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ABSTRACT

Gas hydrate formation posses a notorious concern for the oil and gas industry, and it only gets
bigger because of that the never-ending pursuit of oil and gas compels the industry into deeper
and colder waters. Here gas hydrate can from and agglomerate into plugs, jeopardizing
pipelines and process equipments. Therefore a variety of methods have been developed to
inhibit gas hydrate formation, one of them being to utilize low dosage hydrate inhibitors,
which consists of kinetic hydrate inhibitors and anti-agglomerants. Low dosage hydrate
inhibitors are relatively expensive, and it is therefore important to determine effective
concentrations in laboratory apparatuses. Test apparatuses and methods are numerous, and the
majority are THF rigs, rocker rigs, autoclaves, pipe wheels and flow loops. Prior methods for
assessing hydrate inhibitors performance concentration tend to suffer form not being
repeatable in addition to be inconsistent. Thus there are always possible for new hydrate
inhibition test methods and apparatuses.

A prototype table top wheel was developed for testing low dosage hydrate inhibitors. It
consisted of a wheel submerged in a water bath. Unique features of the table top wheel was its
small size, the acrylic top disk and the mode of moving the liquid in the apparatus. A swirling
circular motion made the liquid move based on the "Euler disk™ mechanical movement, hence
no pumps or internal equipment for propelling the liquid was utilized.

Preliminary tests were conducted to approve the apparatus for future experimental work, by
providing a gas hydrate formation method of a consistent manner. The result for the same
anti-agglomerant range in both 1.5wt% NaCl solution and distilled water, obtained in the table
top wheel was compared to the rocker rig RCS20. This was done to confirm if this apparatus
indeed could be used to rank inhibitors, thus a validation of the apparatus.

It was confirmed that the table top wheel result for the same anti-agglomerant range in both
1.5wt% NaCl solution and distilled water had the same trend as the results from the rocker
rig. The table top wheel was thereby validated and approved at least for this anti-agglomerant
range. However, the concentration required for an adequate inhibition was higher in the table
top wheel compared to the rocker rig, hence the table top wheel was a more conservative test
apparatus than the rocker rig.

Unfortunately the table top wheel could not be operated safely after 59 pressurized
experiments, due to cracks in the acrylic top disk. This was a severely design flaws which
must be sorted out for the apparatus to progress.

However, as far as being a prototype the table top wheel approved to be adequate. It yielded
reliable and predictable test results and provided a consistent method for both hydrate
formation and inhibitor testing.



CHAPTER 1: THEORY

1.1 The physical properties of water

Since gas hydrates, or clathrate hydrates, consist mainly of water, it is essential to understand
the physical properties of water both in its liquid and solid phase.*

Most of the physical properties of water are dominated by the formation of hydrogen bonds
between water molecules. Hydrogen bonds is therefore the principal interaction in liquid
water and the same holds for ice and clathrate hydrates.? The oxygen atom carries a negative
charge, while the hydrogen atoms carry a positive charge. Furthermore the number of lone
pairs on the oxygen atom that can form the negative ends of hydrogen bonds, equal to the
number of hydrogen atoms in a water molecule that can form the positive ends. This charge
distribution is the reason for water being a strongly dipolar molecule, and the water dipole
molecules attract each other and form aggregates through hydrogen bonds. This results in an
extensive three-dimensional network in which each oxygen atom is tetrahedrally bonded to
four hydrogen atoms by means of two covalent bonds and two hydrogen bonds. The hydrogen
bonding allows the attachment between water molecules due to mutual acceptance and
donation of hydrogen bonds. This is done in such a way that the central water molecule is
surrounded in a tetrahedral manner by the other four. Bonds that form in this way are
relatively strong and give the structure rigidity, thus there is more space between molecules
than there would be in the liquid phase. Hydrogen bonds are much stronger interactions than
dipole-dipole interactions are, which goes under the common name van der Waals forces.
These dipole-dipole interactions make it possible for most materials to form condensed
phases. However, hydrogen bonds are many times weaker than chemical bonds. The existence
of hydrogen bonds makes it possible for water to be in a liquid phase at room temperature,
although its molecular weight alone should dictate a gas phase. Without these bonds, water
would be even more difficult to condense than oxygen, nitrogen and carbon dioxide. Also,
water would melt about —100°C and boil at about —90°C, >*4>87

One particular peculiarity of water is its capability to expand upon freezing, thus the liquid
phase is denser than the solid phase. This clearly shows that water in its solid phase have a
more “open” structure than in its liquid phase. When water freezes, ice is formed, and this
substance have a more open lattice, hence substantial lower density, than the liquid water it
came from. The formation of water in its solid phase (ice) is energetically (enthalpy) favored
process, because of the extraordinary amount of energy that is releases as heat as additional
hydrogen bonds form (exothermic process). The formation of ice is however not favored by
the entropy because the water possesses a more ordered structure in the solid phase.*”



When energy is introduced to ice, it melts. In the melting process monomeric water molecules
occupy holes in the remaining “icelike” lattice, hence causing the density of water to be
greater than that of ice. More hydrogen bonds are broken and the open structure partially
collapses, but at the same time the kinetic energy of molecules increases as the temperature is
increased. Therefore the elevated kinetic energy decreases the density of water because the
molecules occupy a greater volume. But at the same time this will cause more water
molecules to be trapped. Initially the trapping of monomeric water molecules outweighs the
expansion in volume due to the increase in Kinetic energy. Thus the density increases from
0°C to 4°C. So at 4°C the increase in density due to the collapsing of the hydrogen-bonded
clusters of water molecules is overtaken by the decrease in density due to the increasing
molecular motion resulting from the rise in temperature. Beyond this temperature the density
decreases with increasing temperature, because of predomination of expansion.*’

There are similarities as well as distinct differences in the thermophysical and mechanical
properties of ice and gas hydrates, although the physical appearance and refractive index
between them are very similar. Therefore gas hydrates and ice have a different phase
behavior, and the thermal conductivity of gas hydrates is over four times lower than ice.
Provided adequate pressure, gas hydrates will be stable at temperatures above and below the
freezing point of ice. Thus pressure have a tremendous impact on gas hydrate. Ice on the other
hand are normally stable at low temperatures, therefore virtually independent of pressure
(except at very high pressures).®® There are nine known ice crystal types, hence it is no
surprise that there are three known gas hydrate structures.” Gas hydrates allow a solid water
phase to form at an elevated temperature above the normal freezing point of water.°®

1.2 Gas hydrates in general

The definition of clathrate is as a substance in which atoms or molecules are trapped within
the crystalline framework of other molecules. The name clathrate is derived from the Latin
word clathratus, meaning “enclosed behind bars”. Clathrates made up of gas and water is
called gas clathrates of water or simply gas hydrates. The word gas hydrate is a little
deceptive in its meaning, and not strictly correct. The term hydrate usually implies some
intermolecular attraction between the surrounding water molecules and the substance.
Warming the crystals causes immediate release of the gas, thus there exist no chemical
interaction between the water molecule and the gas. Therefore the gas atoms are simply
locked into cavities in the hydrogen-bonded ice structure and are free to rotate and vibrate but
have limited translation. With the exception of H,, there exist no experimental evidence that
guest atoms can diffuse from one cavity to another. The cavity structure collapses and the gas
atoms are released, as the ice melts. A significant point is that the presence of a “guest” within
the ice structure plays a decisive role in the stabilization of the crystal lattice, and increases
the melting point if the ice several degrees above 0°C (figure 1.1).***° One explanation for
hydrate formation is that the entrance of the gaseous molecules into vacant lattice positions in
the liquid water structures causes the water to solidify at temperatures well above the freezing
point of water.*



Figure 1.1. Schematic of methane hydrate surrounded by a water molecule cage.’

Gas hydrates are nonstoichiometric, snow-like, crystalline solids where gases of certain-
molecular-weight stabilize the hydrogen-bonded water molecule cages. These inclusion
compounds mainly consist of water, therefore it have many similarities with ice. If certain
low-molecular-weight hydrocarbons combine with water under specific conditions of
temperature and pressure, favoring conditions being low temperatures (typically < 20°C) and
high pressure (typically > 30bar), which must be thermodynamically appropriate to that
specific gas, gas hydrates will form (figure 1.2). van der Waals-type interactions between the
water lattice and the trapped guest molecule causes the stability of hydrates. For this reason,
in the absence of the guest, hydrates are unstable. The guest molecules are small gas
molecules entrapped in the cavities of the solid water molecule lattice. A delicate balance
between hydrophilic and hydrophobic interactions among water molecules and guest
molecules causes the stability of gas hydrates. Gases that form gas hydrates are light,
generally have low solubility in water and are nonpolar. Usually they are C1 to C4 inclusive
and may be olefins or paraffins. In addition to this other gases found in oilfield fluids, such as
Nj, H2S and CO,, will also form hydrates given the favorable conditions. **213:14:1>16
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Figure 1.2. A general pressure against temperature graph for natural gas hydrate. These curves
are made by the dissociation because hydrate formation is stochastic.*"*?
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In the case of gas hydrates the water molecules form a repetitive geometric lattice, commonly
referred to as a cage, around a central molecule of a low molecular weight gas. This gas can
be methane, ethane, propane, iso-butane, H,S, N2, CO,, SO, and others which commonly
constitute natural gas. More than 100 formers have been identified, with n-butane as the
maximum size. Given the right conditions of temperature and pressure, the water molecule-
based cage forms a geometric structure in the presence of the central gas molecule. This
structure usually have 12, 14 or 16 sides and is stabilized by the additional van der Waals
forces, acting between the gas molecule and the surrounding water molecules. The highly
organized cage structure would be in dynamic equilibrium with free flowing water molecules,
perpetually forming and collapsing, without the central gas molecules. Gas hydrates can
coexist with ice and/or liquid water over a wide range of temperatures and pressures.***

Methane and water solidify under pressure:**
CH4(V) + 6HZO(L) — CHy » 6H20(5)

Gas hydrate are ice-like compounds belonging to a class of inclusion compounds called
clathrates. They consist of cages composed of hydrogen-bonded water molecules, called the
host lattice, which is stabilized by small molecules, called guests, that reside in the cages.
Thus ,the gas molecules play, both figuratively and literally, only a supporting role. However,
without this support, the whole structure collapses. For instance 1m® of hydrates may contain
as much as 180SCM (standard cubic meters) of gas.®*%20?!

The discovery of the existence of gas hydrates was done in 1810 by Sir Humphrey Davy
when he was studying chlorine. It is possible, however, that it the discovery took place in
1778 by Priestley. In the beginning gas hydrates was looked upon as mere scientific curiosity,
until it was realized in 1934 by Hammerschmidt that it were gas hydrates and not ice
formation that plugged natural gas pipelines on cold days. This event captivated the scientific
and engineering interest, and caused a large series of investigations on gas hydrate stability
conditions, gas hydrate structures and on gas hydrate prevention. This resulted in methods for
calculating gas hydrate equilibrium conditions for any gas composition, and by addition of
inhibitors or gas dehydration prevent gas hydrate form forming.>*%*92223
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1.3 Gas hydrate structure

Gas hydrates can crystallize in several different structures.?®** There exist three known gas
hydrate structures, namely Structure 1 (sl), Structure Il (sll) and Structure H (sH). These
structures differ in type of water cages present in the crystal lattice.® Structure | and Structure
Il have a cubic shape and are made up of two kinds of cavities (small and large), while
Structure H have a hexagonal shape and are made up of three kinds of cavities (small,
medium and large).** This refers to how the water cages are joined to each other and held
together by van der Waals forces (figure 1.3). It is the gas molecules, their size relative to the
cavity and the relative stability of the structures that decides which structure to be formed. In
addition to this, the shape and chemical nature of the guest molecules may also influence on
the type of structure formed.? The gas composition determines not only which of the
structures that will develop, but also at which temperature and pressure it will crystallize.
Thus, every structure have its very own temperature and pressure equilibrium curve. The
formation of the gas hydrate structures are therefore related to the ratio of the guest molecule
size to the cavity size, and to the thermodynamic conditions of pressure, temperature and gas
composition. The resulting regular geometric arrangement, or crystal lattice, which is formed,
is the one that is most thermodynamically stable. This is the structure with the lowest free
energy.'2*°

It is not necessary for all the cages to be occupied by a guest hydrocarbon molecule for the
crystal to be stable. At maximum occupation however, all the cages are occupied by only one
guest molecule, 1mole of gas hydrate of either structure yields about 0.15mole hydrocarbon
gas and 0.85mole water (15mole% hydrocarbon gas and 85mole% water).>227:28.29

| 136 H,0

Figure 1.3. The three repeating hydrate unit crystals and their constitutive cages.*°



Structure | consists of two types of cavities, a small pentagonal dodecahedral cavity and a
large tetrakaidecahedral cavity. The small pentagonal dodecahedral cavity is denoted 5% (12
pentagonal faces in the cavity), while the large tetrakaidecahedral cavity is denoted 5'26% (12
pentagonal faces and 2 hexagonal faces in the cavity). Structure 11 also consists of two types
of cavities, a small pentagonal dodecahedral (5*2) cavity and a large hexakaidecahedral cavity.
The large hexakaidecahedral cavity is denoted 56* (12 pentagonal faces and 4 hexagonal
faces in the cavity). Each form is therefore a combination of the small cages in addition to
either of the larger cages. Structure H consists of three types of cavities, the small 5% cavity, a
midsized 4°5°6° cavity and a large 5'%6° icosahedral cavity.®?’

The unit cell formula of Structure | gas hydrate is (S)2(L)s*46H,0, with the water framework
consisting of two small (S) 12-sided (52) cages and six large (L) 14-sided (5'%6%) cages. This
means that the unit cell contains a total of eight cavities (six small and two large) made up of
46 hydrogen-bonded water molecules. The unit cell have a dimension of 12.03A. The unit cell
formula of Structure Il gas hydrate is (S)16(L)s*136H,0, with the water framework consisting
of 16 small (S) 12-sided (5*%) cages and 8 large (L) 16-sided (5'°6*) polyhedral cages. This
means that the unit cell contains a total of 24 cavities (16 small and eight large) made up of
136 hydrogen-bonded water molecules. The unit cell have a dimension of 17.31A. The unit
cell formula of Structure H gas hydrate is (S)3(M)2(L)1*34H,0, with the water framework
consisting of three small (S) 12-sided (5*%) polyhedral cages, two medium (M) 12-sided
(4°5°6°) polyhedral cages and one large (L) 18-sided (5'°6%) polydedron cage. This means that
the unit cell contains a total of 6 cavities (three small, two medium and one large) made up of
34 hydrogen-bonded water molecules. Thus the small (S) cage of pentagonal dodecahedron
(5™) is the common unit lattice cage of all these gas hydrate structures (figure 1.4).2#2431

2cell 1cell

Figure 1.4. Polyhedral water cavities comprising Structure I, 11 and H.*
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Structure | is a body-centered cubic structure, and Structure Il is a diamond lattice within a
cubic framework. Normally gas hydrates form in one of two small, repeating crystal
structures. From a basic “building block” water cavity that have 12 faces with five sides per
face (5'%), the two hydrate structures are formed. Linking the vertices of the 52 cavities, with
interstices of large cavities composed of 12 pentagons and two hexagons (5*%67), results in
Structure |. Linking the faces of the 5 cavities, with interstices of large cavities composed of
12 pentagons and four hexagons (56), results in Structure I1. The ratio of water molecules
to hydrocarbon molecules would be 5.67 to 5.75 depending on which structure formed and all
the cages occupied.””**

To form the small pentagonal dodecahedron (5*2) cage it takes 20 water molecules, 24 water
molecules to form the large tetrakaidecahedral (5'%67) cage and 28 water molecules to form
the other large hexakaidecahedral (5*%6%) cage. Each water molecule is hydrogen-bonded to
three neighbor water molecules within the cage and one water molecule outside the cage. At
each vertex in the structure there is one water molecule which is hydrogen-bonded to other
water molecules within the cage. The water molecule donates two hydrogens to two of the
four neighboring water molecules and accepts two hydrogens from the other two. The 5%
cavity can entrap methane, oxygen, nitrogen and other small molecules. Ethane, carbon
dioxide and other similarly sized molecules can be encased in the 5'26% cavity. The 56"
cavity can enclose propane, n-butane, iso-butane and other similarly sized molecules. Most of
the cavities are occupied by gas molecules. With the increasing fugacities of the species in the
natural gas from which the hydrate formed, the occupancy rate increases as well.>>%°

Structure | is formed when the natural gas blend contains molecules smaller than propane,
with diameter less than 0.6nm, mainly methane and are virtually free from C3—C4
hydrocarbon units. If as little as 0.5% propane should be in the natural gas blend, then
Structure 11 will be formed. It is formed when natural gases or oils contain molecules smaller
than pentane but larger than ethane, with diameter between 0.6 and 0.69nm. The physical
properties of the two structures do not differ much, their chemical properties do however.
Structure H will be formed by even larger molecules such as methylcyclohexane with a small
help guest for instance methane. Mostly Because of the normal distribution of hydrocarbons
in petroleum, Structure Il will be the most frequently occurring of the structures in the field. It
commonly occurs in both production and processing conditions. Structure | can occur in
natural gas fields of almost pure methane, and Structure H have, except for in extremely rare
cases, yet to be found outside the laboratory. 7273334

Thus there exist size requirements that the guest molecules must possess in order to stabilize
cavities in the gas hydrate structures. For both Structure | and 11, if the diameter is below
0.35nm the molecules become too small to stabilize any cavity. If the diameter is above
0.75nm the molecules become too big to fit into any cavity in the structures. Hence, a guest
molecule must be big enough to provide stability for the cavity, but not so big that it cannot fit
into the cavity. A guest/cavity size ratio of approximately 0.75 is necessary for the stability of
a single guest hydrate. When the ratio exceeds unity only by a few percent, however, the
molecule will not be able to fit within the cavity and the structure will not form.*®
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On the other side of the scale, if the ratio is significantly less than 0.75, the molecule cannot
lend enough stability to the cavity to cause formation.*®

The occupancy of the hydrate cages by the guest molecule is essential for the mechanical
stability of the hydrate lattice.? The hydrate structure will eventually transform to a more
stable structure if the former structure is not the most stable. For a given composition,
temperature and pressure the actual structure of hydrates that form depends on Kinetics as well
as thermodynamics.? Because Structure 11 is the most stable of the structures, it is probably
the one that is produced by the highly selective nucleation process. Growth proceeds in a less
selective, perhaps even hectic and chaotic manner once the Gibbs free energy barrier has been
surpassed for the nucleation process.®

1.4 Hydrate formation

When it comes to hydrate formation, there are four stages:*®
1. Diffusion of gas into water (gas-liquid mass transfer).
2. Nucleation.
3. Crystal growth.
4. Agglomeration.

Both hydrate nucleation and crystal growth are a kinetic process. This means that with the
onset of thermodynamically favorable conditions, hydrates do not instantaneously appear.
There is thus a lag time between the time when the system enters thermodynamically
favorable conditions for hydrate formation and the appearance of hydrates, and it is known as
induction time.*® Induction time is in other words defined as the duration beginning when the
system enters the hydrate forming region until the onset of hydrate formation.*’

Gas hydrates are formed when small gas molecules, < 9A, comes into contact with free water
under high pressure and low temperature, typically around 6—15MPa and 277K
respectively.**® It is believed that the mechanism for the kinetics of gas hydrate formation
follows a two step process. First, around a non-polar core of different sizes of apolar
molecules there are formed clusters of hydrogen bonded water molecules. This is then
followed by the formation of gas hydrate nucleus by the joining of these clusters. Hydrate
formation usually occurs at the interface between vapor and liquid. There are two reasons for
this. One is that the concentrations of both host and guest molecules are high enough at the
contact surface, so therefore it is the most likely place for crystals to conduct nucleation and
growth. This is because of the large amount of each constituent present. Thus there are a large
amount of gas hydrate relative to the dissolved amount of gas in the liquid. The other is that
the contact area decreases the Gibbs free energy of nucleation (figure 1.5). At temperatures
closer to the freezing point of water the formation is usually favorable for gas hydrate. Under
sufficient pressure however, gas hydrates will form at elevated temperatures as well.*23>394°
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Hence, hydrate formation requires extensive contact between water and one or more of the
hydrate forming gases under suitable conditions of both pressure and temperature. The
resulting solids can form plugs that restrict or blockage the gas flow during oil and gas
production, 1233940

Figure 1.5. Overview of the hypothesis of hydrate formation.*

1.4.1 Mass transfer

Mass transfer is the net movement of mass from one location to another. In chemical
engineering there are two means of mass transfer, either by diffusion or convection:**
o Diffusion is the spread of molecules or particles from regions of higher concentration
to regions of lower concentration through random motion.
e Convection (advection) is the concerted, collective movement of ensembles of
molecules or particles within fluids due to the bulk motion of fluid.

