodes of length 1=80 mm are assumed to be located at 40 mm above the bottom of the
cylindrical pipe. It is also assumed that the capacitance sensor is filled by water as a
dielectric material up to 120 mm (the same as the height of the electrodes’ upper edge).
The capacitance variation of the sensor is then computed and plotted as the dielectric level
increases. As the dielectric level passes a critical value, the capacitance curve gets
saturated at a fixed value. As Figure 3.6 shows, this critical value is equal to 170 mm. This
implies that the dielectric level should be at least 50 mm beyond the electrodes’ edges at
either end of the sensor. This conclusion will be taken into account to the experimental

setup configuration used in Chapter 4.

7 Deformation of the electric field lines which is a function of the dielectric permittivity and by the effect of
the edges of the electrodes. The edge effect causes the electric field to increase in the edges of the electrodes.
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Figure 3.6: Computed capacitance as a function of dielectric material level of height in the capacitance
sensor model.

3.5.4. Guard electrodes issues

One of the problems associated with capacitance measurements is the so-called fringing of
the electric field (edge effect of the electrodes) [26].The fringing effect occurs when the
electric field lines tend to spread out near the edge of the electrodes, which results in a
non-uniform electric field at the edges. If the fringe effect does not occur i.e. the capacitor
is an ideal sensor, the capacitance value can be readily calculated by Equation (2),
assuming a simple parallel plate capacitor. By applying the guard electrodes on non-ideal
capacitors, the electric field distribution between the two electrodes remain uniform, and

thus, the Equation (2) is applicable to calculate the capacitance value.

The structure of a parallel plate capacitor with guard electrodes is shown in Figure 3.7. As
is shown in this figure, if the guard electrodes are kept at the same potential as the sensing
electrode but electrically insulated from it, the influence of the fringe field will be

eliminated.

In this thesis, it is not intended to use a theoretical equation when measuring the
capacitance. Instead, a calibration procedure will be performed (see Section 4.2.1).

Therefore, it is not needed to use the guard electrodes to deal with the fringing effect.
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Figure 3.7: Parallel plate capacitance sensor with guard electrodes.

3.6. Construction of the capacitive sensor

So far, modeling a curved-electrode capacitance sensor was explained. The aim of
modeling was to find an appropriate sensor configuration design, in order to construct an
experimental capacitance sensor setup (Figure 3.8). This experimental setup will then be

utilized for permittivity measurements of gas hydrates.

3.6.1. Fundamental elements

Fabrication of the capacitive sensor was carried out at the mechanical workshop, the
Department of Physics and Technology, University of Bergen. The capacitive sensor setup
comprises two identical conducting curved electrodes mounted on the outside of a non-
conductive pipe, surrounded by an electrical screen. The electrodes were made of a
flexible and self-adhesive copper tape (3M™ 1126 Tape) with a width and thickness of
76.2 mm and 0.088mm, respectively, which could be cut to any desired length to conform
to the simulated results. A photograph of the experimental setup is shown in Figure 3.8.

The sensor setup design characteristics are listed in Table 3.5.
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Table 3.5: Characteristics of the sensor setup design.

Length of electrodes:

Electrode angle:

Width of electrodes:

Distance from bottom of pipe to electrode lower edge
Distance from centre of pipe to screen:

Distance from centre of pipe to pipe wall:

Distance from the pipe wall to screen:

Pipe wall thickness:

Dielectric constant of pipe wall (Plexiglass):

Screen thickness:

Guard electrodes used:

80 mm
165°
130 mm
50 mm
120mm
45 mm
75 mm
5 mm
2.7

I mm

None

Cylindrical pipe

A

Figure 3.8: Photograph of the experimental setup.
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According to the electrodes’ specification (Table 3.5), a pair of 80130 cm copper tape
strips were cut and glued onto the outer surface of a cylindrical pipe (see Figure 3.8). The

copper electrodes were aligned carefully so that:

e the upper and lower edges of the two electrodes were at the same height
e the vertical edges of both electrodes were parallel with each other

e the two vertical gaps between the two electrodes were of the same size.

As concluded in Section 3.5.2, the air gaps between the electrodes and the pipe wall can
cause a systematic error in the capacitance measurement. For this reason, in gluing the

copper strips to the pipe walls air gaps were minimized.

The cylindrical pipe was made of plexiglass and a drainage valve was mounted at the

bottom to allow easy emptying of the pipe.

An aluminum cylinder box surrounding the pipe was added as an external screen in order
to minimize the effects of external electrical interference and standing capacitance. The
screen radius was selected to be three times the radius of the electrodes. The reason for
such a selection is that if the screen radius is not sufficiently large compared to the sensor
radius, the stray capacitance introduced between the electrodes and the earthed screen can

be coupled with the capacitive effect through the sensing region of the capacitance sensor.

3.6.2. Connections

As will be explained in the next chapter, an impedance measurement instrument
(impedance analyzer) is used for measuring the capacitance C between the electrode
plates. To measure the capacitance by means of the impedance instrument, a voltage
difference needs to be applied across the electrodes such that one electrode (sensing
electrode) is grounded and the other electrode (excitation electrode) is kept at a non-zero

voltage. Moreover, the external screen must be grounded to act as an electrical shield.

In order to connect the impedance analyzer to the capacitive sensor, two BNC plugs are

mounted on opposite sides of the external screen wall.
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One of the BNC plugs (isolated) is connected to the excitation electrode through its centre
contact by a soldered copper wire on one side, and to the high voltage terminal of the

impedance analyzer by a coaxial cable on the other side.

The other BNC plug (with no insulation in the centre) is connected to the sensing
electrode by a soldered copper wire on one side, and to the low voltage terminal (ground)
of the impedance analyzer by coaxial cable on the other side. Since a BNC plug without
insulation is used, the external screen is also connected to the low voltage terminal

(ground).

3.7. Verification of the simulation model

To determine if the sensor model can be an acceptable representation of a real sensor, the
validity of the sensor model should be first verified. To verify the model, the simulated
results should be compared with the experimental values obtained from the experimental
setup. If the simulation results are in a reasonable agreement with the experimental data, it
implies that the obtained configurations can be reliable and valid in practice. To do so, an
experimental capacitance sensor setup is constructed to match a sensor configuration used
in a sensor simulation (the construction of capacitance sensor setup was explained in
Section 3.6). Then, the capacitances of a number of dielectric materials of known
permittivity are determined using both the sensor model in the COMSOL Multiphysics
environment and the experimental setup. The results are plotted in Figure 3.9. In this
Figure, the experimental and simulated results are shown as the difference between the
capacitance of the reference samples (€) and the capacitance of the empty sensor (Cy;;-).

The difference between the simulated and experimental capacitance of the empty sensor

are (Csimulation - Cexperiment)air =4.5 pF-
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Figure 3.9: Measured and simulated differential capacitance of reference samples as a function of
permittivity. The vertical axis shows the difference between the capacitance of reference samples and the
empty sensor capacitance for both the experimental and simulated results.

Comparing the simulated and experimental capacitance in Figure 3.9 shows a good trend
with an offset which can be due to existence of parasitic capacitances that appear in some
circuit parts and influence or alter the true capacitance measurement. There are different
sources of parasitic capacitances in series or in parallel with the measured capacitance
which are inevitable, even though the capacitance measuring instrument is stray-immune.
These sources can be parasitic capacitance between the capacitance sensor electrodes and
the grounded external screen, parasitic capacitance of the coaxial cables that transport the
electrical signals or parasitic capacitance of the CMOS keys [77]. By assuming that the
deviation of the experimental from simulation results can be attributed to the existence of
parasitic sources, it can be concluded that the simulation and the experiment are in a good
agreement. Therefore, the experimental setup constructed based on the configuration
derived from simulation can be reliable for performing further measurements in the

following chapters.
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4. Experimental Setup and Procedure

This chapter mainly focuses on two parts: First, the overall hydrate forming experimental
process will be explained. Second, the apparatus and experimental procedures of

permittivity measurements during hydrate formation will be described thoroughly.

4.1. Preparation of hydrate forming emulsions

In order to perform permittivity measurements in water/oil emulsions with gas hydrates,
hydrate forming emulsions need to be made first. To make the emulsions, Cyclopentane
(CsHq1g) was chosen as an appropriate hydrate former serving as the oil phase of the
emulsions. The reason for choosing Cyclopentane (here-after CP) is that it forms structure
IT hydrates at atmospheric pressure with hydrate formation equilibrium temperature of
about 7 °C [78, 79]. Therefore, working with high pressure equipment and flammable
gases is avoided. Because CP forms the structure-II hydrates [80] usually encountered in

petroleum fields, CP hydrates serve as a good atmospheric model in hydrate related

studies [79, 81-83].

In this thesis, the intention was to study two water-oil emulsions with different phase
fractions: (1) an emulsion with f=70% water fraction and (2) an emulsion with f=40%
water fraction prepared by adding Span80 (1.0% volume of the mixture) as the emulsifier
for stabilization of the mixture. It should be noted here that as explained in Section 2.2 .4,
the capacitance sensor setup will not work for water continuous emulsions due to the short
circuiting effect of sensor electrodes in the presence of any conductivity in the water
phase. Therefore, distilled water was used for making the emulsions. Table 4.1 lists the

specification of the hydrate forming emulsions used in this thesis.
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Table 4.1: Specification of hydrate forming cyclopentane/water emulsions.

Composition (% on volume basis)

Sample
Cyclopentane Water Span80
no.
i 30 70 -
ii 59.5 39.5 1

On the basis of the sensor design outlined in Section 3.5.3, 800 ml of emulsion was
required to fill the cylindrical vessel above the upper edge of electrodes. By adding the
corresponding proportion of distilled water and CP (for instance in the case of 70% water-
in-oil emulsion: 560 ml distilled water and 240 ml CP), and continuously stirring the
resulting mixture, a homogeneous emulsion was obtained. For making the oil continuous
emulsion, it was necessary to mix Span80 with CP first, and then add distilled water to the
mixture in order to obtain a homogeneous emulsion. Formation of CP hydrate can take
place if the emulsion is kept at a suitably sub-cooled temperature. Since the equilibrium
temperature for CP hydrate formation is about 7 °C at atmospheric pressure [78], the
emulsion should be cooled down below this temperature. On the other hand, the
temperature of the emulsion should be kept at positive temperatures, because existence of
the liquid phase of water in the emulsion is a basic requirement for CP hydrate formation.
Accordingly, the temperature of the emulsions was maintained at 3 °C at the beginning of
the experiments. Because it is difficult to initiate CP hydrate formation without adding a
promoter (such as ice, rust, chalk, clay etc.) [84] within a time frame of 24 hours, a small
piece of distilled water ice was made and kept in freezer to be added to the emulsion later

on to trigger CP hydrate formation.

Having described the preparation of CP hydrate emulsions, the next section will describe
the apparatus and experimental procedures employed for permittivity measurements

during CP hydrate formation.
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4.2. Instrumentation and data acquisition

The experimental work was carried out in the chemistry laboratory at Christian Michelsen
Research (CMR). The experimental apparatus used for monitoring permittivity changes
during CP hydrate formation is shown in Figure 4.1. The main equipment employed in the

experiments consists of:

o A curved electrode capacitance sensor (Chapter 3)
o Two thermocouples (Type-K NiAI/NiCr )

o Temperature chamber (WTB Binder)

o Magnetic stirrer (Franz Morat R16)

o Impedance analyzer (Agilent HP 4192A LF)

o Laptop (Dell Latitude E5500)

To monitor the formation of CP hydrates, the variations of two parameters, capacitance C

and temperature T, of the hydrate forming emulsions need to be monitored.