Gas-liquid mass transfer is a diffusive process, by movement of molecules over the gas-liquid
interface. A number of mass transfer theories have been proposed over the past 50 years in
order to explain the mechanism of gas transfer across gas-liquid interfaces. Among them are
the two-film theory (proposed by Lewis and Whitman (1924)), the penetration model
(proposed by Higbie (1935)) and the surface-renewal model (proposed by Danckwerts
(1951)). The two-film theory is the most commonly used, because of its simplicity and in
more than 95% of the situations encountered, the results obtained are essentially the same as
those obtained with the more complex theories. Even in the 5% where there is some deviation
between the two-film theory and other theories, it is not clear which approach is more correct.
Both the penetration model and the surface-renewal model are more theoretical and take into
account more of the physical phenomena involved.*

16



The two-film theory is used to explain how gases are transported from a gas phase to a liquid
phase, through film thicknesses of varying resistances. It is based on a physical model in
which two films exist at the gas-liquid interface. The resistance to the passage of gas
molecules between the bulk-liquid and the bulk-gaseous phases is provided by the two films,
one being liquid and one being gas. Molecular diffusion through the films is the driving force,
and the rate limiting step is changes in gas transfer as the mode of flow changes. Diffusion of
gas through the liquid phase is generally slowest under perfectly quiescent or stagnant
conditions, and fastest under turbulent conditions. The gas-liquid interface is controlling the
process if the liquid is sufficiently agitated either by natural turbulence or by induced
mechanical mixing. When an equilibrium is established between the bulk-liquid and the
interface, the mass transfer flux terminates. One important note when it comes to the
application of the two-film theory is that the assumption of uniform partial pressure and
concentration in both the bulk phases, that is mixed completely, are valid.**

1.4.2 Nucleation, an induction period

There exist two types of nucleation, namely homogeneous nucleation and heterogeneous
nucleation. Homogenous nucleation is a process that only takes place in the absence of
impurities. A bimolecular collision by an autocatalytic nature is most likely to proceed, since
the nucleation process involves too many molecules that everyone can collide at once.
Heterogeneous nucleation on the other hand, takes place in the presence of a foreign object or
a surface. Also, the required subcooling is lower than that by homogenous nucleation. Water
solutions prepared at the laboratory can contain more than 10° particles per cm?®. On this basis
it would be virtually impossible to achieve a solution completely free of foreign matter,
although careful filtering can reduce the contamination to some extent. Hench, homogenous
nucleation is unusual, while heterogeneous nucleation occur much more frequently.*?
Subcooling (AT) is defined as the difference between the equilibrium hydrate temperature
(hydrate dissociation temperature) and the operation temperature at a fixed pressure and
composition.®*

There are some conditions that must be present for hydrate nucleation to occur:®
v At the point of nucleation the water must be saturated with gas.
v’ In order for the removal of latent heat from fusion, subcooling must be present.*!
v' The chemical potential of water in the liquid water phase must equal that of water in a
hydrate lattice.

Like any other phase transition process in nature, hydrate nucleation is random. Nevertheless,
the process is highly controlled by the magnitude of the driving force expressed as
displacement in temperature and/or pressure from the corresponding values at equilibrium. In
addition to this, hydrate nucleation is also influenced by the type and size of the guest
molecules, degree of turbulence, impurity and water history.?
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Nuclei can be formed from clusters of fine particles chemically unrelated to the precipitate but
with some similarity of crystal lattice structure. A nucleus is a fine particle on which the
spontaneous formation or precipitation of a solid phase can occur.' The hydrate crystal
nucleation process occurs at the interface of water and gas, it is thus an interfacial process,
and the crystal growth may take place both in the liquid phase and the gas phase. Generally
hydrate formation requires extensive contact between water and one or more of the hydrate-
forming gases under suitable conditions of temperature and pressure.*? The hydrate former
could be in a liquid or a vapor phase, in addition to being either miscible or immiscible with
water. The formation is controlled by parameters as: Availability of open gas-water interface,
intensity of creating free gas-water interface, temperature, degree of subcooling, pressure, the
composition of water and gas, thermodynamic conditions, fluid composition, diffusive
properties of medium, rate of heat removal and sorption activity of the forming hydrates.*
Therefore formation and growth of hydrates are a complicated mix of kinetic and
thermodynamic factors.?’ The large cavities of Structure | and Structure I1, the
tetrakaidecahedral (5'262) and the hexakaidecahedral (5'°6*) respectively, initialize the
hydrate nucleation. This means that the small cavities, the pentagonal dodecahedral (5'2), is
not essential for the initialization process.’

During this induction time (the time required to form nuclei), or nucleation, there is a critical
radius that the hydrate nuclei must reach in order to sustain their further growth and form
hydrate. This required radius must be greater than the critical radius to enable both stable
nuclei and continued growth of the hydrate. Hence, any nuclei with radius smaller than the
critical radius will re-dissolve in the liquid medium.** Thus, clusters of these molecules can
either grow or shrink until they reach the critical size. Until they exceed the critical size, the
agglomerates are in quasi equilibrium with each other and the labile clusters.®® When clusters
possessing the critical size, monotonic growth occurs. This phenomenon can also be
interpreted as an excess in Gibbs free energy, AG, between the small dissolved solid particles
and the solvent in the solution.*” AG becomes negative and the growth becomes
spontaneously or catastophic.*® Small aggregates are formed in the course of nucleation,
which become seeds for hydrate growth. The critical size is thought to be between 20—50nm
(8—30nm)™® .% The critical size depends inversely on the thermodynamic driving force, which
is the free energy of formation and directly on the interfacial energy. For small driving forces
the rate of crystal formation is low. The rate rapidly becomes larger at intermediate driving
force and reaches a limiting value at very high driving force.® Under dynamic conditions, the
presence of free gas/water surface and intensive heat removal usually makes the formation
rate of hydrate several times higher than under static conditions. For any given pressure and
temperature there exist a maximum rate of massive type hydrate accumulation. Where the
conditions allow the rate of gas-water surface renewal equals the radial rate of hydrate crystal
growth on that surface corresponds to the maximum rate of hydrate accumulation.*®

By random movement, a number of growth units may come together, a growth unit in this

context is a gas molecule and the sphere of water molecules it keeps arranged around itself.
The assembly will become stable and begin to grow if enough growth units come together.®

18



1.4.3 Crystal growth

There exist four essential elements that must be present on order to get hydrate nucleation and
growth:*®
1. Around dissolved apolar natural gas molecules, labile clusters of water molecules with
particular coordination numbers exist.
2. By joining these clusters together, hydrate is formed.
Upon joining, clusters can transform from one coordination number to another.
4. Structure I have no distinguishing alternatives for joining hexagonal faces, structure 11
have two alternatives. This leads to competing structures, thus slows down hydrate
nucleation and growth.

w

After hydrate formation at the gas-water interface, hydrates form in the liquid phase from the
dissolved gas in water. This will cause the content of the dissolved gas in water to decrease
significantly.®

The gas/water interface is the most likely location for hydrates to initiate forming, because the
interface is always mutually supersaturated with both phases. Consequently, the role of
mixing is only limited to control the rate at which the bulk water reaches saturation with the
gas phase. With continuous mixing it appears that regardless of the saturation state of the bulk
water, the phase transition always initiates at the surface of the vortex (gas/water interface).
However, free gas have to dissolve in the bulk water and diffuse to the crystal surface for
adsorption for any further growth in the formed hydrate crystals. At this stage mixing controls
the extent and rate of hydrate formation.”

1.4.4 Agglomeration

Nuclei come in contact with other nuclei and join to form larger particles. This process is
called agglomeration, and is caused by the relationship attraction between neighboring apolar
molecules inside the cages of water molecules.®

Very small particles have a higher surface energy than larger particles, the solution
concentration in equilibrium with small particles will be higher than that in equilibrium with
larger particles. Thus, in a mixture of particle sizes, the larger particles will continue to grow
because the solution is still supersaturated with respect to them. Through the growth of the
larger particles the solution concentration is decreased. This will lead to the dissolving of the
small particles because the solution concentration is now below their saturation value. By the
agglomeration of particles to form larger particles, the enhancement of conversion of small
particles into larger particles is conducted.*

Even at temperatures well above the freezing point of water, these agglomerates are
thermodynamically favored.“°
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1.4.5 Hydrate formation in the pipelines

The most complex multiphase flow problems, involving water, liquid hydrocarbon, gas and
hydrates as solids, occurs from formation and transport in flowlines. A conceptual
representation of hydrate blockages in both oil-dominated and water-dominated systems is
given in the following (figure 1.6):224’

A. Before hydrates are formed, the phases are emulsified from the flow turbulence,
possibly creating gas bubbles entrained in the oil and water, oil emulsified in water
and water emulsified in oil. As the result of oil chemistry and shear, water is entrained
in an oil-continuous-phase emulsion as droplets of typically 50pum in diameter. The
surface area for hydrate formation is created by the entrained/emulsified
droplets/bubbles.

B. When the temperature and pressure conditions are within the hydrate stability region,
hydrates will most likely form at the water and hydrocarbon fluid (water and oil)
interface. Hydrates grows rapidly (approximately 1mm/3sec) at the oil/water interface
as the flowline enters the hydrate formation region. Here they form thin (10-30pum
thick) hydrate shells around the water/oil droplets emulsified in oil/water. The
particles remain the same size as the original water droplet, despite the formation of
hydrate shell. Further, on the pipe walls is another possible location for hydrates to
initially form. This is because the walls are constantly exposed to the gas in addition to
being wet.

C. As a function of mass transfer of the guest through the oil and the hydrate shell, as
well as heat transfer dissipating the energy from hydrate formation, shrinking-core
droplets continue to grow inward within each hydrate shell. The process of continued
hydrate growth is typically mass or heat transfer limited. In the former, water and/or
gas must diffuse to the interface. In the latter, heat must be removed because of the
fact that hydrate formation is an exothermic process. Strong capillary attractive forces
between the hydrate droplets are enabled by possible free water coating each droplet.
Hydrate growth will be limited by either the availability of water, gas or temperature.

D. The hydrate slurry will change the rheology (flow behavior) of the system once a
sufficient amount of hydrates are present. The hydrates can either be deposited on the
solid surface or be suspended in the fluid phase.

E. The interaction of hydrate particles will largely depend upon the continuous fluid
phase. The binding force between the hydrate particles are minimal, thus they will
remain dispersed if the hydrate particles are dispersed in a water continuous phase. It
is likely that the hydrate particles will bind to form large aggregates because of the
water capillary bridging formed between the particles, if the hydrate particles are
dispersed in an oil continuous phase. Hence, once hydrates are present, the hydrate
particles may interact either by agglomerate into larger aggregates or continually grow
on the existing deposits on the pipe wall.

F. Hydrate deposition on the pipe wall is an important phenomenon. It may even be
responsible for eventual hydrate blockages under steady state operation, because these
deposits can build slowly up over time. Not surprisingly, hydrate deposits on the wall
can narrow down the flow channel, similar to wax/asphaltene deposition.
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G. Finally, the jamming of hydrate particles, which causes the blockage of the system.
This comes from the agglomeration of the hydrate droplets that eventually can plug
the pipeline.

Entrainment Hydrate Growth Agglomeration Plugging

Emulsification Growth Co/Ad-hesion Deposition
Nucleation Rheology Aggregation Jamming

Figure 1.6. Conceptual representation of hydrate formation, agglomeration and plugging in an
oil- or water-dominated system.*’

There arises six rules of thumb for flow assurance in an oil- or water-dominated system:*

1. One key to prevent blockage formation is to keep the formation of
emulsions/dispersions high enough to sustain the water/hydrates suspended in the oil
phase.

2. High shear stress may prevent particle aggregation.

3. Inoil- or water-dominated systems there are two requirements to prevent hydrate plug
formation:

A. There must be a low concentration of hydrate particles (< 50vol%).
B. By either applying anti-agglomerants or by particles being oil-wet through
oil chemistry, particle aggregation is prevented.

4. Because of the attractive capillary forces that arises when the operating conditions are
closer to the hydrate dissociation conditions, stronger interactions between hydrate
particles from a quasiliquid layer at the particle interface.

5. Coalescence of water drops in water-in-oil systems can be caused by the formation and
dissociation of hydrates. This coalesced free water phase is prone to hydrate blockage
formation.

6. Freshly formed hydrates, like other deposits, are more porous and malleable than
hydrates that have had time to age and solidify. The aging process (something akin to
Ostwald ripening) causes a more dense crystal mass, which make dissociation of the
plug increasingly difficult.
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Hydrate blockage in condensate , or gas-dominated, systems, especially light condensate,
differ from oil- and water-dominated systems in that low viscosity and the lack of surface
active components makes it impossible for emulsified water droplets to form without a high
shear. A general mode of action of hydrate blockages in condensate systems are given in the
following (figure 1.7):2%4

A. In the absence of water-wet walls, hydrates formed in the bulk condensate may not
deposit on the wall.

B. Hydrates will remain on the wall if formed at the pipe surface.

1. A uniform, dispersed deposit along the flowline is provided by high
concentrations of dissolved water.

2. As the flowline enters the hydrate stability region the free water results in a
localized, early deposit.

C. The main hydrate formation mechanism is deposition on the pipe wall. These deposits
can over prolonged periods of time gradually grow to narrow the flow channel and
cause significant pressure drops in the system. Because of the fluid shear, these
deposits can detach from the wall (sloughing). Loose chunks of hydrate may
eventually accumulate in a flow restriction, like a valve, bend or another hydrate
deposit, causing the system to jam. However, hydrate deposits can be dissociated with
or without chemicals by flowing an undersaturated condensate past the hydrate
deposit.

Buildup Annulus Growth Sloughing Plugging

\_BOROR- R

Figure 1.7. Conceptual model for hydrate formation and plugging in a condensate or gas-
dominated multiphase flow system.*’

With hydrate deposition on the flowline walls, the mechanism for hydrate plug formation in
condensate system may differ significantly from hydrate plug formation in oil systems. In
condensate systems, sloughing and particle jamming will likely occur to form a plug. In oil
systems however, particle aggregation will increase the apparent viscosity for effective

plugging.?

22



1.5 Gas hydrate coupled with the petroleum industry

Gas hydrate adopts a double-edged role when it comes to the petroleum industry, one being a
problem, while the other being a resource. Petroleum engineers focus on three ambiguous
sides of gas hydrate, namely: Flow assurance, energy resource and climate change. They are
listed in declining importance, with the first and last being a problem, and the second being a
resource, respectively. In addition to this as a resource, gas hydrate can also be used as a
storage and transport medium for different kinds of gases.?®*

In this context only the problem role of the ambivalent gas hydrate will be examined.

The never-ending pursuit for oil and gas compels the petroleum industry into deeper and
colder water depths, with the corresponding higher pressures from the additional liquid head.
Also, another consequence is that the production fluids cool deep into the hydrate-stability
zone, due to longer tiebacks. All these situations surpass the conditions needed for gas hydrate
formation, thus increasing the risk of hydrate plugging. Gas hydrate plugs formation can
cause problems by forming and possibly blocking subsea pipelines, pipelines in general,
transmission lines, wellbores, plug blowout preventers, subsea equipment during both
production and drilling operations as well as in other process equipment. In addition to this
gas hydrates can jeopardize the foundations of deepwater platforms and pipelines, cause
tubing and casing collapse. There is also the possibility for fouling process heat exchangers,
valves and expanders by gas hydrate. Therefore such plugs can cause drilling safety problems
as well. Flow passages can be reduced or plugged in deepwater pipelines and wellbores, by
the potentially forming gas hydrates. Should gas hydrate plugs form in the wellbore, can they
impact the ability to open or close downhole safety valves or valves at the seafloor in general.
It will also make it difficult to run wireline tools. But the problem is particularly problematic
if it happens in a so called umbilical during operations at offshore platforms. Here the
economic impact will be severe. One obvious consequence if gas hydrate formation occurs is
that flow rates can be reduced significantly or production could completely stop. Conditions
that usually arises during well shutdown following a period of flow or during start-up, is that
the well gets cold. A cold well have a tremendous risk for gas hydrate formation. But
provided the right conditions, of especially temperature and pressure, gas hydrate can form in
the well while it is flowing, and in flow lines, carrying hydrocarbon fluids during normal
production. Gas hydrates will also occur in all the produced fluids if the required temperature
and pressure conditions are reached: Black oil, condensate, gas with condensate, natural gas
or crude oil with associated gas, with condensed or formation water and wet gas
lines.**16:3346495051 a5 hydrates may build up at any place in which free water coexists with
natural gas at temperatures as high as ~30°C, provided the right pressure and gas
composition.
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Because producers drill in deeper and cooler waters, gas hydrate is a growing problem. Gas
hydrates can form in the wellbore while the fluids go through temperature- and pressure-
induced phase changes near the mud line (figure 1.8). In downstream transportation networks
once the stream have cooled from reservoir conditions gas hydrates will form often from gas
streams, which are produced saturated with water. Also, gas hydrates can form in the
flowlines from subsea completions to the separation facilities. The challenges of gas hydrate
control in deepwater operations emerge from the harsh environment and the inaccessibility.
The well operator have only a limited control over the wellhead pressure. Factors that are
deciding if a particular well or flowlines are at gas hydrate forming conditions is the
producing formation temperature, heat loss to the environment and Joule-Thomson cooling
effect upon gas decompression. Gas hydrates create physical barriers to production and must
be inhibited and dissolved if formed in order for gas production to occur. In offshore
environments where one have no control over the fluid composition, temperature and
bottomhole pressure, the problem of finding an effective gas hydrate control method in a
system at hydrate conditions is especially difficult. Deepwater wells must produce large
volumes of oil and gas to justify their development costs, and even a short-term interruption
in production can cost the operator millions of dollars. The cost of failure can be very high
because of the high remediation cost and a significant loss in revenues. Therefore it is crucial
that the well and production lines at all time must be maintained free of gas hydrate by the
operator. 6372
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Figure 1.8. Deepwater production well with the potential hydrate formation zone.>*
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One major task when it comes to flow assurance is to develop a plan to manage potential
problems of gas hydrate formation, along with dealing with plugs when they occur. The plan
includes the ability to predict where and approximately when gas hydrate plugs might form,
and of course how to prevent gas hydrate plug formation. Therefore, flow assurance is the one
major technical problem for offshore energy development, and gas hydrate plugs are the
major concern by an order of magnitude relative to scales, waxes or asphaltenes. This is
because of that the plugs form without warning and so rapidly in offshore lines relative to the
others. Regardless of whether the fluid is flowing, flow in pipeline, or being substantially
stationary, during forced shut-in periods, these hydrates can form and cause problems in both
cases. Thus, the resulting solids can form plugs that restrict or block gas and oil flow during
production.*34¢

Usually in the free water, just downstream from water accumulations where there is a change
in flow geometry, a gas hydrate blockage will occur. This can be for instance a bend or
pipeline dip along an ocean-floor depression, or some nucleation site like a weld slag or sand.
As mentioned before, these small, individual crystalline cages tend to agglomerate. In doing
so they are forming larger gas hydrate structures that can adhere to surfaces, such surfaces as
internal pipe walls. These gas hydrate crystals can damage the pipeline or in the worst case
lead to blockage of the pipeline to the point of pipe rupture. It is more common to not have
more than one gas hydrate plug forming in the pipeline. Both the contents and the geometry of
the line determines if the gas hydrate will flow as a slurry or adhere and form a plug. Thus,
from this it is clear to see that both the operation procedures and the system design must be
improved in order to keep the operation running smoothely.®28:385354

At the phase interfaces where there is an abundance of both water and hydrocarbon, gas
hydrates forms most easily. This interfacial phenomenon is a key concept in order for
understanding gas hydrate formation and prevention. Specifically, gas hydrates forms at the
water/gas interface for water+gas systems. However, gas hydrates forms at the interface
between the two liquids, water and oil, from small dissolved gas molecules in the oil, for
water+oil+gas systems.?® Gas hydrates can thus form from a hydrocarbon stream that is a
single phase vapor or liquid, or from a two phase steam.* Furthermore, there is no
requirement for a gas phase as such to form gas hydrates, since it can be formed from gas
dissolved in liquid. It is also the dissolved gas that forms the solid gas hydrate, and the
gaseous constituents comes from either a gas phase or a liquid phase dissolve in water. Even
though the high molecular weight hydrocarbons are too big to fit into the cage-like hydrate
structures, reservoir oils usually contain substantial amounts of dissolved gas. As pressure is
reduced the dissolved gas in oil can come out of solution in many wells. In a wellbore both
the dissolved and free gas can combine with water to form gas hydrates. This water may
either be produced water or water condensed from the vapor phase of a gas itself.>*>°
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Consequences can be formidable when hydrate problems occur. It can occur relatively
quickly, but difficult to remove and cause serious damage if not removed with care. Therefore
pays the petroleum industry particular attention to natural gas hydrates because both the
pressure and temperature conditions that are conductive to gas hydrate formation and
blockage, are common under normal production scenarios. The crystallization of hydrate
particles generally leads to the shutdown of production facilities by the formation of hydrate
plugs. These plugs can be the result of deposits growth and/or agglomeration of hydrate
crystals. Depressurization (venting) is almost the only available option in order to remove gas
hydrate blockages from subsea natural gas or gas condensate pipelines. The industry have
developed new tools that can be deployed at short notice to depressurize the wellbore or
pipeline. Gas hydrate decomposition by depressurization is a heat and mass transfer
dependent process. The line is usually depressurized at each end of the plug. This
recommended to do so in order to eliminate the risk for the hydrate plug to suddenly break
loose, and thereby becoming dangerous projectiles. Depressurization decreases the gas
hydrate formation temperature to below that of the environment, which enables the plug to be
dissociated by ambient heat. Depending on the magnitude of the pressure reduction and on
the ambient temperature the plug decomposition process follows different modes. A so called
pig is used to clean the line after the plug is dissociated. However, depressurization of
deepwater pipelines to remove plugs frequently requires days of flow interruption. Also, when
flow is haltered because of a plug in a pipeline, it is difficult to place heat at the precise plug
site. Thus, this process is normally applied with little or no accurate information about the
plug location, size or composition. When depressurization is conducted at small pressure
reduction and low temperature, gas hydrate blockage removal is a slow process. Hydrate plug
removal is generally difficult task to achieve. Prior to the restarting of the production, a
shutdown of several days or weeks may be necessary. During this remediation time the
operator cannot produce, which makes the financial impact a very significant event. Up to
some Yyears ago, most of the offshore fields were developed with the objective of keeping the
effluents outside the hydrate stable zone. This must be done on both flowing and transient
(shit-in/restart) conditions. Needless to say, transient operations are particularly problematic
because of the temporary extreme subcoolings under these conditions, 873303457

Amongst favorable options for reducing field development and operational costs is the
application of subsea completions in which the wellheads and production templates are placed
at the seabed. An extended subsea gathering networks and transportation of unprocessed
wellstreams are used. A cocktail of multiphase fluids, including liquid hydrocarbons (oils and
condensate), gaseous hydrocarbons (natural gas) and mixed electrolyte produced water, will
convey these lines. Unprocessed fluids produced from these wells may be transported for tens
of miles to a main platform using subsea flowlines. Such flowlines are highly susceptible to
gas hydrate formation and possibly plugging (figure 1.19). Therefore it is essential for
confident and economical operation and design of associated fields, pipelines and processing
facilities to obtain a good knowledge of these complex systems.>*°8
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Figure 1.9. Schematic over a subsea wellhead with hydrate plug formed in the flowline to the
production platform.*®

The subsequent increased risk for gas hydrate formation, due to that gas and oil subsea
production and transport are moving to deeper developments where the pressure and
temperature are well within the hydrate stability region, requires new strategies in flow
assurance.”” There is a gas hydrate plug prevention shift under way when it comes to flow
assurance. It shifts from avoidance to management of gas hydrate formation.?® In deepwater
field developments gas hydrate inhibition and control is often the design basis. This
particularly holds for low seabed temperatures and high reservoir pressures, which provides a
very high driving force for gas hydrate formation. This is encountered in deepwater
environments.*

In the petroleum industry it is common knowledge that both drilling and productions systems
often operate in the gas hydrate region without gas hydrates actually forming. The reason for
this is the high order of degree required to arrange the water molecules around the gas
molecules in the crystal structure that arises. Because of the Kinetics or time factors in the
formation of the solid gas hydrate crystals from petroleum liquid or gas and the aqueous
phase, this process needs some time even though the gas hydrate is the thermodynamically
favored process. However, as the driving force, distance into the gas hydrate region, becomes
increased, the time for gas hydrate formation becomes less. Inhibitors can greatly increase this
time. Interestingly, there have been demonstrated, both in the laboratory and elsewhere, that
there are some oils that can form transportable gas hydrate/water/oil slurries without the need
for chemical additives. This favorable property being attributed to the natural surfactants
present in the oil.2"®

27



1.6 Gas hydrate formation treatment methods

There are four essential elements necessary for gas hydrate formation. The absence of only
one of these elements would make gas hydrate formation impossible, and this is what
inhibition methods aim to control or eliminate. These four essential elements are:®

e The presence of water.

e The presence of hydrate forming compound in natural gas (for example methane).

e Condition of high pressure.

e Condition of low temperature.

There are a wide selection of methods available for diminish the risk or preventing gas
hydrate formation and deposition, which are: %333

1. Dehydrating the mixture by separating out the water phase or by removing the
hydrocarbon phase. Either way, one of the components must be removed.
To keep the pressure low and outside the hydrate equilibrium zone.
To add another gas in order to modify the gas phase.
To convert the water into transportable hydrate particles without the use of chemicals.
To use active heating or passive heat retention at the system pressure in order to keep
the temperature above the hydrate stable zone.
6. To treat with chemicals.

ok own

The key to the overall success is a full integration of a good front-end design, an effective
monitoring program and a comprehensive deployment plan.®” All these approaches
inhibits/dissociates so that higher pressures and lower temperatures will be required for
hydrate stability. Method 1 to 5, plus some of the chemicals in method 6 (thermodynamic
hydrate inhibitors), are known as thermodynamic inhibition. This is because by changes in
composition, pressure or temperature, they remove the system from thermodynamic stability.
Hydrates are incapable to form as long as the system is kept outside the thermodynamic
equilibrium conditions. A newer method that allows the system to exist in the hydrate
thermodynamic stability region, where small hydrate nuclei are hindered from agglomerating
to larger masses, is called kinetic inhibition.®® In addition to this, it also may be important to
know which kind of gas hydrate structure one is dealing with in order to prevent hydrates
form forming in production.?®

Though any one of these methods can be effective in preventing gas hydrates, some may not
be feasible or desirable for deepwater operations.®” Therefore, all of these approaches have
limitations. This holds particularly in the case of deepwater operations in addition to long
tieback systems and/or high water cuts (mature fields).®*
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1.6.1 Dehydration

Water, which is a necessary element in the gas hydrate formation process, can be removed by
dehydration of the natural gas.®® The essential free water phase cannot form when the
temperature of the gas in the flowline remains above the dew point. Macroscopic hydrate
crystals will not be able to form without this free water. The dehydration process commonly
involves the use of molecular sieve, solid desiccants or glycol contractor. Ethylene, diethylene
and triethylene glycol can all be used for a glycol contactor or molecular sieve.*>36*

For this method to be effective, it is necessary to significantly reduce the water content. This
is done so that the partial pressure of water in the mixture is below the very low equilibrium
pressure above the gas hydrate.® The use of these approaches is capital-intensive and is not
currently applicable in subsea flowlines.*®®* Dehydration is not even an option because it is
not possible to conduct on small platforms with limited space for the processing equipment
nor for subsea wells.** Also, even after the gas phase is stripped to saturation levels,
dehydration is difficult to conduct when supersaturated condensates exist in the flowline. In
addition, stripping condensate completely of water is prohibitively expensive. In the end no
process can achieve complete dehydration for operative and/or economic reasons.

1.6.2 Pressure alterations

Choking-back the production by lowering the pressure, can reduce the tendency for gas
hydrates to form in a production system.®? The system pressure can be reduced through
pressure depletion or flaring.®*

The pipeline pressure is reduced below the gas hydrate equilibrium pressure at the seabed
temperature. Consequently, the gas hydrate blockage starts to dissociate at the boundary
subjected to the pressure reduction. A temperature gradient is created with the surrounding
environment because of that the dissociation heat is absorbed from the vicinity of the melting
front. Under this temperature gradient the heat flows from the surrounding environment to the
gas hydrate plug. Therefore, unless the pipeline pressure is allowed to build up to a new
equilibrium value that corresponds to the lower temperature, the gas hydrate plug will
continue to dissociate.*

From an economical point-of-view, keeping the pressure low on a continuous basis is rarely
done since the production rates would be too low. During shut-in, depressurization could be
carried out. Due to the hydrostatic pressure in very deep water, which keeps the fluids in the
hydrate forming region at all time, depressurization cannot be performed.*’
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1.6.3 Modify the gas phase

Although odd and seemingly counterintuitive, a gas such as CO, or N, can be injected in order
to raise the pressure threshold for gas hydrate formation.®®

1.6.4 Transform water into transportable hydrate particles

In challenging conditions, such as deepwater fields, the industry may need novel and
improved techniques to tackle flow assurance problems. Such a novel approach is the cold
flow concept, which could represent a major breakthrough in deep water hydrate control. This
concept breaks from the tradition of straightforward gas hydrate prevention. Here gas hydrates
are not prevented, but managed to prevent their agglomeration and pipeline blockage. In fact,
gas hydrate is intentionally induced and managed to form in pipelines. This eliminates the
need for expensive thermal or chemical inhibition, while at the same time improving the
economics and practicalities of multiphase fluid transport. Thus, the technique is based on gas
hydrate management rather than prevention.*” %%’

There are several common characteristics in these techniques which are regarded as cold
flow:®’

e Gas hydrates are allowed to form, thus not prevented.

e No heating or insulation is used.

e Gas hydrate agglomeration is avoided by various means.

Several research groups are working on various cold flow concepts. Only the patented
HYDRAFLOW concept will be discussed briefly in the following, but the technique holds for
most of the cold flow concepts since they basically operates on the same principles.®*®

The basics of the technology are to convert most or all of the gas phase into hydrates and
transfer them in the form of hydrate slurry in the pipeline. In other words, to convert produced
water into transportable hydrate particles without the use of chemicals. These particles are
then fed into a shock-chilled water-containing well stream in which the water is emulsified or
dispersed in the liquid hydrocarbons by a number of mixers. Here the hydrate particles seed
further hydrate growth in the water droplets form the inside out. They grow quickly but in a
controlled manner. The hydrate particles become dry, non-agglomerating and non-depositing.
In addition to this, they will eliminate free water from the rest of the transport system. "¢’

The objective is to minimize, possibly eliminate the gas phase, by converting it into hydrates
through reaction with produced water. In situations where produced water is a limiting factor
for hydrate formation, excess water like seawater can be added. In addition, there is also the
possibility to adjust the hydrate slurry viscosity by altering the amount of water.®*®’
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By converting the gas phase into hydrates, the density difference between phases (water,
hydrates and oil) will be greatly reduced. This should help on alleviate pipeline slugging
problems, thus lowering the operational costs. Also, pipeline costs could be further reduced
by eliminating the need for heating and/or insulation, while reducing operating pressure or
increasing the capacity. Furthermore, it could have the extra benefit of reducing both chemical
and disposed water (this includes gas hydrate, scale, corrosion, wax and asphaltene inhibitors)
treatment cost through aqueous phase recycling, which also lowers the environmental impact.
An additional benefit of the concept is that it could potentially reduce wax deposition
problems by maintaining the fluid temperature for a longer time. This is because of the
exothermic hydrate formation reaction. The hydrate also provides solid seeds for wax
nucleation in the flowing liquid phase rather than on the pipeline walls and abrasion of
deposited wax since the hydrate particles are relatively fast moving.*"®+¢’

There are some possible problems with this technique, however. One of them being that in
some cases there have to be added a small amount of anti-agglomerant or other chemicals.
This have to be done so to control the hydrate crystal size, prevent agglomeration and reduce
slurry viscosity. During an unplanned shut-in, free water could agglomerate before it reaches
the mixers. For wet gas fields or fields with very high water cuts, the concept does not work.
This is due to the impossibility for hydrate particles to flow. Since the free water is removed
as gas hydrates, the ions in solution will accumulate leading to possible increased inorganic
scale deposit problems.*"®*

1.6.5 Heating, thermal gas hydrate inhibition

There exist several methods that are used to raise the temperature so as to avoid gas hydrate
formation. The point of it all, is to keep the temperature of the fluids in the flowline above the
hydrate formation temperature.® In this way the crucial low temperature is removed by these
heat management techniques. Both external heating and thermal insulation can be used
independently or jointly in order to achieve this, such as insulating the tubing and heating the
wellbore. Thermal insulating or adding inhibitor is the most used means for dealing with gas
hydrate.37'51'62

The easiest and simplest method is to insulate the pipe. Insulation will contribute on
maintaining the wellbore temperature while the well is producing. This is done by using
insulation around the tubing string, thus effectively reducing the heat losses to the
environment especially above and near the seafloor. In the case of offshore platforms, the
reservoir oil is at a typical temperature of 100°C, and typically the seabed temperature is
around 4°C. So there are a huge difference between the hot produced fluids and the cold
environment.**°%!
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The tubing can be insulated by several methods. Just burying the pipeline can help to some
degree, and it is also the simplest method available. The most effective method, however, is to
use double-walled pipe with a gas or a vacuum in the annulus. A nitrogen gas blanket can also
be used in the annulus of the production tubing string and the production riser or flowline.
Potential insulation materials that can be used in the annulus of a double-walled flowline pipe
are vacuum, gas or foam.**°%

External heating can be used jointly with insulation or separately. The pipeline wall can be
wrapped with an electrical resistance, heat tracing cable or a heat tracing tube containing a
circulating hot fluid. Hot water is injected form the platform into a jacket which is around the
production line. This will elevate the temperature of the pipeline wall, thus maintaining the
produced fluids outside the hydrate stable region. Electrically heated or bundled flowlines
permit heating of a shut-in line,!"2038!

Considerations when it comes to thermal insulation and external heating, cooperative or
individually, includes cost, fabrication method, installation procedure and methods to allow
for thermal expansion. The method of thermal insulation is relatively inexpensive than for
instance external heating, but it depends on the technology used. There are several advantages
of insulating and external heating. The overall volume of gas hydrate inhibitor may be
reduced. Inhibitor injection can entirely cease, after the steady state flowing well heats to a
sufficiently high temperature. The cool down temperature profile depends on the type of
environment, the length of time the well was flowed and the effectiveness of the insulation,
during shutdown period following production. The well fluid will remain longer above the
hydrate formation temperature, the longer heat is maintained within the tubing or wellbore.*

Insulation alone may not be suffice to maintain a gas hydrate channel for long multiphase and
gas pipelines in cold and high-pressure conditions.*® Insulation and heating may not be cost-
effective for longer flowlines to carry high GOR (gas/oil) fluids.®” Therefore, keeping the
system free for gas hydrate may only be achieved for short distances through flowline
insulation. Although gas hydrates can still form during shut-ins if the ambient temperature is
below the hydrate formation temperature at shut-in pressure. A shut-in line can be permitted
heated by external heating. However these technologies are capital-intensive and more
complex.® Because it is an expensive method, it is not used on a continual basis, but only
used in extended shutdown situations.!” Further, in addition to the high capital expenditure
(CAPEX) level and the technical challenge faced by both the design and installation of high
performance insulation, during a long enough shutdown it will not prevent entering the gas
hydrate formation region. Consequently, additional methods have to be anticipated for
procedures regarding shutdown and restart operations. Nevertheless, an unsurpassed designed
insulation generally prevents gas hydrate formation during normal operation conditions, while
at the same time avoids potential wax deposition.°
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1.6.6 Chemical treatment

In deep sea operations, the ambient operation conditions of high pressure and low temperature
are very conductive to the process of gas hydrate formation. Therefore, in such cases the
above traditional approaches may be ineffective due to either extreme conditions or high
cost.®* Consequently it appears that the use of inhibitors will be the most effective solution.*

As always, there are both advantages and disadvantages combined with these methods.**
Among operators chemical prevention is considered very effective at gas hydrate prevention
and is therefore used extensively.*® Thus, chemical inhibitors is injected to the unprocessed,
wet gas production streams, in order for keeping them hydrate free.®

A continuous injection of methanol or glycol during operation is typically done in gas
pipelines, since they are normally not insulated. Oil pipelines, however, usually are insulated,
and only for transient operations (start-up and shut-in/restart) hydrate inhibition is required.*
The inhibitors are normally injected at the well head using small diameter umbilicals that
extend from the main platform to the well head. Regardless of what type of inhibitor used and
the system it is used on, inhibitor injection must be re-established to the required level before
restart-up, after either unscheduled shutdowns or failure of the injection system.*

Thermodynamic inhibitors and the more recently identified low dosage inhibitors are two
chemical classes used for prevention of hydrate formation.">*" Low dosage hydrate inhibitors
can be a more economical solution for prevention of hydrate formation if they are not too
expensive and injected at low concentrations, than using thermodynamic inhibitors or pipeline
insulation. There are however another possible method. Here the added chemical reacts
exothermically with the produced fluids, resulting in that the produced heat is sufficient
enough to keep the system above the hydrate formation temperature.”® Never the less, it is
important for a chemical to be cheap to manufacture, have a high degree of efficiency, be
environmental friendly and that it does not corrode the pipes.®

All these forgoing methods can either be used individually or jointly for gas hydrate

prevention. Although the preferable method will be based on the operating environment and
the cost of the control method.*®
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1.7 Gas hydrate chemical treatment for the prevention and/or possible removal

There are two different chemical classes, all of them are now used in the field, which can
accomplish the task to prevent gas hydrate plugging:*’

e Thermodynamic hydrate inhibitors (THISs).

e Low dosage hydrate inhibitors (LDHIs)

If an inhibitor can terminate the growth of the gas hydrate assembly when it is small enough,
it is more likely to fall apart then to grow.°

THIs have traditionally been used for hydrate formation treatment for many decades.
Therefore it is common chemical treatment to use these inhibitors. LDHIs have been used in
various application with success worldwide.>*

As it is impossible to both separate out the free water content and to avoid the pressure-
temperature-conditions for hydrate formation in multiphase mixtures, the only successful
solution will be the selection of effective gas hydrate inhibitors.*® The amount of inhibitor in
the pipeline must be maintained at such a level that hydrate formation will not be encountered
at all time. Under-inhibited systems appear to be more likely to cause hydrate problems than
systems completely without inhibitor. Both field and laboratory experience indicates this
phenomenon.* The effective concentration of any hydrate inhibitor chemical depends upon

the severity of the condition. This severity is usually measured as the degree of subcooling.®*’

1.7.1 Thermodynamic Hydrate Inhibitor (THI)

Chemical inhibition with THIs is by far the most commonly used method used for hydrate
control, it have been used for a long time and continues to be the industry standard. This type
of inhibitor works as an antifreeze by involving the water in a thermodynamically favorable
relationship, so that it is not available for interaction with the gas.*>*’

These inhibitors have the ability to shift the equilibrium requirements for hydrate formation to
higher pressures and lower temperatures.®*3%° Thus, the hydrate equilibrium curve is shifted
toward lower temperatures and higher pressures by lowering the activity of the water
molecules, because the THI outcompetes the water molecules for hydrogen bonds. As a
consequence, the operating conditions is forced out of the gas hydrate stable region, and the
system operates in the vapor-liquid region.>*"®* This works because as ice, gas hydrates
consist of stable hydrogen bonded structures. Therefore hydrates, as ice, can be prevented by
the same means. In this way the operating conditions falls outside of the hydrate forming
region.®®?