To do so, the cylindrical vessel of the capacitance sensor was filled with the hydrate

forming emulsion in order to perform capacitance measurements.

An impedance analyzer was employed to measure the capacitance between the two
electrodes of the capacitance sensor. The measured data were transferred into an external
PC via an Ethernet (LAN) interface for further analysis including data post-processing
using MATLAB. The impedance analyzer operating frequency was set at 20, 120, 220,
320, 420, 520, 620 and 720 kHz to cover the kHz frequency range. A Python software
code was used for data acquisition between the impedance analyzer and the external PC
such that the capacitance C was measured and recorded at the specified frequencies every

15 seconds.
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Figure 4.1: (a) Photograph of the experimental apparatus used for monitoring CP hydrate formation. The
capacitance sensor is placed inside the temperature cabinet to control its temperature. The temperature
thermocouples and the coaxial connections between the analyzer and the sensor are inserted inside the
cabinet via a hole in its wall. (b) Photograph of the capacitance sensor and the mixer inside the temperature
cabinet. In this figure, the outer screen of the sensor is only visible. (c) Top view of the capacitance sensor.
The connecting wires between the electrodes and the inner wall of the screen can be seen.

The capacitance sensor was placed inside a temperature chamber, which is capable of
controlling the temperature over a range of £30 °C, to expose the emulsion to different
temperatures. A mixer was also installed inside the temperature chamber to agitate the
contents of the vessel at 120 rpm such that the contents were held in the state of an

emulsion. The stainless steel arm of the stirrer had to be replaced with a non-conductive
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rod, since the capacitance measurements would be affected by the electric conductivity
due to presence of a conductive object between the electrodes of the sensor [85]. Hence, a
nylon rod was used, and its blades were made using two nylon cable ties glued to the
bottom of it. The space between the blades and the inner wall of the vessel was about 20

mm.

Two thermocouples were inserted into the temperature chamber; one was fixed on the
inner wall of the cylindrical vessel of the capacitance sensor for continuously measuring
and recording the chronological temperature variation of the emulsion during the CP
hydrate formation experiment. To avoid the thermocouple getting stuck to the stirrer, we
had to fix the thermocouple end by gluing it to the inner wall of the vessel such that it
could provide direct contact with the vessel contents to accurately measure and

record the temperature of the emulsion. The other thermocouple was used for recording
any temperature variations inside the temperature chamber while opening and closing the

chamber door for visual observation.

So far, the requirements for conducting permittivity measurement experiments including
preparation of test samples and explanation of the experimental apparatus were explained.

The next section describes the experimental procedure used to perform the experiments.

4.2.1. Calibration of the capacitance sensor

As mentioned before, the aim of this thesis is to investigate the formation of gas hydrates
by measuring permittivity variations. To do so, permittivity data should be derived from
the capacitance values, C, measured by the impedance analyzer. In order to find
permittivity data from the measured capacitance, C, a calibration procedure of the

capacitance sensor needs to be performed first.

The calibration procedure yields a relationship between the permittivity € of the sample
under test and the capacitance sensor output C namely C = f(&). This relationship is

reflected in a capacitance-permittivity curve called calibration curve.
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To find the calibration curve, a series of capacitance measurements were conducted on
different samples of known permittivity (reference samples), Table 4.2, found from
literature data. To perform the calibration measurements, certain conditions should be met.
For instance, based on the sensor design in Chapter 3, the volume of reference samples
prepared for the experiment was 800 ml. Since the calibration measurements were
performed at room temperature (T=20° C), the corresponding values for permittivity of
reference samples at this specific temperature were considered (Table 4.2). Moreover,
since the operating frequency range of the experiments was in the kHz range, the low
frequency (static) values of the permittivity &5 were selected from the literature data. In
addition, distilled water (water with no conductivity) was used both for making the
emulsions and when the water was the reference sample per se. This is due to the

limitation in using capacitance sensors with conductive materials (see Section 2.2.4).

Table 4.2: Permittivity data of reference samples at 20° C found in the literature.

Material & o[S/m]  Reference
Distilled water 80 0 [71]
Ethanol/Water x,* = 0.22 55.2 0 [72]
Ethanol/Water x, = 0.36 45.2 0 [72]
Ethanol/Water x, = 0.54 36.2 0 [72]
Ethanol/Water x, = 0.76 29.8 0 [72]
Ethanol 25.2 0 [71]
Ethanol/Octanol x, = 0.5 16.5 0 [86]
1-Octanol 10.30 0 [13]
Diesel 2.3 0 [13]
Air 1 0 [71]

* %, is the applied mole fraction of ethanol in the mixture
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After the desired amount of all reference samples were prepared, capacitance

measurements were performed for each sample, and the frequency was swept between 20

kHz to 800 kHz at intervals of 20 kHz. To verify the performance of the sensor, each

measurement was repeated 10 times at each frequency. Under the aforementioned

conditions, the curves of capacitance-frequency were plotted which is shown in Figure

4.2. This figure plots the average value of the measured capacitance of 10 different

reference samples in the frequency range from 20 kHz to 800 kHz. Figure 4.3 shows the

standard deviations of 10 measurements of capacitance for all reference samples. The

figure shows less than 0.02 in standard deviation in the repeated measurements.
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Figure 4.2: Average capacitance in 10 repeated measurements of 10 reference samples as a function of

frequency.
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Figure 4.3: Standard deviations in 10 repeated measurements of capacitance for 10 reference samples in the

frequency range of kHz.

To obtain the sensor calibration curve C(g), the capacitance values of all reference
samples were derived at each frequency (from 20 kHz to 800 kHz at intervals of 20 kHz)
from Figure 4.2, and the capacitance values were plotted as a function of corresponding

permittivity from Table 4.2 (See Figure 4.4).

By using the MATLAB curve fitting tool box, the best fitted curves were generated for
each data set along with the equivalent best-fit polynomial equations. In Figure 4.4, the
best fitted curve and the equivalent equation are only shown at one frequency. The norm
of the residuals was calculated for the polynomial fits to provide a measure of fit quality

(Figure 4.5).

Since the best fitted curves are injective (one-to-one), we can calculate the inverse of fitted
equations to achieve the permittivity-capacitance relation € = f~1(c¢). Now, it is possible

to estimate the permittivity of unknown samples from measured capacitance data.
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Figure 4.4: The capacitance sensor calibration curves at different frequencies in the kHz region. The black
dashed line indicates a fifth-order polynomial curve fitted to the measured capacitance data at {=20 kHz. The

corresponding best-fit polynomial equation is written on the top of the curve.
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Figure 4.5: The norm of residuals of the fitted curve at =20 kHz is 0.43 which indicates that the quality of
the fit is good. The figure indicates that for large permittivity values, the fifth-order polynomial is best fitted

to the measured capacitance data.
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4.3.  Monitoring permittivity changes during CP hydrate formation

As mentioned in the previous Section, two hydrate forming test samples were prepared in
order to investigate permittivity variations during hydrate formation phenomenon. These
samples were different with regard to their component fraction; an oil continuous
emulsion with 40% water fraction, and a water continuous emulsion with 70% water

fraction.

The experimental procedure for permittivity measurements of the water continuous
emulsion began with locating the capacitance sensor inside the temperature chamber
whose temperature was set at 3 °C. The cylindrical vessel of the capacitance sensor was
then filled with the emulsion which had been kept in the refrigerator. The emulsion was
continuously agitated by the stirrer to have a homogeneous mixture during the experiment.
After the temperature of both chamber and emulsion was stabilized at about 3 °C, the CP
hydrate formation was triggered by adding a small piece of ice. After the CP hydrate
formation was completed, the emulsion was heated in order to melt the formed CP
hydrate. To ensure that CP hydrate melting was complete, the temperature of the emulsion
was increased up to 20 °C which was far above the CP hydrate melting point (T=7.7 °C).
The temperature T and the capacitance C of the emulsion were continuously measured and
recorded during the 24-hour experiment. Visual observations were also performed by
opening the temperature chamber’s door. The experimental procedure for the second test
sample (oil continuous emulsion) was identical to that explained for the water continuous
emulsion with the following exception: The capacitance sensor was filled with the second
emulsion while the emulsion had not been cooled this time. Hence, it took substantially

longer time to have both the emulsion and the chamber stabilized at 3 °C.

The experimental results and their analysis are explained in the next chapter.
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5. Results and Discussion

In Chapter 4, the experimental procedure for permittivity measurements of hydrate
forming emulsions were explained. The results of these experiments are presented and

discussed in this chapter.

As explained in Section 1.3 one of the objectives of this thesis is to investigate the
permittivity variation of gas hydrate formation for a range of operating conditions. The
effect of changes of water fractions in emulsions and operating frequency are of particular
interest. To achieve this goal, the permittivity measurements over a frequency range of 20

to 720 kHz were performed on two oil-water test samples of different water fractions:

° 70% water/30%o0il, water continuous emulsion

° 40%water/60%oil, oil continuous emulsion

Capacitance sensors cannot be used to meter water continuous flows in most industrial
applications. This is because using water continuous samples will short circuit the
capacitance sensor and render it useless (See Section 2.2.4). This problem occurs when the
water phase in the sample is electrically conductive (c#0). Water in most industrial
situations e.g. tap water, sea water, etc. has a non-zero electrical conductivity. Therefore,
the capacitance sensor is not a practical measurement instrument when measuring a water
containing sample. However, in the laboratory, capacitance measurements can be
performed on samples containing distilled water whose conductivity is equal to zero.
However, the information derived from the capacitance measurements of non-conductive
water continuous emulsions will not represent the performance of the sensor when used in

an industrial environment.

Nevertheless, in this thesis, using a non-conductive water continuous emulsion has some
advantages. Since this is the first experiment of its kind, it is important to choose the test
samples that are likely to give measurable results. The more water content in the samples

is, the more hydrates are formed, which may result in a larger and more detectable
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permittivity change. In addition, using only the oil continuous emulsions requires a high

consumption of the oil phase (cyclopentane) which is costly.

The experimental results on monitoring hydrate formation via permittivity measurements
of both the water continuous and the oil continuous sample tests are explained in

Sections 5.1 and 5.2 respectively.

Prior to analyzing the measured permittivity changes, and correlating them to the hydrate
formation phenomenon, it is necessary to ensure that these variations are only due to the
temperature dependent reactions happening in the emulsion. To do so, the capacitance of
the empty sensor was measured continuously while the temperature of the sensor was
cycled between 20 °C and 3 °C. The measured capacitance was found to be constant over
the temperature range studied (Figure 5.1). Therefore, it can be concluded that the
capacitance/permittivity variations measured by the sensor was only derived from the

process of hydrate formation.
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Capacitance [pF]

(b)

Temperature [°C]

' Time [hrs]

Figure 5.1: Measured capacitance of the empty sensor for varying temperature.