34



By the addition of THI the temperature for which hydrates may be formed is decreased. This
decrease in thermodynamic temperature for hydrate formation is synonymous to freezing
point depression, which is basically what these inhibitors causes. The most powerful THIs are
the compounds that is causing the largest freezing point depression for water.>>*°

As mentioned above, gas hydrates can be prevented in the same way as ice. Thus the simplest
approach would be to add salts or some other soluble compounds to the water. There are
many available means for achieving hydrate prevention, dissolution and inhibition, like
alcohols, glycols and salts. Among these are methanol (MeOH, CH3;OH), mono-ethylene
glycol (MEG, HOCH,CH,OH), diethylene glycol, sodium chloride, calcium chloride and
potassium formate.>!>°0:22°364%5 Bacayse of their low cost and widespread availability,
methanol and ethylene glycol are most common among these.*"2

Because methanol easily vaporizes and concentrates in free water, it is preferred over other
inhibitors such as glycols or salts. Methanol is injected into the gas phase, which carries it to
the site where methanol dissolves in free liquid water and provides hydrate inhibition.** On a
weight basis, methanol provides the greatest inhibition. Because of methanol being a fluid that
possesses both low viscosity and low density, it is better suited for injection through long and
narrow diameter chemical injection hoses or tubing. Methanol is also a relatively small
molecule. This small size allows it to react at a fast rate with the surface of hydrate solids.
Further, hydrate disassociation occurs more rapidly with methanol than with glycol, thus
methanol melts hydrates more effectively.>* Therefore is methanol highly effective at melting
hydrates that have already formed.® Because of these positive attributes of methanol it is also
used for long injection distances. ¥

Much of the added methanol does not dissolve in the free water but is lost in the hydrocarbon
liquid or gas phase. This must also be added to the required amount of THI needed. This loss
can make it difficult to calculate how much inhibitor there actually is in the water phase, and
for safety operation reasons an excess of the thermodynamic hydrate inhibitor is usually
added. The chemical is injected at sufficient quantities to shift the phase equilibrium line
outside the anticipated operating temperature and pressure during shut down, re-startup and
flow conditions.***> After processing downstream, methanol accumulates in the propane
fraction.?® The refineries tend now to limit the methanol concentration allowed in the oil and
condensate which can cause serious problems in water management and desalting operation.>
Also, in the presence of water, oxygen becomes a corrosion agent, and methanol contains
appreciable amounts of dissolved oxygen. Therefore pipeline operators that rely on methanol
often treat it with a corrosion inhibitor in order to mitigate the corrosive properties that the
methanol possesses.*?

In order for THIs to be effective they must be added at high concentrations, with effective
dosages required in the range 20—50% (20—40%) of the water phase (10—60 wt%, 30—60
Wt%, weight %).2°%"°%°2 |n severe conditions the needed dosage can be from 20% to over
70% of the total volume of water production. This translates to a daily usage of between 10
and 40 m*/day of inhibitor, for a typical deepwater offshore system.>?

35



Despite the fact that the use of THIs can be very effective, the required dosages can become
extremely high, thus raising the cost for the operator. Regeneration systems have been
developed to lower the cost on systems where THI is needed on a continuous basis, where the
most common regeneration systems being methanol recovery and MEG recovery units
(MRU). These expensive reprocessing facilities can normally recover 80—90% of the
methanol used as hydrate inhibitor. While these recovery units can lower the cost of a
thermodynamic hydrate inhibitor treatment program, for many operators the large volume of
THI needed for most operations remains a major problem,?%3%37:%3

To get the desired large decrease in the formation temperature, huge amounts of THIs must be
injected. Especially for offshore locations this will create a logistic nightmare.® Shipping of
these large volumes of chemicals is difficult and costly and raises safety concerns. It is often
the design of offshore systems that limits the maximum amount of inhibitor that can be
pumped per day. This subsequently limits the amount of water that can be treated, resulting in
an upper limit on oil and gas production and reduced revenue to the operator.®”*® In order to
store and inject these vast amounts of THIs, large tanks and injection equipment is needed.
This can affect the overall size, platform space and therefore increase the cost of the
production facilities.® Hence, the operating costs for these solvent-based inhibitor treatments
are expensive, in addition to that the offshore facilities for these treatments can be both
complex and logistically intensive. It is also becoming increasingly unacceptable to storage
these large inventories of solvent on offshore platforms form a safety perspective.®

Much more methanol will be needed as exploration & production (E&P) operations move into
regions of lower temperatures and/or deeper water. As a consequence, the issue of economics
will receive more attention. Typical capital costs to prevent hydrates in a processing plant are
5-8% of the total plant cost.** Methanol injection leads to a high operational expenditure
(OPEX) level in addition to that it also needs large size storage facilities. All this results, in
addition to the erratic pressure, in potentially high concerns about health, safety and
environment (HSE) risks.> Therefore, replacement of the traditional THIs are highly
desirable from both health, safety and environmental in addition to commercial
considerations.®® These new hydrate inhibitors can lead to very substantial cost savings, not
only for the reduced cost of the new inhibitor, but also in the size of the pumping, injection
and storage facilities. This makes it possible to redesign production facilities on a smaller
scale. It is however a technological challenge for the oil and gas production industry to
develop these alternative, cost effective and environmental acceptable hydrate
inhibitors.?®="3%°3 Ojl companies have switched from an absolute avoidance heuristic to one
of acceptable risk.” For this reason, LDHIs have been developed.*®
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1.7.2 Low dosage hydrate inhibitor (LDHI)

A never-ending demand for oil and gas have forced the oil companies to develop an
increasingly number of fields that are susceptible to hydrate formation. Such fields are found
not only in colder areas like the Arctic and the North Sea, but also in deepwater developments
in tropical areas. Also some smaller, thus economically marginal, fields could not be
economic exploited with the use of traditional hydrate prevention techniques. This
development have led to that the total cost related to conventional hydrate prevention, such as
the use of methanol, glycol, thermally insulated pipelines and gas dehydration to increase
rapidly. All this initiated a search for chemicals that could prevent hydrate or hydrate plug
formation, when dosed in sufficient small quantities. Many different chemicals were
developed, but only kinetic hydrate inhibitors and anti-agglomerants made it to development
and, eventually implementation.”* The hydrate management landscape is therefore on a never
ending evolution with the proliferation of deepwater operations and a subsequent rise in the
usage of conventional hydrate inhibitors. In both academia and in the petroleum industry
LDHIs have been actively investigated for more than a decade. The promise of LDHIs was to
fulfilling their initial promise as a technically sound, economically viable and operational
robust alternative to conventional inhibitors as THIs.*

Both kinetic hydrate inhibitors (KHIs) and anti-agglomerants (AAs) goes collectively under
the name LDHIs. The reason for this is because compared to the THIs the sufficient quantity
used are normally numerous times lower.!” The adequate concentration of these LDHIs is
currently expected in the range 0,5—4 wt% versus the water rate. With LDHIs the unprocessed
effluents are produced inside the hydrate stability zone.*

KHIs and AAs have two different modes of action. Although the mechanisms of these LDHIs
are not fully out understood, there is a huge difference in the inhibition behavior of KHIs and
AAs.>7

By the replacement of THI by LDHI the operator can expect the following benefits: >
e Reduced cost of treatment.
e Reduced shipping costs.
e Reduced product storage footprint requirement on the platform.
e Reduced product crane lifts on the platform.
e Reduced product volume to handle.
e Reduced line differential pressure.
e Reduced corrosion rates, as measured with flow line coupons.
e Reduced replacement and maintenance cost for pneumatic methanol pumps.
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Compared with THIs, LDHIs effective dosage rates are orders of magnitudes lower, with a
volume reduction greater than 25 times. These inhibitors can thus provide significant capital
expenses (CAPEX) savings by eliminating bulky topsides equipment. This is because less
topside storage space is needed, in addition to smaller umbilicals and easier transportation.
Further, potential operating expenses (OPEX) savings in treatment costs can be obtained.®
These potential OPEX savings are associated with that on a per unit basis LDHIs are more
expensive than THIs, but only a small quantities are required to inhibit hydrate formation.
Because of the relatively small dosage requirements one could expect that the biggest cost
savings would have been on the reduction of OPEX, but surprisingly this is not the case as
their price are high. In fact, the main economic incentive of using LDHIs is the large
reduction of CAPEX via the reduction of the size of storage, piping, processing facilities and
pumping. In addition, they present the benefit of significant reducing the HSE risks by being
far less flammable, volatile and relatively more environmental friendly than THIs.>® Another
reduction on CAPEX as well as OPEX and environmental expenses, occurs when there is no
longer the need for separation and recycling systems. Because LDHIs does not need to be
removed from the product stream before entering the market, like methanol and glycol must,
by the implementation of LDHIs these costs are eliminated. They are normally nontoxic
and/or biodegradable, thus they provide an environmental friendly technology. ™

1.7.2.1 Kinetic hydrate inhibitor (KHI)

All known KHIs consists of active matter formulated in a solvent, with the active matter being
water soluble polymers. The solvent is composed of MEG and heavy alcohols. Often other
smaller organic molecules are added as performance enhancers, so called synergists."” KHIs
are added at relatively low concentrations, < 1wt%.%® Rather than shifting the thermodynamic
equilibrium of hydrate formation, like the THIs does, the KHIs kinetically interacts with the
hydrate formation (figure 1.10). They are believed to interfere with the hydrate nucleation
step and/or the crystal growth process. Hench, these inhibitor polymers retards the rate of
hydrate formation rather than affecting the thermodynamics of the system. The induction time
is extended because of the interference which slows down the kinetics. Increasing the KHI
concentration will increase the time it takes for hydrate crystals to form, increase the
induction time.®*®® Since these inhibitors act by both delaying the hydrate nucleation step and
slowing down the initial crystal growth during a finite period in case of high subcoolings,
their efficiency and thus their applicability depend upon two main factors: The subcooling at
the pressure to which the produced effluents are exposed and the residence time of these
effluents inside the stability zone of hydrate.*
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Figure 1.10. The KHIs increase both the activation energy for nuclei formation as well as the
critical nuclear size.*®

In the inhibitor polymers there exist two essential structural features. Firstly, the polymer
needs functional groups that can hydrogen bond to water molecules, both in the liquid water
and/or to the surface of hydrate particles, a hydrophilic group.? This is usually amide groups
that does this task. Secondly, directly or adjacent to each of the amide groups a hydrophobic
group must be bounded. It is a highly necessary condition that hydrophobicity is present for a
polymer to have good performance. Further, the role of hydrophobicity and the phenomenon
of hydrophobic hydration appears to be critical factors in the control of the polymer activity in
water.” There are many factors that can affect the inhibition of these KHIs. These factors
being the number of pendant groups present, the spacing between them, their structures and
the way they are attached to the chain (carbon backbone) in addition to the length of this very
chain itself. The pendant groups may selectively key into the cavities, instead of hydrocarbon
gas, to prevent hydrate formation. In addition, these pendant groups on the chain can act as
AAs, terminating any hydrate particles from joining together by taking up so much space
around them.”

Proposed mechanisms in which KHIs work are steric stabilization and surface adsorption on
the face of the growing crystals. By adsorbing at the crystal-liquid interface it is possible for
these KHIs to control the growth and the agglomeration of the hydrate crystals.? They are
assumed to bind to the surface of hydrate particles in the early stages of nucleation and
growth. This will effectively prevent the hydrate particles from reaching the needed critical
size or slowing down the growth of hydrate particles that have reached this critical size. At
this size the particle growth becomes thermodynamically favorable.?®
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The water soluble polymers, which make up the active part of the KHIs, coordinate the water
molecules in a way similar to hydrate structures. In this way the hydrated polymers interrupt
the guest molecules and water cages from forming hydrate crystal nuclei, hence they disturb
the water structure. By the action of these inhibitors the rate of hydrate nucleation is reduced
many orders of magnitude.®® In theory these KHIs have anchor points that work by distorting
the hydrate structure. In fact, one of the main features of them is their availability to fit into
the growing hydrate structure (figure 1.11). The KHI locks into the growing crystals which
deforms, effectively increasing the crystallization energy so that the crystallization process
terminates. By absorption onto the hydrate crystal the polymer block the gas diffusion to the
hydrate surface, hence forcing crystals to grow between and around the polymer strands.
Consequently, increasing the amount of energy needed to form hydrates and thus slowing
down the reaction kinetics.>"?

Figure 1.11. KHI prevents guest molecules to occupy the water cages in the gas hydrate,
represented in red in this schematic. The dotted purple line shows van der Waals bonding
between the gas hydrate and the KHI.*®

Low molecular weight KHIs are best to inhibit the nucleation process, while those with high
molecular weight is best to inhibit crystal growth. This is because the KHIs with low
molecular weight possesses relatively short chains which are excellent to alter the water
structure. The KHIs with high molecular weight fail at this point, and they can also curl up.
When a inhibitor loses its hydrogen bonds, hydrophobic interactions will make the molecule
to aggregate and eventually precipitate. This effect is linked to the cloud point of the KHIs.>?°

Since hydrate is most likely to form first at the water-gas or water-oil interface it seems
reasonable to design them to exist in this interfacial region. In this region the hydrate forming
gas diffuses into the water. Therefore are the KHI polymers water soluble or dispersible, thus
they inhibit only in the water phase. They appear to be independent on the water cut but being
affected by interactions either in the bulk water phase or water interfaces. The dosage of KHI
must be increased according to the water cut to maintain the same inhibitor effect if all the
other conditions remains constant (temperature, pressure and production water composition).
This have to do with that the water cut usually increases as a field is produced.?®
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Although all KHIs are water soluble polymers and therefore have negligible solubility in
hydrocarbon liquids, the presence of liquid hydrocarbons can have either positive or negative
impact on their performance. Consequently, if a liquid hydrocarbon phase is expected in the
system and the degree of subcooling is close to the maximum of what the inhibitor can handle
without hydrate deposition and plugging, then the hydrocarbon effect on the performance of
the inhibitor must be addressed before field trail is conducted.*

A line which is treated KHI operates under thermodynamically favorable conditions for
forming hydrates, causes the formation of hydrate crystals to be delayed much longer than the
residence time of fluids in the flowline, especially water. If the line treated with KHI is shut-
in and held at conditions favorable for hydrate formation, depending on the subcooling and
the inhibitor concentration in the flowline, it remains hydrate free for hours, days or even
weeks.*® The higher the subcooling, the lower is the efficiency regarding its hold time (time
before initiation of rapid hydrate formation)® of the KHI. Thus, the subcooling is indeed the
driving force of the kinetics of hydrate formation. As a consequence, the KHI dose rate is to
be designed so that it enables the effluent to go through the production system without
hydrates forming. This must also be maintained even when the system is operating inside the
hydrate stability zone. The concentration of KHI is directly linked to its efficiency for given
conditions. Undoubtedly, under dosing will result in increased and faster risk for hydrate
formation. On the other hand, over dosing is not wished as it will lead to rapidly unnecessary
high OPEX as the efficiency of the inhibitor is rapidly plateauing when the concentration is
increased.>® Non the less, a safety factor is added in addition to cover planned or unplanned
shut-ins.*’

KHIs can be a relatively cost-effective solution. At low concentrations, and if the inhibitor are
not too expensive, they can be a more economical solution compared to THIs for preventing
hydrate formation. Per volume unit, the KHIs are much more expensive than the THIs, but the
used volume is considerably smaller, roughly 1-5% of the volume of THI. This can lead to
considerably savings.?®>%

Polymers with lactam rings are often employed as KHIs. All KHIs have a higher tolerance
towards subcooling in the laboratory than in the field. This is because the clean laboratory set-
up gives additional subcooling.?®*” All KHIs have a maximum subcooling limit, beyond
which they are ineffective.®

By their very definition, KHIs are indeed time-bound. The delayed growth effects are
substantial and represent a clear kinetic influence by the inhibitors on the hydrate formation
process. They can successfully prevent hydrate formation for a finite time only. As
mentioned, KHIs prevent any hydrates from forming for a given period of time. Once this
period have elapsed, a certain gas uptake eventually leads to hydrate plugging by a often very
rapid conversion of the remaining water into large hydrate accumulations. So when they fail,
they may fail catastrofically.®>%%
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If the subcooling or induction time is exceeded, there are no doubt that hydrates can form
even in the presence of KHIs. They are not crystal modifiers, have no effect in changing the
hydrate structures nor are they expected to alter the physical properties or surface
morphology. After KHI failure, hydrate formation is attributed to the displacement, the
desorption, of inhibitors from the hydrate lattice because hydrates are eventually more
thermodynamically stable. The hydrate formation rate is often decreased in the presence of
KHIs.*’

1.7.2.2 Anti-agglomerant (AA)

As with the KHIs, AAs are also added at relatively low concentrations, < 1wt%.%° AAs may
not completely prevent hydrate formation, but they inhibit them from forming solid plugs. It
is likely that AAs disrupt further growth of the crystals by being incorporated into the hydrate
crystal lattice. Hydrophobic moieties then function to keep individual hydrate particles
separated and dispersed in the liquid hydrocarbon phase. Thus, AAs permit hydrates to form
but by dispersion remediate their agglomeration, deposition and plugging.®"* By doing this a
transportable slurry of hydrate crystals are maintained and all the hydrate crystals do not build
up to a plug in the pipe.>®

There exist two essential structural features that the AAs must possess in order to function
properly. They need a "hydratephilic” (hydrophilic) head (seeks hydrate crystal surfaces) that
can incorporate itself within the hydrate crystals. Further, they need a "hydratephobic”, or
"oleophilic” (hydrophobic), tail that serve to disperse the hydrate crystals into the liquid
hydrocarbon phase. The most powerful among these are certain organic, quaternary
ammonium and phosphonium salts with one or two long "hydrate-phobic™ tails (figure
1.12).%° Hence, onium compounds with at least four carbon substituents are used as AAEs.
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Figure 1.12. Quaternary butylammonium surfactants (AAs). Top: Mono-tail and water
soluble. Bottom: Twin-tail and oil soluble.*®
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AA:s are surfactant molecules, which operates in the gas-water interface, and are able to
surround the hydrate crystals and thus prevent massive crystal growth. The resulting
wettability of the hydrate particles will depend on the molecular structure of the surfactant,
thus different surfactants induce different emulsion behavior. They can make oil-in-water
emulsions that interfere with the hydrate crystallization process. As mentioned, AAs allow
hydrate crystals to form but manage their size so that they can be dispersed in a hydrocarbon
fluid.”"® It can be seen from the structural features which they posses that they are believed
to have a dual mechanism of action that makes this possible:3%4>%74
v The first mode of hydrate inhibition arises from the very fact that AAs are thought to
exhibit the ability to change the crystal size of hydrates and the morphology of their
agglomerates. They affect the structure of the growing hydrate, by applying growth
inhibition as a result of AAs binding to the surface of the initially formed hydrate. In
doing so, they alter the structure of the gas cage. The polar head incorporate itself into
the growing hydrate crystal. This interaction disrupts the growth process resulting in
smaller hydrate crystals. As a consequence, the resulting hydrates are slushy-like and
more transportable, thus minimizing the risk of pipeline plugging.®®
v The second mode of hydrate inhibition is achieved by AAs dispersive behavior. The
hydrophobic tail functions to disperse the hydrate particles into the hydrocarbon phase
preventing further agglomeration. These molecules allow the previously formed
hydrates to disperse in the oil phase, thereby making it possible for the gas-water
mixtures to be transported through the pipelines as a slurry (figure 1.13).