5.1. Permittivity measurements on water continuous emulsion

In Chapter 4, the experimental procedure to be followed in measuring the permittivity
changes during hydrate formation in a water continuous sample was explained. During the
process of hydrate formation, the data were recorded every 15 seconds over 22 hours for 8
different frequencies between 20 and 720 kHz. The measured capacitance and temperature
data are plotted as a function of time. Results are shown in Figure 5.2 (a) and Figure 5.2
(b), respectively. Finally, the corresponding permittivity values calculated from the

calibration curve (Section 4.2.1) is plotted in Figure 5.2 (c).
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Figure 5.2: (a) Capacitance measurements as a function of time for 10 frequencies between 20 and 720 kHz.

(b) Temperature history of test sample. (c) Permittivity data as a function of time.



5.1.1. Analyzing the experimental results

As mentioned in Section 2.1.2, the existence of free water molecules along with
hydrocarbons at certain temperatures and pressures will result in the formation of
hydrates. Cyclopentane hydrate is reported to form at atmospheric pressure with hydrate
formation equilibrium temperature of about 7 °C [78]. To initiate the formation of hydrate,
the temperature of the sample needed to be maintained constant at a temperature below the
equilibrium temperature. Therefore, the sample was kept at T=3 °C, and a piece of ice was
then added to the emulsion to trigger hydrate formation. A couple of minutes after adding
the ice, the emulsion underwent an increase in temperature of several degrees (See Figure
5.3 (b)) accompanied by a corresponding sudden increase in the measured permittivity of
the emulsion. The temperature rise is a result of the exothermic nature of the physical
reactions in the hydrate formation process. Therefore, the temperature rise can be an
indication of the onset of hydrate formation. As the permittivity change occurred at
exactly the same time at which the temperature increased, it can be said that this change is
related to the morphology of the hydrate formation, and can be a determination of the

hydrate formation onset.

Before the onset of hydrate formation, a slight increase in the measured permittivity can
be seen. This may be due to the fact that Cyclopentane is a volatile substance, and its
evaporation at the beginning of the experiment can lead to an increase in permittivity of
the emulsion because of the water fraction rise. After the onset of hydrate formation, the
measured permittivity shows a gradual decrease at the frequency of 20 kHz, and a sharp
decrease at frequencies above 20 kHz. The reason for such a decrease is that with the
formation of hydrate, the free water molecules are involved in hydrate formation which
results in a reduction in amount of the free water molecules. By decreasing the amount of
free water molecules, the overall permittivity of the emulsion reduces correspondingly.
The permittivity reduction continues gradually until all water molecules are employed in

the formation of hydrate.

However, at t=7.7 h (see Figure 5.2 (¢)), a sudden permittivity drop can be seen followed
by a plateau lasting for about 2 hours. At this time, the mixer’s rod was found to be broken

due to turning the liquid emulsion into slurry. It is likely that this accident separated out
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the emulsion into the water at the bottom and the hydrate plus the remaining Cyclopentane
on the top of the mixture’. Therefore, the permittivity measured by the electrodes could be

that of the hydrate and Cyclopentane mixture.

After the permittivity plateau, there is a gradual increase in permittivity which is probably
due to evaporation of the remaining Cyclopentane in the mixture. At t=16 h the measured
permittivity becomes stable, which can indicate that the formation of hydrate has been
completed. By completion of the hydrate formation, it is likely that all the water content of
the emulsion were converted to hydrate, and the substance remained in the sensor would

be a pure hydrate.

At t=21 h, the hydrate was heated up to 15 °C. By increasing the temperature of the
Cyclopentane hydrate, it began to melt which resulted in a release of the water molecules
involved in the formation of the hydrate structure. As Figure 5.2 (c) shows, the
permittivity increase at t>21 h can confirm the melting process of the hydrate. After the
melting process of the hydrate is complete, it is expected that the emulsion turns into
separate phases of oil and water, and the measured permittivity becomes stabilized.
However, the experiment was terminated because the thermocouple became detached
from the inner wall of the pipe, and therefore, we have no data related to the complete

melting process of the hydrate in the emulsion.

The temperature peak at t=21 h in Figure 5.2 (b) corresponds to the instant that the
temperature cabinet was opened in order to compress the emulsion to fill the volume

between the two sensor electrodes.

> The density of Cyclopentane hydrate is lower than that of water.
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From Figure 5.2 (c) it is apparent that the permittivity of the emulsion has a frequency
Therefore, the change in permittivity is a direct measure of the formation of gas hydrates.
® The dependence of the permittivity of a dielectric material on the frequency is called the permittivity

The permittivity dispersion® is only dependent on the volume fraction of free water.
dispersion.

Figure 5.3: (a) Measured permittivity during the first 4.5 hours. (b) Temperature history of the emulsion
(where the hydrate formation is ongoing) and t=18 h (where it is assumed that the hydrate

during the first 4.5 hours.
dependent behavior. To investigate this dependency, the permittivity spectra at t

formation is almost complete) are plotted in Figure 5.4.




The permittivity starts at a level determined by the water content in the emulsion. This
permittivity decreases to the final level, which depends on the amount of hydrates formed.
The permittivity spectrum of the emulsion at t=4 h differs from the permittivity spectrum
obtained at t=18 h. This is due to a much lower content of free water in the emulsion while

hydrate forming is almost complete.

The permittivity dispersion spectrum can be used to find the dielectric relaxation
frequency due to the hydrate formation (See section 2.2.2). The permittivity spectra in
Figure 54 do not give a complete picture of the permittivity dispersion. More
measurements in the lower frequency range are needed in order to obtain a complete
picture of the permittivity dispersion, and consequently, the relaxation frequency related to

the hydrate formation.
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Figure 5.4: Permittivity spectra of the hydrate forming emulsion at t=18 h and t=4 h.
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5.2.  Permittivity measurements of oil continuous emulsion

The overall duration of the experiment for permittivity measurement of the oil continuous
emulsion was much longer than the experiment performed with the water continuous
emulsion. The reason for such prolonged experiment comes from the fact that firstly,
hydrate formation phenomenon involves the interaction of free water molecules with
Cyclopentane, and the chance for such interactions can be very low if there is a low
amount of water in the sample. Secondly, as mentioned in Section 4.3, this experiment
was commenced while the prepared oil continuous emulsion had been at the ambient
temperature. Thus, it took a long time for the temperature of the emulsion to fall to the
desired temperature of 3° C. In the rest of this section a thorough analysis of the

experimental results is presented.

Figure 5.5 (a) and Figure 5.5 (b) show the capacitance and temperature data collected
every 15 seconds over 160 hours for 8 different frequencies between 20 and 720 kHz. In
Figure 5.5 (c), the permittivity data is shown. This figure is obtained by using the
calibration curves of the capacitance sensor (Section 4.2.1). The temperature chamber
controls the temperature of the experimental environment. However, for the purposes of
visual observation, it was necessary to open and close the door of the chamber
occasionally which led to instant changes in temperature over time. These unwanted
changes in temperature may have affected the hydrate formation process and reflected on
the permittivity variation. In order to be aware of the exact moment of any change in
temperature due to opening/closing the chamber door, the inside temperature of the
chamber was recorded. Figure 5.5 (d) shows the temperature variations inside the
temperature chamber. The sharp peaks correspond to the moments the chamber door was

opened.
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Figure 5.5: (a) Capacitance measurement as a function of time for 10 frequencies between 20 and 720 kHz. (b)
Temperature history of the sample test. (c) Permittivity data as a function of time. (d) Temperature variation inside

the temperature chamber.
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In order to facilitate the interpretation of the results, they are divided into three phases

with corresponding sub-figures:

o Pre hydrate formation phase: within the time frame of 0-17 h (Figure 5.6)
o Hydrate formation phase: within the time frame of 17-138 h (Figure 5.7)
o Post hydrate formation phase: within the time frame of 138-160 h (Figure 5.8)

In the following sections, each of these phases will be analyzed separately.

5.2.1. Pre hydrate formation phase

Figure 5.6 shows the measured permittivity and temperature of the hydrate forming
emulsion, as the temperature of the emulsion is reduced from ambient to the chamber

temperature of 3 °C.

It took approximately 10 h for the temperature of the emulsion to fall from ambient to 3
°C. During this period, it can be seen from Figure 5.6 (a) that the measured permittivity of
the sample increases with time. This trend can be due to the fact that the permittivity of
water has a temperature dependent nature. It is reported that in an oil-water emulsion,
decreasing the temperature leads to an increases in the permittivity of water, while the
permittivity of oil remains almost constant [87]. It is also probable that evaporation of
Cyclopentane takes part in increasing the permittivity. Therefore, the water content of the
emulsion may be raised, and this would lead to an increase in the permittivity of the

emulsion as well.

To confirm the above statement, the volume fraction of water in the emulsion can be
calculated at different times and compared to its initial value in the emulsion (5=40%).
For this purpose, Bruggeman’s theory of the effective permittivity of mixtures is used

[88]. This can be used to calculate the overall permittivity of a dielectric mixture:
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1-p= L2 EYs (36)

&1 — & Eepf
Where f# (or water cut) is the volume fraction of water in a water-in-oil mixture, &, = &,j;
and & = gyqter- In this model, assuming an ideal water-in-oil emulsion, all particles
(water droplets) are assumed to be spheroid and distributed heterogeneously through the

continuous phase (oil).

To calculate the volume fractions of water in the emulsion (f) during the first 10 hours
(Equation (36)), 4 different points (&.55) from the permittivity curve at =20 kHz were
selected on Figure 5.6 (a), and the corresponding temperature values (T) were found from
Figure 5.6 (b). To find the permittivity of water (&,,4¢¢-) the following relation was used

[87]:

Ewater = A €XP [b (T - TO)] (37)

with a = 78.35,T, = 298.15K and b = —4.55x 1073K~1, which describes the
temperature dependent permittivity of water. Permittivity of Cyclopentane (&,;) was
considered to be equal to 2. Therefore, using Equation (36), the volume fractions of water

(B) were calculated (See Table 5.1).

Table 5.1: Calculated volume fractions of water (considering an oil continuous mixture) at 4 different times

during the first 10 hours.

Time [h] T [OC] eeff Ewater Eoil B
1.83 15 9.25 81.99 2 45.4%
3.15 9 9.52 84.26 2 46%
6.78 4 10.14 86.20 2 47.4%
12.10 3 11.10 86.60 2 49.6%

Comparing the volume fractions of water during the first 10 hours (Table 5.1) to its initial
value in the emulsion (£=40%) indicates that the increase in water in the emulsion can be

due to the Cyclopentane evaporation phenomenon.
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After the temperature of the emulsion became stabilized at 3 °C, the emulsion was left for
approximately 4 hours to examine the possibility of hydrate formation without adding ice.
During this period, the permittivity kept increasing which can be due to probable
Cyclopentane evaporation. However, a permittivity drop at t=14.3 h can be noted. The
reason for this permittivity change is likely to be related to the morphology of the hydrate
forming mixture. The permittivity drop was followed by a higher rate increase. Such an
increase can be due to probable inhomogeneities in the emulsion. The inhomogeneity can
be due to the mixer malfunctioning, which can lead to the formation of water layers and

measuring a higher permittivity, consequently.
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Figure 5.6 (a) Permittivity measurements of the emulsion before hydrate formation starts. (b) Temperature
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5.2.2. Hydrate formation phase

As pointed out in the previous section, the emulsion was left several hours to determine
whether hydrate can form spontaneously. However, no evidence of hydrate formation was
observed. Thus, to trigger hydrate formation, a small piece of ice was added to the
emulsion at t=17 h. The first temperature peak in Figure 5.7 (¢) is due to the opening of

the temperature chamber door needed to add ice to the emulsion.