AAs have physical and chemical properties that both work together to prevent hydrate
particles from agglomerating and plugging pipelines.> Despite that AAs inhibition
mechanisms are considerably different from those of KHIs, some of them are also known to
provide some KHI inhibition.®* Since the mechanisms which AAs exhibits does not depend
on termination of hydrate formation but rather preventing accumulation into a plug, quite a
paradox in his respect arises as they can actually promote hydrate formation.°

Figure 1.13. AAs second mode of action where they binds to the hydrate surface and forms a
hydrophobic layer around the hydrate particle. This prevents further growth and makes the
particle transportable as a slurry.*
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AA components are surface active components that absorb to the hydrate surface, resulting in
a lyophilic or oil-wet surface. This results in flocculation and dispersions rather than
agglomeration and hydrate plugs by the reduction of the possibility of strong attractive
hydrogen bonding between hydrate particles. Hydrate crystals can only agglomerate if they
are "water-wetting" , while "oil-wetting" hydrates do not accumulate into plugs. This suggests
that the bulky hydrophobic tails prevent the hydrate crystals from becoming covered by a
water-layer, in addition to keeping hydrate crystals dispersed in the oil phase and keeping
them physically separated. It can be envisaged that the former plays a crucial role in the
agglomeration process when the water surrounding individual hydrate crystals coalesce and
thereafter build up.”™ "

There exist two subclasses of AAs, both of which are in commercial use:!’
e Production or pipeline AAs.
e Gas well AAs.

Both subclasses allow hydrates to form but they prevent them from agglomerating and
subsequently accumulating into larger masses. Pipeline AAs enables the hydrates to form as a
transportable non-sticky hydrate particle slurry dispersed in the liquid hydrocarbon phase. Gas
well AAs disperse hydrate particles in an excess of water."’

For AAs ability to permit hydrate growth but remediate by dispersion they are often preferred
for well production shut-ins and cold start-ups. Further, their performance is relatively
unaffected by the degree of subcooling, they are compatible with most production chemicals
and are able to tolerate high brine systems, and therefore find many applications.”* Regarding
their performance in different hydrocarbon fluids, they perform excellent in systems
containing condensates and black oils (the oils including asphaltic, non-asphaltic, paraffinic
and non-paraffinic types).°

For some AAs it appears probable that emulsification of the oil and water phases prior to
hydrate formation may be a critical part of the process. The AAs effect may be dependent on
the mixing process at the injection point and the turbulence in the pipe, in these cases. Also, it
can be expected that a water-in-oil emulsion to be required as an oil-in-water emulsion had a
water-continuous phase which seems more liable to hydrate agglomeration. Separation of the
water as droplets in an oil phase seems a likely way to avoid agglomeration.®

The effectiveness of a given AA have been shown to be dependent on the salinity level,
composition of the hydrocarbon fluid and the amount of water (water cut) in the formation.**
One fundamental limitation when it comes to AAs, is that they require a liquid hydrocarbon
phase to be present in order to transport and suspend hydrates that may form.®®°
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1.7.2.3 Kinetic hydrate inhibitors and anti-agglomerants compared

The only characteristic that is positive for both KHI and AA is the low concentration needed
for adequate inhibition of a system. Other attributes are either positive for one of them, while
being negative for the other. Therefore to discuss advantages and limitations they have to be
compared.?

As with most chemicals, there are advantages and disadvantages associated with the use of
KHIs and AAs. In general, AAs can handle a higher degree of subcooling and sustain a longer
shut-in period than what the present KHI technology can achieve. Thus KHI have less
subcooling potential and a shorter shut-in period compared to the AA technology.®"®* The
subcooling can be as high as 25°C in some deep sea environments.”” Therefore are KHIs less
desirable for situations with long shut-in periods.*® This limited activity is the single most
biggest limitation of KHIs, meaning that they can only be used in applications down to
approximately 6—7°C subcooling in long distance pipeline transport for many miles. Still, the
KHIs are far from structurally optimized, and probably there are classes of them that remain
to be discovered that give much higher degree of subcooling. Although KHIs with longer
growth delays may be discovered, there is still the possibility that some pipeline conditions
are unsuitable for their use. The type of overpressure or the produced water in the pipe may
render them less effective. Therefore there is a chance that the autocatalytic stage for hydrate
growth is reached and the pipeline is blocked. Newer the less research is done to prolong the
growth delay so that the system never reaches the autocatalytic hydrate formation.*® Even so,
for some applications of extremely high pipeline pressures or low temperatures this may still
be a bridge too far. AAs on the other hand appears to be independent of the degree of
subcooling, because AAs allow hydrates to form as very fine crystals dispersed in the
hydrocarbon phase. These type of applications generally do not depend on subcooling. AAs
are therefore often preferred for well production shut-ins, cold start-ups and/or deepwater
applications, thus they can be applied for a wide range of temperature and pressure
applications. This is maybe not the case of very high subcoolings. Here the driving force for
hydrate formation may be so high that the rate of hydrate formation surpass the AAs from
being effective at separating hydrate particles (figure 1.14).*"%%™
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Figure 1.14. Theoretical pressure and temperature operating regions for KHIs and AAs.
Relative to the equilibrium curve there is a curve for safe operating region for KHIs of today.
Also a hypothetical subcooling limit for AAs are also added.?

The fluids are not moving and will cool down to the seabed temperature during a shutdown.
The lack of turbulence during shutdown will minimize the gas diffusion into the aqueous
phase, thus greatly reduce the rate of both hydrate nucleation and formation. The fluids
become turbulent and consequently the gas diffusion and hydrate formation become rapid
during start-up. It is in this condition problems may occur. Regardless whether the fluids are
flowing or stationary, the subcooling in itself may be too much of a task for the KHlIs to
handle. To overcome this, some operators, that rely on these inhibitors, envisage pumping
methanol into the line before start-up. They then switch back during normal production to
KHI injection. The best way to avoid methanol completely is to use AAs. The preformed
slurry of hydrate crystals must not agglomerate during shutdown so that the slurry
transportation can begin again at start-up. This must be ensured by the AAs.*®

A minimum of 50—70% oil cut is needed in order for AAs to function properly so that they
can transport and suspend hydrate crystals.®® The requirement of a liquid hydrocarbon phase
is the major limitation when it comes to AAs. Hence, the water cut should be below
approximately 50%, otherwise the hydrate slurry gets too viscous to transport.*® The KHIs
requires no liquid hydrocarbon phase in order to function properly, they work at any water/oil
ratio (WOR).%3"2

Beside these major limitations, KHIs are more environmental friendly than AAs and KHIs
provide an environment free of hydrate. Further, AAs may cause production problems, such
as emulsions and bad water quality. Also, pumping the resulting hydrate slurries can become
an issue for the operation due to concerns of increased energy consumption, erosion,
overpressure, oversize pump availability/operability and lack of experience.®’®? AAs are
compatible with most production chemicals, KHIs are not and the effect of which can be
altered.”
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1.8 Production chemicals

When it comes to the choice of production chemicals the operator must consider the following
factors:’

e Health and safety regarding storage and handling.

e Compatibility.

e Efficiency.
o Cost.
e Stability.

e Environmental impact.

The oil and gas industry is relying more and more on chemical solutions for flow assurance.
These production chemicals are becoming more prevalent and they not only interact with each
other, they can interact with the environment as well.”

To diminish the health and safety aspect associated with some solvents that some production
chemicals are made up by, both the chemical manufacturers and service companies have
made an effort to replace them with less toxic and safer solvents. Hench, these solvents must
have a higher flash point and/or lower volatility than the solvents they replace.*’

The most frequently used production chemicals are corrosion, scale and paraffin inhibitors,
especially in subsea pipelines. Material and chemical compatibility with the system treated is
a key factor to determine whether the specific chemical can be deployed. Material
compatibility involves both metallic and nonmetallic compounds. The chemical compatibility
between production chemical can be influenced by each other. Therefore it is of utmost
importance to carry out compatibility studies to investigate its effect on performance of
existing chemicals.*’

Some chemical suppliers have made combinations of different production chemicals, each of
which have its specific properties (such as gas hydrate inhibitor mixed with a corrosion
inhibitor). This makes it possible to only use one storage tank, pump and injection line. Some
multipurpose component products are available, but for the most mixtures of individual
compounds that are compatible with each other are on the market. It is beneficial that the
production chemicals possesses a low viscosity, so that their blends can be pumped along an
umbilical cord with ease. This will however set a concentration limit for certain components
in these production chemicals and their solvents, especially in cold waters. In a mixing
situation, which usually occurs by accident, incompatibility can arise between different
production chemicals. Hence, as a rule, subsea injection points are placed at least three pipe
diameters apart. This is done to ensure that immediate blend of different production chemicals
do not occur. In addition, some production chemicals are oil soluble (hydrophobic) while
some are water soluble (hydrophilic). This makes it impossible to inject them through the
same transport line.’
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Injection of production chemicals to a subsea wellhead is done using one or more umbilical
flow lines (supply cable) which goes from the platform down to the wellhead. These umbilical
cables have typically a diameter of 0.6—2.5cm and can reach lengths of up to 50km.*’ This
makes the physical properties like viscosity, flash point and pour point, important issues not
to be overlooked. Among them, viscosity is the most critical property, and because of
hardware limitations it is difficult to be compromised. Viscosity directly affects the overall
pressure drop rating across the chemical line. A higher pressure rating would be required for
the injection line, because of a more powerful pump would be needed as the viscosity
increases.®’

The production chemical that provides the best performance and works adequately at an
affordable price is the one chosen. Through the entire life cycle of the production chemical,
which involves transport, storage and injection, the chemical must remain stable. At field
locations, where the temperature can be very high, the effectiveness of the production
chemical may change of it degrades too rapidly or undergo phase change. In order for the
avoidance of injection problems in cold weather the chemical should neither freeze nor be too
viscous."’

In areas where a high degree of degradation ability of production chemicals are required, a
quandary arises. Because the operator would like to have chemicals that does not deteriorate
during storage, but is degraded quickly in seawater. This proves to be a technological
challenge for the petroleum industry to develop chemicals that are both effective, does not
decompose during storage and have an diminished impact on the environment by being easily
degraded.'’
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1.9 Environmental issues

Extensive petroleum hydrocarbon exploration activities often result in the pollution of the
environment, if not restored which could lead to disastrous consequences for both the biotic
and abiotic components of the ecosystem (figure 1.15).” The environment have come more
into focus. Thus, the environmental impact that different chemicals can cause is investigated.
Further, the risk that deploying and managing oilfield chemicals are attempted minimized.
The discharge of environmentally harmful oil field chemicals, normally through produced
water, is also tried diminished.'’

ULTIMATE CHRONIC LOW-
MIX ZONE DOSE ZONE

Dilution and
degradation

>

B

Figure 1.15. E & P operational discharges to the marine recipient will either settle on the
adjacent ocean floor or spread, dilute and eventually degrade in the water column
downcurrent the operation area. Hence, ecologically relevant impact phenomena may rather
occur in waters where contaminants are highly diluted (chronic low dose), and less in the
ultimate mixing zone of the effluent stream.’

Produced water contains oil residues, which in itself are an environmental threat. The
environmental threat reaches a whole new level if the production chemicals follows the
produced water and gets discharged to the sea. This represents the biggest environmental risk
during normal production. Different government regulations in different countries resolve in
different production water discharge regulations. New water treatment technology have also
entered the marked. Reinjection of produced water into the well is a good way to prevent
discharge to the sea. In offshore applications this can help to maintain the reservoir pressure
high enough so more oil can be recovered. Reinjection is a good alternative onshore as well.
The production chemicals in the liquid hydrocarbon phase will however during normal
production not be released into the sea. A discharge will thus be unintentional, caused by a
leak or some other type of accident.*’
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Since these production chemicals are added to the well stream, they may end up in the water,
liquid hydrocarbon or gas phase, but they are most prone to follow either the water or liquid
hydrocarbon phase, or even an intermediate state of them.*’

Oilfield chemicals products are incorporated into a fluid design to solve a specific technical
wellbore or matrix problem in a well. These products may have primary active ingredients
that can possess harmful effects if discharged to the environment.®

The persistence of petroleum pollutants released in the marine environment depends not only
on the toxicity of the chemical, quality, concentration and the actual quantity discharged of
the hydrocarbon mixture in the discharge stream, but also on the properties of the affected
ecosystem. Hence, petroleum hydrocarbons can persist almost indefinitely in some
environment, whereas under another set of conditions, the same hydrocarbons can be
biodegraded completely within a few hours or days. In the marine environment, bacteria are
the dominant hydrocarbon degraders. *#* Either physicochemical or biological methods can
be used for remediation of petroleum contaminated system. Chemical agents, that are a part of
the physicochemical methods, can be used for remediation of oil pollutant. These chemicals,
however, are sometimes just as toxic as the ones they are suppose to remediate. Therefore, the
attendant negative consequences of the physicochemical approach are currently directing
greater attention to the exploration of the biological alternatives. Hence, the physical
(weathering) and biological action of nature is the best approach.”

Bioremediation is an acceleration of the natural fate of oil pollutants and hence a "green
solution™ to the problem of oil pollutants that cause minimal ecological effects.®” The
complete biodegradation, or mineralization, of hydrocarbons produce the nontoxic end
products water and carbon dioxide, as well as cell mass (largely protein) which can be safely
assimilated into the food webs.®

A sequential row of disorders going from the molecular level and up to the higher hierarchical
levels of biological organization can be addressed to an adverse effect of a pollutant chemical.
This means that toxicant impacts at higher hierarchical levels are always preceded by changes
in more fundamental biological processes. Pollutant induced alterations early in the effect
sequence may therefore be used as early warning signals of potential pollutant impact at
higher levels of organization.”

New links between environmental pollutant exposures and the occurrence of putative adverse
effects in aquatic organisms have been discovered over the past decade. This have lead to
more strictly regulations or even part of a phase-out process of commonly used chemicals. In
addition, a range of new biological monitoring tools have been developed. These tools enables
the detection of effects in laboratory exposed organisms at more environmentally realistic
contaminant concentrations. They also makes it possible to perform more relevant ecotox
effect studies in field recipients. It is obvious that new kinds of environmental pollutant
effects will be discovered as the understanding of biological and biochemical processes
increases.”
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Therefore all proposed production chemicals to be used in the North Sea must go through
ecotoxicology test to determine if they are environmentally acceptable to be used. OSPAR
Convention (Oslo and Paris convention, the Convention for the Protection of the marine
Environment of the North-East Atlantic) have developed guidelines that each component in a
production chemical must undergo. In connection with offshore exploration & production
activities in the OSPAR maritime areas, the Harmonised Offshore Chemical Notification
Format (HOCNF) is applied to all chemicals used. The toxicity data on exploration &
production products are normally provided on the basis of the OSPAR HOCNF.*" 7983

Three main factors are normally considered in the hazard ranking:"®
1. Octanol-water partitioning parameters. Indicates the bioaccumulation potential of the
pollutant.
2. Biodegradation rates. A measure of persistence of the pollutant.
3. Toxicity. Measures acute aquatic toxicity parameters.

Bioaccumulation potential and persistence are important elements since hydrophobic
(lipophilic) xenobiotics that also are resistant to degradation generally are considered as
potentially environmental hazardous. These compounds often accumulate in organisms and
biomagnify along the food webs.”® For instance, the Norwegian sector normally demands 28
day biodegradation > 60% biodegradability on new chemicals, in addition to one of the three
requirements: Molecular weight > 700, bioaccumulation Log Pow < 3 or low toxicity EC50 >
10mg/L. This rules out all LDHIs commercialized to date.*®®*

The lack of harmonization of the regulations makes meeting all these environmental
requirements more tricky for companies that operate in offshore waters around the world, that
are attempting the difficult task of developing products that:®

e Meet environmental requirements in various parts of the world.

e Perform the job that they are design to do.

e Have the lowest possible risk to human health and safety.

Developing new and more environmentally acceptable products requires working in close
companionship with regulatory agencies, chemical suppliers and clients to achieve
compliance with relevant international statues. The Organisation for Economic Co-operation
and Development (OECD) is an intergovernmental organisation in which they have made test
guidelines that is standardized for many countries around the world. This is important in that
test results from one laboratory can unambiguously be compared to results from another
laboratory, since they both are using the same test guidelines. Therefore, for instance testing
chemicals biodegradability in seawater can be done in the same manner across the world,
leading to comparable results.?*%°
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Technical achievements are only realized by continued commitment and product
improvements to meet or exceed health, safety and environmental (HSE) objectives.
Therefore is there a requirement that production chemicals should be more environmentally
friendly (green chemicals). The efficiency of these chemicals must be quite high, especially
since many new fields are found in areas with harsh conditions. Improving the characteristics
of these chemicals in order to reduce the risk or damage to marine life requires changes in
previously acceptable products. These changes can be elimination of restricted materials and
incorporating components with improved ecotoxicity. But it have been proved to be difficult
to design environmentally friendly chemicals with the same efficiency as the less
environmentally friendly ones.*”®

1.10 Experimental methods

Although most major oil companies applies LDHIs, many fundamental questions that directly
relate to unimpeded pipeline operation remain unanswered. For instance, inhibitor ranking
that are measured in the lab for seemingly identical systems are not only highly variable but
depend also on the type of equipment used. Nevertheless, oil companies use these
measurements to predict LDHI performance in the field, and the way they interpret these
measurements are not less variable.”

The first issue when it comes to designing a hydrate induction rate experiment is to establish
how hydrates will be detected. Gas hydrate detection can be done in multiple ways:*
e Detection of an exotherm due to hydrate heat of formation (exothermic process).
e Detection of an increased differential pressure drop in a flowing system.
e Detection of a gas volume decrease in excess of vapor liquid equilibration in a closed,
constant pressure system.
e Detection of a pressure drop in excess of vapor liquid equilibration in a closed,
constant volume system.

By any of the above mentioned events, hydrate induction rates and onset temperatures are
based on hydrate detection. When the system drops below the hydrate equilibrium
temperature the induction rate experiments initializes, and terminates when gas hydrates are
first detected. The temperature of a system where gas hydrates are first detected is defined as
the onset temperature. In some experiments the system temperature is ramped down below the
gas hydrate equilibrium temperature and held at constant temperature for an induction period.
The time required to observe gas hydrate formation onset at the hold temperature is defines as
the induction time. It is suggested that the induction time consists of two parts: An intrinsic
induction time that the system needs for reaching a precursor state and during which the first
hydrates cannot form, as well as an additional period that the length of which is purely
determined by chance. The intrinsic induction time should be virtually independent of the
system volume if the intrinsic induction time is indeed at time needed to bring the system in a
precursor state that allows for macroscopic hydrate formation. In addition to if reaching this
precursor state entails the completion of a large number of steps.®
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In practice this would mean that the LDHI induction time of a large system, like a pipeline,
becomes equal to the intrinsic induction time that is measured in the laboratory. But still the
intrinsic induction time measured in the laboratory can depend on variables such as rate of
mass and heat transfer, which in turn may depend on the flow regime.”"*® Important
parameters such as the water history and impurities on the nucleation of gas hydrates can be
masked by the stochastic nature of the induction time.?

Not unexpectedly, the observed induction times depend on the pressure, the temperature, the
LDHI used and the detailed composition (includes any other oil field chemical used) of the
system in which hydrate formation is to be prevented. Even if these parameters are as far as
experimentally possible held constant in a large number of replicate experiments, a wide
spread in the measured induction time is usually observed.”

Hydrate nucleation events actually take place before a system reaches the onset temperature
or a time shorter than the experimental induction time. Hench, hydrate detection rates by
purely experimental means set a lower bound to the actual induction rates. In order to achieve
repeatability in measured hydrate detection rates the randomness of nucleation must be
reduced in the experiments. This is best done by using well mixed and large systems to
minimize statistical fluctuations in the test.®

Although not always successfully, LDHIs are now used in many field, and most of the
currently used LDHIs were declared ready for use in the field based on results from laboratory
tests. It remains a challenging process to implement LDHIs based solely on these results, as
long as it is not totally clear to what extent these results are produced by statistical
fluctuations rather than by more deterministically proceeding molecular processes. Therefore,
the best option is to measure LDHI induction time distributions by carrying out many
replicate experiments whilst using different types of equipment. Conservatively it must then
be assumed that the LDHI resident time in a pipeline will not be longer than the shortest
induction time measured in the laboratory. Thus, validating a LDHI for use in the field is
much more tedious than most expert had expected at the time when these chemicals were
developed.”™

The second issue is linked to how to accurately measure hydrate dissociation temperatures.
Commonly used methods follows:®

e Observance of an endotherm.

e Differential pressure drop across an element in the flowing system.

e Gas volume changes at constant pressure.

e Gas pressure changes at constant volume.

Hydrate dissociation temperature is commonly regarded as the closest observable temperature
to the hydrate equilibrium temperature. Measuring this temperature is generally simpler than
measuring the induction rate. The temperature at which a system of fixed composition and
pressure is at the hydrate equilibrium is defined as the equilibrium temperature.®®
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Experimentally endotherms are temporally not well defined and not used. Therefore
measurement of the temperature at which either a differential pressure returns to its
nonhydrated value, a gas volume returns to its nonhydrated equilibrium value (in a constant
pressure apparatus) or a pressure returns to its nonhydrated equilibrium value (in a constant
volume apparatus) are used methods for experimentally measure the equilibrium temperature.
In multicomponent experiments caution must be exercised when measuring the equilibrium
temperature, in order to ensure that the observed hydrate decomposition occurs at constant
hydrate, water and gas phase compositions. If the hydrate type, salinity or gas phase
composition, after the onset of hydrate formation, where to change the measured value of the
equilibrium temperature would be shifted relative to the actual value for the initial
compositions. The compositions of the bulk water and gas phases will be constant during the
experimentally measurement of the equilibrium temperature, only if the water and gas
fractions in hydrates are small. It is recommended to measure the equilibrium temperature
before adding any inhibitor or other chemical to the system. The presence of LDHI for
instance, will cause the system to equilibrate slowly and makes the measurement of the
equilibrium temperature difficult.®®

Experimentalist are allowed to rank LDHIs by the maximum subcooling achievable in
comparable systems, by the coupling of reliable measurement of hydrate dissociation
temperatures with reliable detection of the onset of hydrate formation. In addition, LDHIs
may be ranked by comparison of the induction time as a function of subcooling and inhibitor
concentration.®

Then it is the issue of choosing a composition to rank LDHIs. The establishment of
screening/testing capabilities in many laboratories have come from the desire to rank
inhibitors in the compositions found in a particular field application. Part of the composition
issue is verification that the inhibitor is chemically and biologically stable. If used properly,
the composition used to compare inhibitors is more important than the choice of apparatus.®

In order for interpreting, modeling kinetic experiments and for predicting when hydrates will
form in pipelines, a quantitative description of the driving force for hydrate formation is
needed. Faulty interpretations and predictions are likely without a satisfactory description of
driving force. Both the hydrate nucleation and growth rates should correlate with driving
force. Experimental determination is crucial for finding the relationship between formation
rate and driving force. The measure of driving force can be conducted in multiple ways,
among them are the measure the extent of overpressure above equilibrium pressure, extent of
subcooling below equilibrium temperature and the change in Gibbs free energy when hydrates
form.”
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Thus, the last issue in the design of kinetics experiments is the method of applying the driving
force for hydrate formation. It is convenient to use a method that applies, via a reproducible
path, a variable driving force to the system. All initial phases, being either liquid water, liquid
hydrocarbon and gas, should be maintained constant and as nearly equilibrated as possible.
The following conditions should be met insofar as possible in order to satisfy these
requirements for onset and induction time experiments:®®
v' Surface area is large and constantly renewed by either stirring, pumping or sparging.
v' Pressure is constant.
v Water structure is initialized by heating the system above the temperature at which
residual hydrate structure melts.
v" Temperature is maintained uniform and temperature changes are gradual before the
onset of hydrate formation.
v There is a large excess of water and/or each of the hydrate forming component after
initial hydrate formation, such that water and gas compositions are not altered before
hydrate detection occurs.

These conditions make the thermodynamic path experimentally reproducible form not only
test to test, but from laboratory to laboratory as well.®

There are obvious advantages of segmenting the different phenomena into separate studies in
the laboratory. Here experiments can be done in a controlled manner, and the effects of
important variables in that phenomenon can be isolated. But when doing so, a decoupling of
the interaction of the phenomena is done and perhaps therefore not completely capturing what
may happen in actual flowlines. Because of this, flowloop test should be executed to consider
all of the phenomena together to mimic as close as possible the scenario in the field of
flowlines.*’

Therefore there exist neither laboratory experiments nor procedures where the result of which
can be unambiguously translated into the performance of a LDHI in the field. Further, the
ways that these LDHIs act at the molecular level are not totally well understood. In addition,
the influence of auxiliary variables such as the possible interference of LDHI with corrosion
processes and the flow regime have not been systematically studied. Consequently it remains
a challenge to predict the performance of a LDHI in the field based on the results of even an
extensive laboratory testing exercise.”*

Operators will not usually risk operating the production line right at the performance limit of a
LDHI, but maybe at 1-2°C less subcooling or higher LDHI dosage than was qualified in the
laboratory or pilot tests.>>®"® Because of all this, LDHIs would be much more used if these
uncertainties were removed and laboratory performance can be unambiguously related to field
performance. Before field trials or field implementation of the LDHI, the last and best step is
to run tests in large pipe wheels or loops. The reason for this is because that test results from
small “clean” laboratory equipment is most influenced by the stochastic nature which hydrate
formation possesses.*
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1.11 Hydrate inhibition test equipments

LDHIs are relatively expensive materials, and thus it is always advantageous to determine
means to decrease the dosage levels of these hydrate inhibitors while maintaining effective
inhibition.” Although there exist a variety of computer models of gas hydrate, the modern
theory have no answers on a number of fundamental questions about gas hydrates. Thus
engineering solutions of the majority of these problems rely today on the results of direct
experimental research.*?

Test equipment and methods for identification and evaluation of potential LDHIs and
appropriate concentrations are numerous. The most used apparatuses are, here listed in their
increasing level of complexity: THF rigs, rocker rigs, autoclaves, pipe wheels and flow loops,
all with their own benefits and drawbacks, which will be discussed in the
fO||0Wing.6'18’60'75'86’89'90

1.11.1 Atmospheric hydrate inhibition test equipments

THEF (tetrahydrofuran) rigs are among the most simple test equipments out there (figure 1.16).
Although simple, it is a very effective technique for studying growth inhibition. It measures
the growth rate for a single THF hydrate crystal. This apparatus is typically used in situations
where fast screening of LDHIs are essential. It is also beneficial that THF forms Structure 11
hydrate, which is the same structure frequently formed by natural gas hydrates. The
equipment operates under atmospheric pressure, without any flammable gas. It is therefore
relatively safe to operate.'® However, THF tests are not reliable indicators of hydrate
formation Kinetics for natural gas systems, this because the THF system have different
mechanisms of hydrate formation and inhibition relative to natural gas systems.2®

Figure 1.16. A THF rig.
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In addition to THF, cyclopentane (CP) can also make Structure Il hydrate under atmospheric
pressure. Therefore have there also been made equipment where CP is used to make hydrates
(figure 1.17).%

Figure 1.17. Equipment for making CP hydrate.

1.11.2 Rocker rigs

The next apparatus on the list is the rocker rig or the ball stop rig (figure 1.18).%8

Figure 1.18. Schematic over a rocker rig.*?
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In this test equipment a bank of small pressurized cells often with a metal ball inside, are
placed in a cooling bath. Here they are rocked back and forth. Some cells are made with a
sight glass or made entirely of sapphire, and they can contain two stainless steel balls in
addition to a pressure transducer or sometimes a temperature probe and two run time sensors
at both ends for run time measurement as well (figure 1.19). The stainless steel ball in the
cylindrical fluid chamber provides agitation during rocking. A typical experiment proceeds as,
each cell is rocked back and forth to simulate flow conditions. This rocking motion causes the
stainless steel balls within to transverse the longitudinal axis of each cell, thereby creating
additional agitation. The cells are plugged up with hydrate when the balls stop moving. The
cells can also be held static to simulate a shut-in condition. During the static condition, the
cells are placed at a horizontal stagnant position. Data logging includes the pressure in each
cell, the water bath temperature and periodically visual observations. As the temperature is
decreased the pressure decreases as well, as with all isochoric experiments. At room
temperature the maximum working pressure in a cell may be about 10.3MPa, and typical
maximum test pressure at 4.4°C may be 7.6—9.3MPa. Rocking cells have the advantage of
high throughput and can test several different inhibitor formulations, concentrations, water
cuts, fluid and gas compositions in a single test run. In addition it require only small amounts
of test fluids. In general rocking cells are considered a conservative test. Further, experience
has shown that when properly conducted, it adequately predicts both AAs and KHIs
performance in the field. The apparatus is a simple but excellent test equipment.'®"”

Figure 1.19. Sapphire multi-cell rocker rig.
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1.11.3 Autoclaves

Then it is the autoclave or high-pressure stirred cell (figure 1.20).'®
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Figure 1.20. Schematic of an autoclave.*®

These autoclaves can have a window for visual observations or they can be entirely made of
sapphire (figure 1.21). The cell is either placed in a jacket or immersed in a temperature
controlled cooling bath. The cell is slowly cooled or quench cooled and held at either constant
pressure or volume, and are filled with gas, brine and oil or condensate. The agitation is
normally provided by either a magnetic stir bar or a blade type agitator-mixer. They usually
requires only a few hundred milliliters of fluids per test. Here parameters like the inner
temperature, pressure, and sometimes the torque exerted on the stirrer are measured. A
pressure decline owning to the gas consumption as well as the exothermal hydrate formation
event are measured. The contents and viscosity are visually monitored, such as by image
monitoring.” A range of pressures can be applied, and it can be as high as 35MPa. These
apparatuses are well suited for KHI testing with very long hold times of seven days or more.
These autoclaves can be effective in reproducing the relative ranking of inhibitors determined
in other types of pressurized test apparatus, thus like the THF rig it can be used for screening
tests, 593

Figure 1.21. An autoclave seen from above.
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1.11.4 The wheel apparatuses

The wheel apparatus, pipe wheel or loop wheel are the next apparatus to be described (figure
1.22).18

Plexiglas

I
IF

Figure 1.22. Schematic of a wheel apparatus.®*

These apparatuses can be a wheel-shaped pipe flow loops, and may consist of 2-5inches
(5.1-12.7 cm) pipe shaped as a circular loop or wheel of 2 meters in diameter. It rotates about
a horizontal axis. Other are normally placed vertically, with a diameter of usually 1—3inches
(2.54—7.62 cm). They can have a high pressure capable window, often two, for visual
inspection typically with a video camera (figure 1.23). The rotation velocity of the wheel
determines the flow regime, laminar or turbulent. Peripheral velocities may range from
0.3-5m/s. Conceptually, the wheel is spun past the gas and liquid rather than the reverse.
Hence, the flow wheel apparatus have no requirement for circulating devices such as
compressors or pumps. Pressures up to 25MPa may be applied. Either pumps nor compressors
are used in this apparatus which makes the apparatus easier to operate and maintain. The
wheel is placed in a temperature controlled chamber, and the temperature may range from
—10°C and up to 90°C. Also here, the wheel is filled with gas, brine and oil or condensate,
less than 50% liquid. The parameters to be controlled and measured here are torque exerted
on the wheel, pressure, temperature and visual appearance.*®”
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This apparatus have a more realistically simulation of pipe flow conditions than the autoclave
apparatus, however it is far more expensive. The rotating wheel can model slug flow in the
pip and is useful for examining shout-in and restart conditions, especially in situations where
hydrate particles can potentially settle out to form plugs.*®

Figure 1.23. Wheel apparatus.

1.11.5 Flow loops

Last, but not least, it is the flow loops. Conventional flow loops often comprise a stainless

steel loop, usually with a high pressure capable sight glass for image recording (figure
1.24).187
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Figure 1.24. Schematic of a flow loop.*®
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This test equipment is usually placed horizontally, and normally operated under high pressure
using gas, brine and oil or condensate. They may be closed systems or at constant pressure.
Circulation and the velocity, which controls the flow regime, is provided by a pump. The loop
is typically placed in a temperature controlled chamber or bath. Flow loops range in size from
the mini-loop of ¥%inch (0.635cm) in diameter, bench scales of 0.5inch (1.3cm) in diameter to
3m long and up to the full scale pilot loops of 4inches (10.16cm) or more in diameter and 84m
long (figure 1.25). A number of these large temperature controlled pilot flow loops have been
constructed to study hydrate formation under simulated field conditions. The pressure,
pressure drop, temperature and/or water conversion are measured. Visual appearance is
monitored by visual monitoring. The loop is divided into numerous parts, each of which has a
differential pressure gauge and a temperature probe. The pressure applied can be in the range
of 12MPa. Tests in these apparatuses focus on flow regime, shut-ins, restart conditions, water
cuts and fluid compatibility. This type of equipment are quite expensive, which also hold for
the bench scale experimental apparatus. The most realistic simulation of pipeline conditions
available is provided by these apparatuses, thus they provide the closest mach to field system
conditions. Flow loop reactor testing results are very repeatable. They are recommended for
ranking LDHIs according to subcooling and induction times as a function of concentration,
based on the preferred conditions of reproducible driving force and reliable hydrate detection.
A disadvantage, that can be detrimental for the result, is that in some cases the pump can
crush hydrates. This can make especially AA experiments difficult to interpret. Each
experiment run is typically very time consuming, requires a long lead time and considerable
amounts of fluid. Such apparatus are at a disadvantage in situations where evaluation of an
approach or method to inhibit gas hydrates must occur quickly with limited field fluids. In
addition flow loop testing can be impractical in applications where multiple formulation
testing and concentration optimization are necessary and therefore requires several sets of
tests. Hence, these apparatuses are most often used for fundamental studies and for final test
before field implementation, 1840758693
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Figure 1.25. Flow loop 4inches (10,16cm) in diameter and 100m long.
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Studies have shown that results from flowloops as small as 0.5inch (1.27cm) agree with
results from 4inches (10.16cm) flowloops, also they agree with results in 8inches (20.32cm)
field pipes. Therefore is it reasonable that all sizes in between will also agree. All this hold for
turbulent flowing systems. Stratified flow, shut-in conditions and wavy flow did not however
agree with turbulent flow results. A conclusion was drawn from this that a broad range of
laboratory test apparatuses can predict field performance, provided that the flow
characteristics (fluid compositions, temperature and pressure) can be simulated. By the use of
flowloops of 0.5inch (1.27cm) and 4inches (10.16cm) in diameter, as well as high-pressure
autoclaves, LDHI behavior in field pipelines can be reproducibly and accurately predicted.
However, high-pressure rocking cells appear to give unacceptably high data scatter in addition
to that they give a different subcooling than the flow loops. Precise temperature control and
appropriate shear conditions (turbulent flowing systems) are required for accurate prediction
of LDHI performance. Laboratory test results under stratified, shut-in and wavy flow regimes
results in large scatter in data and thus generally does not agree with turbulent flow results. It
have also been postulated that rocker rig and autoclave flow is not an adequate representation
of the flow in pipes, like wheels and flow loops are.*%*>"

Thus there exist several types of testing equipment and methods designed to mimic field
conditions for hydrate formation and inhibitor testing. These equipments fall into three types
of apparatuses: Rocking cells, autoclaves, wheels and flow loops. By charging the system
with a gas phase, hydrocarbon phase and aqueous phase under conditions of high pressure
and low temperature such as those of the field, and then measure the performance and
concentrations of various inhibitors under these conditions each apparatus attempts to recreate
the field conditions. To accurately reproduce the field conditions it is important to use the
actual gas and fluid compositions from the field. That the apparatuses can simulate both
steady state and shut-in/restart conditions are important.*®"

All this adds up to an never-ending demand for better and more reliable test equipment, hence
there are always room for new apparatus which can fill the gap between the existing ones.
Further, it is desirable that new methods and apparatus of forming gas hydrate and its
inhibition be found which yield reliable and predictable test results, in addition to provide a
consistent method for hydrate formation and inhibitor testing. Ideally such methods and
apparatus may require minimum amounts of fluids, be conducted in a relatively short time, be
easy to set up and be of relatively low cost.”
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CHAPTER 2: EXPERIMENTAL

As mentioned in chapter 1 (1.2, 1.4, 1.5, 1.6, 1.7 and 1.11) gas hydrates are nonstoichiometric
crystalline solids where gases of certain-molecular-weight stabilize the hydrogen-bonded
water molecule cages. The agglomeration of these solids can form plugs that can cause severe
problems for the oil and gas industry. There exist many methods for inhibiting hydrate
formation, one of them being the usage of LDHIs. Because LDHIs are relatively expensive, it
is therefore advantageous to determine means to decrease the concentration for adequate
inhibition. Further, these inhibitors are normally declared ready for use in the field based on
results from laboratory test apparatuses. **216:37°01

In the laboratory scientists aspire to make test equipment which mimic what happens under
field conditions. The test equipment is tried to be made less labourious, more accurate, safer
to operate, more reliable, more realistic and generally simpler. In the laboratory the
parameters that go into the system may be controlled. The parameters can be adjusted one at
the time, in a controlled manner. In this way the influence of the parameters on the system can
be determined. This, however, cannot be done in the field.

It has been found that prior methods of studying the intentional formation of gas hydrates and
methods for inhibiting their formation, tend to suffer from inconsistencies and not being
repeatable. There have been discovered a method for hydrate inhibition testing by using a
laboratory table top wheel. It involves contracting a fluid including a mixture of an aqueous
phase and hydrate forming gas with an amount of LDHI, under hydrate forming conditions.
The table top wheel apparatus has been designed for determining the formation of hydrates in
gas-liquid mixtures in a simulated flowing environment.

The purpose of this thesis was to test to see if a newly designed tabletop wheel could work as
the normal big wheels do, if it could be used to rank inhibitors. In the new wheel a swirling
motion causes the liquid to be moved around. The principle is based on the so called "Euler
Disk" mechanical movement. Thus, in the apparatus used in this experiment only external
influence causes the movement of the liquid.

2.1 Description of the apparatus

A prototype bench top wheel was designed by Malcolm A. Kelland (Professor at UiS) and
Anders Grinrgd (M-I Swaco). The concept, initial mechanical design and the custom made
electronics was provided by Anders Grinrgd. The rest, including but not limited to mechanics,
was made by Einar Tostensen (IRIS). Most of the founding was supplied by the University of
Stavanger (UiS), and a small percentage was paid by M-I Swaco.
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A prototype bench top wheel was designed, figure 2.1. It consists of two disks, one acrylic
disk on top and one stainless steel disk at the bottom, joined together by two circles of screws.
On the acrylic disk there were five connection points, one gas intake which also worked as an
outlet, one inlet hose, one outlet hose, a temperature probe and a pressure gauge. In addition,
the linkage to the step motor that makes the wheel swirl was also connected here. On the
stainless steel disk there is a track, shaped like a half pipe, were the liquid and gas reside, as
well as two o-rings on either side of the track. On the sides of the half pipe there were placed
small cylindrical plastic stoppers with regular gaps to create turbulence. On the base of the
disk there was a connection for the ball joint. This ball joint was a part of the rack which held
the engine and supported the wheel. This assembly was submerged in an insulated aluminum
water bath, which again was connected to a water heater/cooler. Two boxes contained the
electronics, one designated for motor control and one designated for data acquisition. All data
was transmitted and received by a computer via USB, where a software program was used to
control the rotation velocity and to read off the temperatures and pressure. The software
recorded both the temperature form the water heater/cooler and the wheel in addition to the
pressure in the wheel. From these recordings graphs could be made.