About 20 minutes after adding the ice, a sudden temperature increase of several degrees in
the emulsion was observed (Figure 5.7 (b)) which is a typical indication of the onset of
hydrate formation’. The temperature rise in the emulsion was accompanied by a
corresponding significant increase in the measured permittivity of the emulsion (Figure
5.7 (a)). As the permittivity rise occurred at exactly the same time at which the
temperature increased, it can be concluded that the capacitance sensor was measuring the
permittivity changes due to the onset of hydrate formation in the emulsion. The reason for
observing such a significant increase in permittivity can be due to a phase inversion® in the
emulsion from the oil-continuous to the water-continuous phase. The phase inversion can
be a consequence of morphological changes and rheological properties of the hydrate
forming emulsion. Therefore, it is likely that the hydrate forming emulsion was no longer
in the oil-continuous phase when the hydrate formation was started, and the attempt to

perform hydrate permittivity measurements on an oil-continuous sample was likely to fail.

After the significant increase in the measured permittivity which might be caused by the
phase inversion, a gradual permittivity decrease can be observed which is due to the fact
that existing free water molecules in the emulsion become involved in the formation of
hydrate. However, considerable fluctuations in the measured permittivity are observed at
the outset of hydrate formation between 20 to 35 h. By visual observation of the emulsion,
it was found that the homogeneous emulsion had turned into a mixture of liquid and
slurry. It is likely that the mixer was having difficulty in mixing the slurry, and the
homogeneous emulsion might have been occasionally turned into a layered emulsion,

leaving the liquid containing water (continuous water phase) at the bottom and the formed

7 The reason for temperature rise is from the exothermic nature of the hydrate formation reaction.
¥ The phase inversion phenomenon means that the dispersed phase (water) switches to the continuous phase.
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hydrate together with the remaining Cyclopentane on the top (continuous oil phase).
Therefore, the appearance of permittivity fluctuations can be correspondent to movement

of the layers.

The overall decrease in the measured permittivity can be an indication of further hydrate
formation. As long as there are free water molecules remained in the emulsion, the process
of hydrate formation can continue. During this period, the temperature of the emulsion
remains constant at 7 °C (the equilibrium temperature of Cyclopentane hydrate [78])
which can be seen in Figure 5.7 (b). By decreasing the number of free water molecules in
the emulsion, which implies that the hydrate formation process is reaching to its final
stage, the tendency of the temperature is to fall to the ambient temperature (T=3 °C). This
is because once the hydrate formation process is complete, the heat release from the
hydrate formation reaction stops. Thus, the temperature decrease can be considered as an

indication of completing the hydrate formation process.

However, 75 hours after the onset of hydrate formation, no temperature drop was
observed, and the resultant emulsion was still in a slurry state (Figure 5.10 (a)). This can
indicate that in addition to the formed hydrate, there was still some water present. It was
decided to remove the stirrer in order to let the emulsion form further hydrates. The
decision was made due to the fact that the continuous running of the stirrer could have
produced some heat, which could have caused a slight increase in the temperature, which
could affect the hydrate formation process. Eventually, by removing the stirrer, the

temperature of the emulsion showed a decrease from its equilibrium value.

At the moment of removing the stirrer, a sudden permittivity drop followed by an increase
was observed. The sudden permittivity drop may be due to the removal of the stirrer. The
reason for the permittivity increase may be due an increase in the water fraction of the
slurry emulsion. It is likely that removing the stirrer could release some amount of water
trapped beneath the slurry emulsion. The released water would then take part in further

hydrate formation and result in a further decrease in permittivity.
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Figure 5.7: (a) Permittivity measurements of the emulsion during hydrate formation. (b) Temperature history

of the emulsion. (c) Temperature changes inside the temperature chamber.
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5.2.3. Post hydrate formation phase

At t=100 h, the permittivity began to decrease followed by a plateau which can indicate
the completion of hydrate formation (Figure 5.8 (a)). Observing a constant value for
permittivity along with measuring a constant value for temperature can be interpreted as
the completion of the hydrate formation. At this time, the emulsion was most likely

converted into pure hydrate observed as a hard solid substance (Figure 5.10 (b)).

It is reported that the permittivity of hydrate at =20 kHz is approximately 43 [14].
However, the measured permittivity at the end of the experiment is approximately equal to
17. The reason for measuring a lower permittivity value may be due to the fact that after
the 4 day experiment, a significant amount of the emulsion had evaporated, and the
emulsion level had fallen below the sensor electrodes’ upper edges, which was confirmed

visually (See Figure 5.10 (b)).
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Figure 5.8: (a) Permittivity of the emulsion after hydrate formation is completed. (b) Temperature history

of the emulsion. (c) Temperature variation inside the temperature chamber.
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Capacitor
plates

€

Hydrate

Figure 5.9: Equivalent circuit diagram of the capacitance sensor when the formed hydrate level is lowered
to 50% of the electrodes’ vertical length. The shaded area represents the formed hydrate layer with a
permittivity € value between 40 and 50.