Figure 2.1. The table top wheel in its early phase, submerged in the water bath.
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2.1.1 Detailed description of the apparatus

There is provided a test apparatus for the formation of gas hydrates that includes two disks,
joined by screws to form a bench top wheel. The wheel had a total diameter of 325.00mm,
with 275.40mm and 224.60mm for the exterior and interior diameter of the half pipe track in
the bottom disk, respectively, figure 2.2.

Figure 2.2. The two disks that make up the wheel. Bottom disk and top disk to the left and
right respectively.

Furthermore, the half pipe, or semicircle, in the bottom stainless steel disk had a radius of
12.70mm and could contain approximately 200ml liquid. The two o-rings that were disposed
on either side of the half pipe were 3.50mm wide. There were 12 plastic stoppers in the half
pipe track, each with a diameter of 12,00mm and from the bottom of the disk there were
5.80mm to the bottom of the stoppers. The bottom disk had a height of 20.00mm. On the side
of the disk there was a rod, which went into gap in the rack. This rod was necessary for
preventing rotation and maintaining the Euler disk movement, figure 2.3.
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Figure 2.3. The bottom disk with all its attributes as seen from above.
On the base of the disk there was a female part of a ball joint, figure 2.4. This joint had a
diameter of 70.00mm and had a concave curvature, which fit snugly with the male part of the
ball joint.

Figure 2.4. The base of the bottom disk showing female part of the ball joint.
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The male part of the ball joint was composed of a hemisphere affixed to the bottom of the
support rack, figure 2.5.

Figure 2.5. The support rack in the water bath, with the step motor on top and the male part of
the ball joint at the bottom.

On top of this stainless steel disk, there was another disk made up entirely of acrylic. This
polyacrylate disk was 25.00mm high, and with the same diameter as the stainless steel bottom
disk. Five connection points served as gas inlet in addition to being outlet, inlet hose, outlet
hose, temperature probe and a pressure gauge was on top of the acrylic disk, figure 2.6.
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Figure 2.6. The acrylic top disk as seen from above, clockwise with pressure inlet/outlet,
pressure gauge, temperature probe and inlet as well as outlet hose respectively. In the middle
of the disk the connection to the step motor resided.

These two disks were sandwiched together by a set of two circles of screws. The inner circle
consisted of 12 screws, while the outer circle consisted of 24 screws, all with the length of

14.20mm. The total height of the wheel, excluding the female part of the ball joint at the base
of the bottom disk, was 45.00mm, figure 2.7.

Figure 2.7. The wheel made up of the acrylic top disk and the stainless steel disk at the
bottom, with the screws holding them together, as seen from the side. Here it is clear to see
the height difference between the disks.
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In the middle of the top disk, there were four screws which connected the bar to the disk,
figure 2.8. This bar was placed normal to the disk, then inserted into a ball joint which came
at an approximately 90° angle from the step motor. The motor was placed on top of the
support rack, and swirled the wheel in a circular motion with a tilt. In being a so called step
motor implies that the motion that the engine provides can be terminated at any desired angle,
because signals was transmitted sequentially to electromagnets in the motor.

Figure 2.8. The wheel under assemble.

This assembly was submerged in a water bath. Only the top of the support rack, which include
the step motor, was above the liquid. The water bath was made of aluminum, with insulation
in between. It could contain approximately 40L of liquid. The water bath was rectangularly
shaped, with external dimensions of 500.00mm in length, 425.00mm in width and 270.00mm
in height. Internal dimensions being 475.00mm in length, 400.00mm in width and with the
same height of 270.00mm, thus the water bath was 25.00mm thick. Each long side had a
1/2inch (1.27cm) pipe connections. Hoses that went to a water heater/cooler was connected
too these pipe connections, figure 2.9. The water heater/cooler was of the type Julabo FP40-
HL with temperature stability +0.01°C. In addition it could contain 16L cooling fluid, had a
pumping capacity flow rate 22—26L/min, a heating capacity of 2kW and a working
temperature range form —40°C to 200°C. The heating/cooling fluid used was a mixture of
mono ethylene glycol (MEG) and distilled water.
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Figure 2.9. The whole assembly with the water heater/cooler to the left and the wheel
submerged in the water bath to the right.

Both the temperature of the water heater/cooler, the temperature inside the wheel as well as
the pressure in the wheel, in addition to controlling the rotation velocity, was recorded by
electronics contained within two boxes. One box contained the high current needed to power
the step engine in order to control the rotation velocity of the wheel, while the other contained
the low current to sample the temperatures and the pressure, figure 2.10. The need for two
boxes was based on the fact that low current are highly susceptible for interference by the
high current, which could affect the data quality possibly render the delicate data sampling
useless. Both boxes were connected to a computer.
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Figure 2.10. The two electronic boxes. The farthest away contains the electronic to control the
rotation velocity of the disk, with a start/stop switch on top of the lid. The closest one contains
electronic to interpret the pressure and temperature signals. They are connected to each other
and the closest one is connected to a computer by an USB cable.

Here a software package made it possible to adjust the rotation velocity in addition to monitor
the pressure and temperatures. The software was made by using LabVIEW (version 12.0f3)
by National Instruments. Both temperatures and the pressure was sampled about every 10
second, figure 2.11. The data acquisition was done by LabVIEW with National Instruments
USB6008. Two analog channels, temperature and pressure, set up in differential mode. The
temperature measurement from the wheel was done by a PT100 element with LKMelectronic
224/1, 0—10V transmitter connected to the USB6008 in differential mode. It had a linear fault
< 0.1%. The pressure measurement was done by TecSis pressure transducers P3276B086101
and P3325B086101 (used one at a time). Both of which with 0—5V transmitter connected to
the USB6008 in differential mode, 3-wire and an accuracy 0.5% of full scale. An analog
output to control the stepper motor velocity was also set up using the USB6008. Motor
control card was Grinrgd Laboratorier SMC3500V3, 3.5A, 16 microstep stepper motor driver
interfaced to one analog output of USB6008 with Grinrgd Laboratorier VTFV2 voltage to
frequency converter. The stepper motor specifications were 200step/rev, 350Ncm holding
torque, 4.2A/Phase hybrid stepper motor.
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Figure 2.11. The final software interface. Top left is the bar to control the step motor velocity,
underneath is the record button for data sampling, then there is a calibration parameter for the
pressure and at the bottom a stop button. To the right of this there are two bars, the one to the
left is the water heater/cooler temperature and the one to the right is the wheel temperature.
Below is the pressure depicted by the pressure meter and by numbers. To the top right is a
graphical representation of the wheel temperature, and below is a graphical representation of
the pressure.

The whole experimental apparatus assembly consisted of many parts, figure 2.12.
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Figure 2.12. Schematic of the whole apparatus setup, from left to right: Gas, gas
booster/distributer, water heater/cooler, the table top wheel in the water bath as seen from
above, the two electronic boxes, computer and monitor with the software interface.

In being a prototype, some of these measurements on the wheel and the water bath may have
changed some from blueprints to manufacture.
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2.2 Experimental method

This experimental method description is described as conducted after several adjustments had
been done to both the equipment and method:

e Each experiment was initialized by adding the required amount of liquid to the wheel.
In this experiment this liquid consist of inhibitor solution as well as hydrocarbon
liquid.

e The wheel was then pressurized with gas to 40bar (4000kPa).

e The swirling motion was initialized.

e Both the temperature of the water heater/cooler and the internal temperature in the
wheel, in addition to the pressure in the wheel was recorded using the software.

e The water heater/cooler was set to the desired test temperature.

e Normally the test was run overnight.

e By visual inspection, it was observed for any hydrate formation.

e Ranged the inhibitor performance by visual inspection from A to E (A being best and
E being worst).

e Terminated the data recording.

e Melted the potentially formed hydrates by ramping up the temperature.

e Terminated the rotation and depressurized the wheel.

e Emptied the wheel of all fluids.

e Washed the wheel three times with distilled water. If a new hydrocarbon liquid was to
be used, an additional washing procedure was carried out: After first washing one time
with distilled water, the new hydrocarbon liquid was added and finally the wheel was
washed three times with distilled water. All by applying circular swirling motion.

e Conducted a new experiment.

In this particular experiment only anti-agglomerants were used as inhibitors. The anti-
agglomerants used were a series of n-alkyl-tri(n-butyl)ammonium bromides. As mentioned in
the theory, anti-agglomerants need a hydrocarbon liquid to function properly.®®® The
hydrocarbon liquids, which represented the oil phase, were two different "white spirits"”, in
addition to n-decane and o-xylene. They represented the light hydrocarbons, mimicking
condensate.

At a temperature of 20°C in the table top wheel, through the inlet hose a total volume of
60mL was added. Of these 60mL, 40mL was the hydrocarbon liquid and 20mL was the
aqueous solution, with or without anti-agglomerants or electrolytes. This gave a water cut of
33%. The wheel was then in a careful and controlled manner pressurized with synthetic
natural gas (SNG) provided form Yara Praxair. The gas composition is given in table 2.1.
This makes Structure 11 hydrate. Because of safety reasons, the wheel was not pressurized any
higher than 40bar. The software was used to read off the pressure inside the wheel. Once on
40bar, the pressure decreased rapidly if a hydrocarbon liquid had been added in the wheel,
especially if rotation was applied. The pressure quickly drops, because the gas dissolves more
in the hydrocarbon phase than in water alone.
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Thus, the gas diffuse into the hydrocarbon phase. Therefore the wheel was set in motion, and
when the pressure had stabilized, it was pressurized again. This was done until the pressure
was constant at the needed pressure. Hence, after pressurizing to 40bar, the wheel was rotated
until the pressure drop halted. Then it was pressurized up to 40bar again, and this was done
until the pressure stabilized on 40bar under continuous rotation. The measured pressure was
gauge pressure. The rotation speed was 18rpm. The pressure shown by the software had a
tendency to fluctuate, which made the pinpointing of exactly 40bar impossible. But +£1—2bar
have no impact on the measurement, but +1-2°C would have had. Thus it was more important
to ensure that the temperature does not fluctuate too much.

Table 2.1. Synthetic natural gas (class 2).

Component | mole%
Methane 80.40
Ethane 10.30
Propane 5.00
CO, 1.82
Iso-butane 1.65
n-butane 0.72
N, 0.11

The same software was no used to record data, from both temperatures and the pressure. The
water heater/cooler was then set to 0°C (onset, T,= 0°C) , down from the experiment initiation
temperature of 20°C. It was left like this overnight. The water bath reaches 0°C, and this
translates to a temperature in the wheel of approximately 0.05°C. Thus, the table top wheel
operates by applying an isochoric process. The next day the data recording was terminated. At
the same time the wheel was visually inspected for gas hydrate formation.

The ranking procedure was adopted from other research groups, > but since this being a
unique and new equipment, alterations to this ranking was done. Visual observations include
documenting a rating assessment of the content of the wheel. A determination if hydrates was
visible, an evaluation of any visible hydrate surface adhesion properties and an estimate of
liquid levels. The performance of the anti-agglomerants was ranked from A to E according to
the visual observations as follows:

A. Fine dispersed hydrates without any deposits.

B. Dispersed hydrates with minor deposits, coarser hydrate particles.

C. Significant deposits and/or slushy plug, but most of the free liquid was moving.

D. Slushy hydrate plug, with very viscous free water.

E. Hard hydrate plug.
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A pass was usually rated as an A or B, and judged upon if no hydrates form. If hydrates did
form the crystals must remain small, neither agglomerate, nor adhere to any surface in any
significant manner and/or the liquid viscosities remain low. Thus forming a hydrate slurry,
figure 2.13. Ranking C was given when the hydrate formation surpass the conditions
described above. Here the deposits were significant and could result in a slushy plug.
However, most of the liquid remained free with low viscosity. This ranking was on the
threshold of failing, thus a marginal pass.

Figure 2.13. A section of the wheel showing the hydrate slurry formed, which gave rank A.

A fail was usually rated as either D or E, both of which formed plugs but an E plug was much
worse than an D plug. Further criteria being if the hydrates form plugs, or deposits leading up
to a plug and/or the viscosities increase significantly, figure 2.14. None the less, a D ranking
gave a slushy plug with very viscous liquid. While an E ranking gave a hard, totally solid
plug, with no free liquid.
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Figure 2.14. A section of the wheel with massive hydrate formation, resulting in a plug of
rank E.

The water heater/cooler was then set to 20.1°C, this gave 20°C in the wheel, to melt
potentially formed hydrates and to reach the initiation temperature for conduction of an
experiment. The motion was halted and the wheel was depressurized. All liquid was emptied
from the equipment. It was then washed three times with distilled water, by rotation of the
wheel. If a new hydrocarbon liquid was to be used in the following experiment, some
alterations were done to this washing procedure. After it had been washed one time with
distilled water, the hydrocarbon fluid was added and finally washed three times with distilled
water. It was important to get rid of as much as possible of the remaining liquid in the wheel,
before conducting a new experiment.

The memory effect of water was not considered in this experiment, only fresh water without
any direct hydrate history was used. This was because it can be very time consuming to
conduct experiments that involve this effect, especially for apparatus that heats up and/or
cools down slowly. This was done despite the fact that the memory effect can produce reliable
and repeatable hydrate formation, and that hydrate formation may not even occur at all
without it.%’
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2.2.1 Anti-agglomerants used in the experimental work

All the anti-agglomerants used in this experiment had been previously synthesized in the
laboratory.” They all were n-alkyl-tri(n-butyl)ammonium bromides with varying chain
lengths. The chain varied in length from octyl (C8) to octadecyl (C18), in addition to coco (a
mixture of chain lengths, mostly C12—C16 range).

The synthesized anti-agglomerants were n-octyl-tri(n-butyl)ammonium bromide (OBAB, C8),
n-decyl-tri(n-butyl)ammonium bromide (DBAB, C10), n-dodecyl-tri(n-butyl)ammonium
bromide (DDBAB, C12), n-tetradecyl-tri(n-butyllammonium bromide (TDBAB, C14), n-
hexadecyl-tri(n-butyl)ammonium bromide (HDBAB, C16), n-octadecyl-tri(n-
butyl)ammonium bromide (ODBAB, C18) and coco-tri(n-butyl)ammonium bromide (CBAB).
All of which, with the exception of ODBAB, which were partially soluble in both aqueous
and hydrocarbon phases and formed oil-in-water emulsions, were water soluble at the test
concentrations and did not form emulsions.

All anti-agglomerant concentrations were based on the aqueous phase, thus weight
percentages (wt%) of anti-agglomerant used was based on the water phase. They were
weighed out and dissolved in distilled water with or without NaCl (assay > 99.5% from VWR
international).

2.2.2 Constant cooling test procedure

At 20°C the pressure in the wheel was set to about 40bar. In motion the wheel was cooled
down from 20°C to 0°C, with a cooling rate of 7.2°C/h. Since the wheel was a closed system,
it implies that a pressure drop was observed during the constant cooling. A deviation from the
constant pressure drop, however, indicated gas consumption from hydrate formation.
Sometimes, if very rapid hydrate nucleation occurred, an exothermic spike for the temperature
in the wheel was observable on the graphs. However, hydrate nucleation might have been
initiated earlier but was undetected.

The driving force for hydrate formation in these experiments was subcooling, which was
given by the difference between the hydrate equilibrium temperature (hydrate dissociation
temperature) at the experimental pressure in addition to composition and the onset
temperature of the respective constant cooling experiment.®*’

Dissociation temperature was determined to be 11.50°C for 33% water cut. Thus, the

subcooling used in this experiment was about 11.50°C, since the onset temperature was
approximately 0°C in the table top wheel.
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2.3 Adjustments to both the apparatus and method

As it can be with all brand new equipment, and more so with prototypes, there may be many
things that must be sorted out before and under tests.

During the initial test phase of the table top wheel, several gas leaks emerged. This led to
dismantling the table top wheel, which was taken apart and cleaned. Some silicone grease was
disposed on the steel disk and on the two o-rings inside to help in making a better gas proof
seal. The disk was subsequently assembled by tightening the screws in an orderly fashion. As
far as it was possible the same amount of force was used on each of the screws. It was then
placed back in the water tank. A pressure test confirmed that the newly made seal did not
leak. The first experiments were only done with water, before anti-agglomerants in addition to
a hydrocarbon fluid was added. Also, all the electronics that made it possible to control the
rotor speed of the engine, interpret pressure gauge and temperature signals was all placed in
one box, figure 2.15. This gave some fairly big interference on the pressure and temperature
signals. Thus the electronics had to be separated, one box with low current circuits (pressure
gauge and temperature) and another box with high current circuit (control of the engine rotor
speed). Line filters were also installed in each of the boxes to reduce EMI (Electromagnetic
Interference).

Figure 2.15. The electronic before it was divided into two boxes.
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In the first initial tests, neither the temperature in the water heater/cooler, the temperature in
the wheel nor the pressure could be measured due to ongoing development of the software,
figure 2.16.
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Figure 2.16. The LabView block diagram.

The wheel was pressurized by the aid of a pressure meter on the control panel of a gas
booster/distributer, while the pressure gauge on the wheel was calibrated. This pressure meter
showed only an approximate pressure, figure 2.17. Afterwards the gas booster/distributer was
only used to distribute the gas to the wheel.
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Figure 2.17. The pressure gauge used before the pressure gauge on the wheel had been
calibrated. The bottom left pressure gauge was used.

When the pressure gauge was calibrated, an early version of the software was used, figure
2.18. This could be used to read off a more accurate pressure. Later the final software
interface made it obsolete, but the old version still had its place. This because the more
sophisticated final version had more program loops which made the pressure meter lag.
Therefore, when the wheel was to be pressurized the old version vas used.
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Figure 2.18. This was the original software interface. In the upper left corner the zeroing and
bar/volts parameters could be adjusted. The pressure was read by the pressure gauge and the
corresponding number underneath.
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In order to try to increase the hydrate formation temperature, both Ocma clay and five small
stainless steel balls were tried, figure 2.19. The flow regime in the table top wheel was
laminar, and they were added in an effort to try to increase the turbulence of the flow. The
stainless steel balls was added by unscrewing the pressure gauge and inserting them in
through the opening. They had a tendency of hitting the temperature probe, and thus hydrate
formation initiated very often at this place in the table top wheel.

Figure 2.19. A section of the wheel showing the five stainless steel balls added in an effort to
increase the turbulence in the system.

Because the pressure and suction pump on the water heater/cooler could not be separately
adjusted, it caused the water heater/cooler to empty itself. A couple of valves on the hoses that
went to and from the water heater/cooler made the situation much better. However, another
problem arose, air bubbles impaired the view to the wheel. This made it extremely hard to
observe for any hydrate formation without switching off the water heater/cooler, figure 2.20.
Adjusting the valves made it somewhat better, but moving the water heater/cooler had very
little effect.
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Figure 2.20. The air bubbles severely obstructed the visibility to the wheel making it difficult
to observe for hydrate formation.

The best effect was achieved by applying a hose to make the water outlet in the water bath to
be underneath the waterline, figure 2.21.

Figure. 2.21. The hose aided in the clarification of the view.
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The liquid in the water bath was a mixture of distilled water and MEG. If the concentration of
MEG in the mixture was too high, the pH of the liquid would drop. This is because MEG in
contact with the oxygen in the air makes an acid, which could then possess a corrosive effect
on the metals.

It was desirable to have video recording of the experiments. Several means were thought of in
order to approach the problem. Since there were so many air bubbles in the water bath, one of
them were to make a waterproof housing for the camera and mount it to the wheel. But when
the air bubble problem was diminished, a conventional camera placed above the wheel was
the approach that could be used.

To make the apparatus safer to operate, a wire was used to secure all the connections to the
top disk, figure 2.22.

Figure 2.22. The wheel in the water bath with the wire strapped around all the connections to
the acrylic disk.

The wheel was pressurized without any liquid to make sure there were no leaks.