The level of the emulsion was at about 50 % of the electrodes vertical length. This
condition was used to estimate the capacitance measured by the sensor. To do so, the
curved electrode capacitance sensor is approximated by a flat plate configuration as shown

in Figure 5.9. The equivalent capacitance C,,., for such a configuration is equal to:

Cneas = C1 + €.C, (38)
If Cy; 1s the capacitance of a parallel plate air-filled capacitor of length 4 and width /,

Cimeas can be written as follows:

A hil (kg +hy).

Cyuir =£OE=7=SOT 39)
h—h,+¢eh h
Cmeas = (%) Coir = [(E - 1)72 + 1]- Cair (40)

h e
Therefore, for f = 0.5, and £~43, the measured permittivity becomes:

h
Emeqs = (e—1)f+1 =21 (41)
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By comparing the estimated permittivity &p.4s (1.6 21) with the final measured
permittivity value of the emulsion which is equal to 17, it can be concluded that the

substance left after the end of the experiment might be pure hydrate.

Figure 5.10: (a) Cyclopentane hydrate after removing the mixer. (b) Pure Cyclopentane hydrate at the end
of the experiment.

In Figure 5.11 the permittivity spectra of the emulsion are plotted for three different times
regarding to pre hydrate formation (t=6 h), during hydrate formation (t=43 h) and post
hydrate formation (=150 h). At t=6 h, when the hydrate formation is not started, the
permittivity spectrum shows a slight change. At t=43 h and t=150 h, the permittivity
dispersion due to the hydrate formation are clearly seen. Observing a difference between
the permittivity spectra is due to a lower content of free water caused by the hydrate

formation.
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6. Conclusion

The objective of this thesis was to conduct a feasibility study on a permittivity
measurement system based on the capacitance sensing technique for monitoring of gas
hydrate formation. It was shown that formation of gas hydrates in emulsions can be

monitored using capacitance measurement sensors.

The thesis gives an introduction to the gas hydrate issue; the techniques in use or under
evaluation for dealing with this issue, and the potential applicability of the capacitance
sensors for monitoring gas hydrates has been explained. This is followed by the required
insight into the fundamentals of the gas hydrate formation phenomenon together with the
fundamental principles of capacitance sensors. The modeling of a capacitance sensor was
discussed with the aim of finding an appropriate sensor configuration, which was used to
construct a prototype sensor setup for the purpose of permittivity measurement

experiments under varying operating conditions.

The experimental procedures for the permittivity measurements of two hydrate-forming
samples with different water fractions in the kHz frequency range were explained. It
should be noted that these experiments were being conducted for the first time. The

measurement results along with their analysis were investigated accordingly.

The measurement analysis revealed that the capacitance sensor is able to identify several
of process states occurring during the hydrate generation process. The derived information
can indicate (i) the time at which the onset and completion of hydrate formation occurs,
(i1) the volume fraction of water, (iii) the probable occurrence of phase inversion in the
multiphase hydrate-forming sample, and (iv) the permittivity relaxation due to the hydrate
formation. Consequently, it can be claimed that monitoring of the hydrate generation in
multiphase hydrocarbon flow using capacitance sensors is a feasible proposition.
However, there are still some issues that need to be investigated further. In addition, it is
unclear to what extent we will be able to distinguish the detected parameters related to the

hydrate generation from other phenomena that might happen during hydrate formation. In
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order to correlate the hydrate formation phenomena occurring during the formation

process, additional experiments must be carried out.
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7. Further work

The capacitance sensor has the potential for use both relating to fundamental studies of
hydrate characterization in the laboratory and for on-line gas hydrate monitoring. There

are, however, several potential improvements that could be considered.

The following areas require further investigation in order to progress the use of the

capacitance measurements systems for studies of gas hydrate in the laboratory:

o More knowledge about the hydrate crystal morphology and agglomerating
behavior is desirable.

J More hydrate-forming samples should be examined.

o Use of a time-lapse video camera assembly to record and monitor the changes

during formation of gas hydrates.

o Examine oil-continuous samples with varying salinity of the water phase.
o Investigate the effect of the stirring rate.
o Use a more efficient mixer in order to produce improved long-lasting

homogeneous mixtures.

Further developments are necessary before the capacitance sensor system can be used as
an on-line monitoring system for the detection of gas hydrates in multiphase flows e.g.
installed on sub-sea pipelines. Along with necessary work on correlating the permittivity

changes to the hydrate generation process, the following issues need to be addressed:

o The sensor needs to be mounted on a laboratory flow-loop where on-line tests of
realistic flow conditions can be performed. In this loop, factors critical to on-line
systems can be studied under controlled conditions. These factors include the
effect of scaling and fouling of the sensors and the long-time effect of small
variations in temperature, pressure and vibration.

o More realistic samples like the pressurized crude oil samples should be examined.
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o The capacitance sensor must be capable of withstanding the hostile subsea
environment by being stabile, have a long lifetime, and be able to sustain extreme
pressure and temperature conditions.

o Instead of using the impedance analyzer, a low-noise electronic measurement
system applicable for on-line use must be designed.

o In the subsea environment, the flow regimes in the production pipes can differ
significantly from that of the ideal homogeneous mixture, and in-line mixers are
deemed unwanted due to pressure loss and maintenance costs. Therefore, it is
essential to find a practical solution to make the sensor less flow regime
dependent. A suggested solution is to design and employ helical shaped surface
plate electrodes, based on 180° twisted electrostatic field or rotating electric fields
[59-61].

o Considering multi-phase hydrocarbon flow as the dielectric sample under test, the
performance of the capacitance sensors is limited to the measurements of gas/oil-
continuous mixtures. These techniques also have potential for monitoring gas

hydrate formation in wet gas’ wells.

? The term “wet gas” is used for processes where the proportion of liquid phase is no greater than about 5%
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