A full list of all experiments in addition to all the adjustments, as well as blueprints from the
apparatus can be found in the appendix.
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2.3.1 Issues associated to the apparatus

During the experiments, issues can arise despite if the apparatus used is a well proven
laboratory device or a prototype. Even more so, several issues occurred with this prototype
table top wheel.

After 42 experiments, the original pressure gauge was broken, and not reparable. It was
replaced with a new sensor. Also, after 58 experiments the quick gas release broke. It was also
replaced with a new one.

It was always a question of if and for how long the acrylic disk would withstand the pressure
used during the course of the experiments, since this being the single most vulnerable part of
the entire apparatus, figure 2.23.

Figure 2.23. The wheel in its early stages, showing the temperature probe with no cracks in
the acrylic disk.

After several experiments small cracks emerged at the connection points to the acrylic disk.
They were superficial and possessed no risk at that point. All connections were then secured
with steel wire in order to prevent the connectors from acting as projectiles in the case of
catastrophic failure. Over several more experiments they had evolved and become somewhat
bigger, still no risk. Then after 59 pressurized experiments the cracks suddenly expanded
severely, figure 2.24. Further experiments were terminated at this stage.
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Figure 2.24. The wheel after 59 experiments, showing the severe cracks around the
temperature probe.

2.4 Experimental results

In this experiment, all tests were conducted with constant cooling. Some preliminary
experiments were done so to validate the operation of the apparatus and determine the
experimental method to follow. Then purely ranking experiments of the different anti-
agglomerant chain lengths were done, in both distilled water and 1.5wt% NaCl solution.
These were compared to the ranking given on earlier experiments over the same anti-
agglomerant range in a rocking cell apparatus. Some anti-agglomerants were tried out in
7wt% NaCl as well as different hydrocarbon fluids.

The anti-agglomerants were a range of single-tail quaternary tributylammonium bromide
surfactants, with varying alkyl chain length from 8—18 carbon atoms, in addition to a mixture
of chain lengths manly in the range of 12—16 carbon atoms. This was done in order to
determine the influence of the length of the hydrophobic tail on the performance of the anti-
agglomerants. Further experiments on the effect of salinity on the performance were
conducted. The salinity was varied from 1.5wt% to 7wt%. The influence on anti-agglomerants
performance by the usage of different hydrocarbon fluids were also tried out. The different
hydrocarbon liquids were two different white spirits from Effekt by Europris AS and from
Kemetyl Norway AS.
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They both contained the same substances as well as the same ratio between aliphatic and
aromatic hydrocarbons, hence they contained naphtha (petroleum), hydrodesulfurized heavy,
> 30% aliphatic hydrocarbons and 15—30% aromatic hydrocarbons. The two other fluids were
n-decane (CioHaz2, 1L= 0.73kg, M= 142.29g/mol, assay (GC, area%)> 94%, density (d
20°C/4°C)= 0.728—0.732) and o-xylene (CgH1, 1L=0.88kg, M= 106.16g/mol, assay (GC,
area%)> 98%, density (d 20°C/4°C)= 0.878—0.881) both from Merck Schuchardt OHG.

A typical graph from the experiment contained both temperatures from the water
heater/cooler and the wheel, in addition to the pressure in the wheel, figure 2.25 and 2.26.
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Figure 2.25. A typical graph of an entire experimental run. 2000ppm TDBAB in n-decane
which gave a rank B.
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Figure 2.26. A typical graph of an entire experimental run. 2000ppm TDBAB in n-decane
which gave a rank E.

2.4.1 Preliminary experiments

These experiments were conducted in order to validate if there indeed could form gas hydrate
in the apparatus, in addition to come up with the experimental method in which the
experiments should follow. In these experiments only distilled water with or without white
spirit were conducted. Neither the temperatures nor the pressure could be logged in these
experiments.

The temperature in the water bath was measured by a digital thermometer every 5 minutes for
45 minutes during a cool down. At the same time the temperature in the water heater/cooler
was shown on a display and written down. They were compared and a deviation of 1.26°C
was calculated in temperature difference from the water heater/cooler to the water bath.

A pressure test was conducted to make sure that there were no leaks in the table top wheel,
which it confirmed that there were no significant leaks.

The wheel was filled with approximately 50ml when only distilled water was used. In the
very first experiment 30bar was used, then 40bar was chosen for the rest. The hydrate
formation temperature was lower than. Therefore different means were tried to enhance the
hydrate formation temperature, table 2.2.
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Table 2.2. Experiments with only distilled water and the effect of additives to assess in
hydrate formation, the stainless steel balls temperature was an average of three experiments.

Additive Hydrate formation temperature (°C)
No additive 1.40
Ocma clay 2.30
Stainless steel balls 10.26

In addition to distilled water, different water cuts were tried, both 20% and 33% (12ml
distilled water and 48ml white spirit, 20ml distilled water and 40ml white spirit respectively).
Both the formation and dissociation temperature was determined. Dissociation temperature
measurement experiments are extremely time consuming, because the temperature are
increased minutely and held for a given time at each step. Here four such experiments were
done in order to determine the dissociation temperature both with and without white spirit.
They were conducted by after hydrate had formed, the temperature was set to 10°C and held
there for 15 minutes. It was then increased to 11°C for 15 minutes. From 11.1°C and up to the
dissociation temperature, the interval was increased by 0.1°C and held for 10—15 minutes.
The formation and dissociation temperature was tried measured for distilled water, 20% and
33% water cut as well, table 2.3.

Table 2.3. The formation and Dissociation temperatures for distilled water, 20% and 33%
water cut. For the two latter an average of two experiment on each was calculated.

Temperature (°C) | Distilled water | 20% water cut | 33% water cut

Formation 10.26 4.87 4.20
Dissociation 16 11.35 11.50

Different rotation velocities were also tried out. Here the rotation was increased from 18rpm
to 36—38rpm. Here no difference was observed between the different velocities, so 18rpm was
the rotation speed used.
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2.4.2 Effect of varying anti-agglomerants chain length in both 1.5wt% NaCl solution and
distilled water

This was the main effort in this experimental work. In all 29 experiments on the effect of
varying chain length as well as the effect of 1.5wt% NacCl solution were conducted. These
experiments were the same as the ones carried out in the rocking cell apparatus, with the same
parameters as far as anti-agglomerant range, gas and liquids. Thus, the same gas composition
and liquid composition was used.

The main objective was to determine the minimum anti-agglomerant concentration required to
get a pass. Then these results from this equipment were compared with the results from the
rocking cells, in order to validate this new equipment. If the same trend could be found
between these two apparatuses, it means that the table top wheel is approved at least for this
types of anti-agglomerants.

Comparison of adequate concentrations of anti-agglomerants and their chain length for a pass,
from both equipments is summarized in table 2.4 as well as shown graphically in figure 2.27.

Adequate anti-agglomerant concentration in both distilled water and 1.5wt% NaCl solution in
the table top wheel represented graphically in figure 2.28.

Table 2.4. Concentrations (ppm) needed of the various chain length anti-agglomerants in both
1.5wt% NaCl solution and distilled water, for both the wheel apparatus and the rocking cells
to achieve a pass. Neither OBAB nor DBAB in addition to ODBAB were there carried out
any experiments in distilled water. This is because a concentration of 15000ppm in 1.5wt%
NaCl either gave no pass or barely passed.

AA type Wheel Rocking cells
AA chain | Distilled | 1.5wt% | Distilled | 1.5wt%
length water NaCl water NaCl
OBAB - No pass - No pass
DBAB - No pass - No pass

DDBAB 4000 3000 3000 250
TDBAB 5000 2000 5000 1000
HDBAB | 15000 2000 10000 1000
ODBAB - 15000 - 10000
CBAB 5000 4000 4000 500
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Figure 2.27. Both the results from the table top wheel and the rocking cells compared.
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Figure 2.28. Performance in the table top wheel of the anti-agglomerants in 1.5wt% NaCl
solution and distilled water respectively.
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2.4.3 Effect of varying anti-agglomerants chain length in distilled water, 1.5wt% and 7wt%
NaCl solution

Different electolytes concentrations effect on DDBAB and TDBAB were tied.

Some experiments on DDBAB and TDBAB were conducted with 7wt% NaCl solution. The

results of which, in addition to 1.5wt% NaCl solution and distilled water, can be found in
table 2.5 and in figure 2.29.

Table 2.5. The influence on the efficiency concentration (ppm) of both DDBAB and TDBAB
in distilled water, 1.5wt% NaCl solution as well as and in 7wt% NaCl solution.

AA chain | Distilled | 1.5wt% | 7wt%
length water NaCl | NacCl
DDBAB 4000 3000 1000
TDBAB 5000 2000 500

B Distilled water
B 1.5wt% NacCl
B 7wt% NaCl

AA concentration (ppm)
N
U
o
o
i -

DDBAB

AA chain length TDBAB

7wt% NaCl
1.5wt% NaCl

Distilled water

Figure 2.29. The effect on DDBAB and TDBAB in distilled water, 1.5wt% NaCl solution and
7wt% NaCl solution.
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2.4.4 Effect on anti-agglomerants chain length efficiency by hydrocarbon fluids

Different hydrocarbon liquids were tried out to determine the effect they had on anti-
agglomerant performance.

Two different white spirits were tried out on DDBAB, TDBAB and HDBAB, table 2.6 and
figure 2.30.

Table 2.6. The different anti-agglomerants and the effect the different white spirits had on the
concentrations (ppm) of the anti-agglomerants to get approved.

AA chain | White spirit | White spirit
length | Effekt, Europris | Kemetyl

DDBAB 4000 5000
TDBAB 5000 5000
HDBAB 15000 No pass
14000 -
12000 -
t
£ 10000 -
5
'g 8000 -
=
S 6000 -
S
g 4000 - W Effekt, Europris
2000 - B Kemetyl
O i T 1
DDBAB TDBAB HDBAB

AA chain length

Figure 2.30. The effect the seemingly chemically identical white spirit possesses on the anti-
agglomerants.
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A total of four different hydrocarbon fluids were tried out on TDBAB to assess the effect they
possessed on this particular anti-agglomerant, table 2.7 and figure 2.31. The pass
concentration for o-xylene was not determined, for reasons to be clear in the following.

Table 2.7. The effect on anti-agglomerants by the different hydrocarbon fluids and the needed
concentration (ppm) of the anti-agglomerant to get an adequate result which gave a pass.

AA chain White spirit | White spirit
length | Effekt, Europris | Kemetyl
TDBAB 5000 5000 2000

n-decane

AA concentration (ppm)
N
(O3]
o
o

2000 - W White spirit Effekt, Europris
1500 - W White spirit Kemetyl
1000 + M n-decane
500 -
0 -

TDBAB
AA chain length

Figure 2.31. The effect on TDBAB by the different hydrocarbon liquids.
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2.5 Discussion

All experiments were conducted by applying constant cooling. The pressure drop was used to
confirm hydrate formation and if there were to be any gas leaks in the table top wheel, but
visual inspection was the most reliable method for determining hydrate formation. Pressure
and temperature against time graphs from the data acquisition were made. They contained the
temperatures from both the table top wheel and the water heater/cooler in addition to the
pressure from the wheel (figure 2.25 and 2.26).

From these graphs distinct differences can be observed as well as some resemblance. In both
graphs the water heater/cooler line behaves similar, with the same cooling rate. The line for
the wheel temperature also behaves sort of similar, but with one important difference. In
figure 2.25 the line decreases and then flattens out, while in figure 2.26 it decreases and then
before it flattens out have a little spike. This spike is caused by the exothermal hydrate
formation process. It is typically associated with catastrophic and rapid hydrate formation,
which was the case for this particular experiment. This catastrophic hydrate formation can
also be observed on the pressure line. In the figure 2.26 the pressure almost immediately start
to decrease. This indicates a catastrophic hydrate formation by forming a hydrate plug. If the
formation rate is far greater than the dispersion rate facilitated by the anti-agglomerant, gas
hydrate agglomeration and plugging tend to occur. In figure 2.25 the pressure decreases
before it shortly flattens out, then it quickly drops and then flattens out. This is typical for
slow and scarce hydrate formation by forming a hydrate slurry. In both cases the hydrate
formation initiated approximately at 0°C, after 100 minutes. These two graphs, one for a fine
hydrate slurry and one for catastrophic hydrate formation, shows the general trend for these
experiments.

2.5.1 Preliminary tests

Before it was finally decided on a test method, a range of different approaches were tried out,
to determine the parameters to be used.

The initial tests with distilled water and gas showed hydrate formation at a much lower
temperature then expected out from some graphs with pressure against temperature. Hydrate
was formed at 1.40°C with no additive. In order for making more turbulence inside the wheel,
different approaches were tried out in order to get the formation temperature for hydrate
formation higher. The equipment was filled with 50ml distilled water and a quarter spatula of
Ocma clay, and pressurized to 40 bar. At a temperature of 2.30°C hydrates was formed.
Afterwards, five stainless steel balls (4mm in diameter) were placed inside the table top
wheel. The tests afterwards confirmed that this had some influence on the hydrate formation
temperature, by increasing it to 10.30°C by taking the average of three experiments (table
2.2). They did this although they were partially hindered from movement by some sort of
grease, possibly some silicone grease from the effort in making the wheel gas proof.
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After some experiments, partly by washing the wheel with white spirit, the grease
disappeared. The stainless steel balls had a tremendous impact on the formation temperature
for hydrate formation. They also made the formation more reliable. These balls coupled with
the plastic stoppers in the half pipe of the wheel, helped on making the flow regime, which
was laminar, more turbulent. This turbulent aid hydrate formation by mixing more gas into
the liquid phase, thus enhancing the hydrate formation.** The Ocma clay had very little to no
impact on the hydrate formation temperature. The hydrate formation is a stochastic process,
so the formation temperature will fluctuate.? Although the Ocma clay did increase the onset
temperature, it maybe only be due to the stochastic process.

Both the formation temperature and the dissociation temperature was tried measured for
distilled water, 20% and 33% water cut (table 2.3). Both temperatures were determined after
the five stainless steel balls had been added. As expected there were some scattering in the
formation temperature, since this being a stochastic process. The temperature was highest for
distilled water, then 20% followed by 33% water cut, 10.26°C, 4.87°C and 4.20°C
respectively. Distilled water had the highest dissociation temperature of 16°C. The difference
between 20% and 33% water cut was minimal, with 11.35°C and 11.50°C respectively.
Hence, not surprisingly there was a huge difference in the formation and dissociation
temperature between distilled water and the two water cuts, and that the difference between
the two water cuts were minimal. More gas will dissolve into the liquid phase when a
hydrocarbon phase is present. This could be a possible reasons for this observed effect. To
really determine these temperatures, multiple experiments should be conducted. These
dissociation experiments are far from as accurate as how they possibly can be. As mentioned,
those experiments are extremely time consuming, and each temperature increase are small and
held for a considerable amount of time. Here in this isochoric process, the temperature
increase was small and the time at each temperature was relatively long, but considerably
shorter than what is required to get it exactly.*®*® Still, they are good enough to get a
dissociation temperature around where it should be. From a computer program (PVTsim by
Calsep), theoretical pressure and temperature graphs over the hydrate equilibrium curves for
the SNG used in distilled water had previously been made. For 40bar, this curve gave an
equilibrium temperature of 15.7°C, which correspond fairly well with the equilibrium
temperature for distilled water at 40bar in the table top wheel, 16°C.

The rotation velocity was altered to find out if it induced hydrate formation faster. No effect
was observed by doubling the rotation velocity, from 18rpm to 36—38rpm. Higher rotation
speed corresponded to higher flow rates of liquid in the wheel. Higher velocities were not
tried out since these could induce resonance waves and sloshing in the water bath. Had the
turbulence significantly increased, the hydrate formation would probably have started earlier.

96



2.5.2 Effect of varying anti-agglomerants chain length in both 1.5wt% NacCl solution and
distilled water

There were a dual objective in these experiments. Firstly, the minimum anti-agglomerant
concentration were to be determined in both distilled water and 1.5wt% NaCl solution. The
1.5wt% NaCl solution was recommended because it represents the salinity level in many
reservoirs. Secondly, these results were to be compared to the results for the same anti-
agglomerant range in both distilled water and 1.5wt% NaCl solution, obtained in the RCS 20
rocker rig from PSL Systemtechnik. The maximum concentration was set to 15000ppm for
this experimental work, because usage of more than 20000ppm anti-agglomerant in oilfield
application is generally economically unfavorable.®

When the 1.5wt% NaCl solution was used as the aqueous phase, both OBAB and DBAB
failed even at the highest test concentration of 15000ppm. A further increase in the alkyl
chain length to DDBAB, TDBAB and HDBAB in addition to CBAB gave a fine hydrate
slurry at reasonable concentrations, 3000ppm, 2000ppm, 2000ppm and 4000ppm respectively.
The performance diminished significantly once the chain length was increased to ODBAB.
Here a concentration of 15000ppm, which was the maximum concentration used, was needed
to achieve a pass (table 2.4 and figure 2.28). Thus, the anti-agglomerant with the best
efficiency in 1.5wt% NaCl was TDBAB, despite that it had the same pass concentration as
HDBAB, it had a better rank (A/B). The ranking of the anti-agglomerants that passed was,
from best to worst: TDBAB-HDBAB-DDBAB-CBAB-ODBAB, with an average pass
concentration of 5200ppm. By increasing the alkyl chain length, the hydrophobicity increases
as well. Hence, an increase in the chain should enhance the performance, as the results
confirmed, with DDBAB, TDBAB and HDBAB in addition to CBAB. But making the chain
length to long will make the performance decline, as they tend to portion strongly to the
hydrocarbon phase relatively to what the shorter chains do. Further, ODBAB was the only
anti-agglomerant tested that was difficult to dissolve in the aqueous phase. Emulsifications
were formed, therefore the inhibitor was less available in the interface between hydrocarbon
and water in addition to the bulk water, compared with the shorter chain anti-agglomerants.
For some anti-agglomerants the emulsification of the hydrocarbon and water phase prior to
hydrate formation may be critical part of the process.?® This may be possible reasons for the
observable performances.

When distilled water was used as the aqueous phase, neither OBAB nor DBAB as well as
ODBAB was conducted in these experiments. This because they either gave no pass, OBAB
and DBAB, or the pass concentration was the maximum concentration for this experiment,
ODBAB in 1.5wt% NaCl. For the other anti-agglomerants, the same trend as for 1.5wt%
NaCl could be observed. Both DDBAB, TDBAB in addition to CBAB gave reasonable
concentrations for adequately performance, 4000ppm, 5000ppm and 5000ppm respectively.
But increasing the chain length to HDBAB, the performance diminished, giving it a pass
concentration of 15000ppm, which again was the maximum concentration used in this
experiment (table 2.4 and figure 2.28). This was a much higher concentration than expected
form the observed effect in 1.5wt% NaCl.
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Hence, the best performing anti-agglomerant in distilled water was DDBAB. The ranking of
the anti-agglomerants tested was, form best to worst: DDBAB-TDBAB-CBAB-HDBAB,
with an average pass concentration of 7250ppm. The same reasons as described above
possibly holds here as well.

By comparing the results obtained in 1.5wt% NaCl and distilled water, it was clear to see a
significant enhancement in the anti-agglomerant performance (table 2.4 and figure 2.28). The
most outstanding performance enhancement was for HDBAB. To get the same performance
in distilled water as in 1.5wt% NaCl solution the concentration need to be 7.5 times as high.
On the average the concentration needed to be 4500ppm higher in distilled water compared to
1.5wt% NacCl, thus 2.63 times higher representing an increase of 163.63%. For the other anti-
agglomerants the performance enhancement was not that huge, but none the less clear.
TDBAB had the best performance in 1.5wt% NaCl solution, while DDBAB had the best
performance in distilled water. Salts are used as thermodynamic hydrate inhibitors. They have
the ability to shift the equilibrium requirements for hydrate formation to lower temperatures
and higher pressures, by outcompete the water molecules for hydrogen bonds.*®°3 The salinity
concentration effect on anti-agglomerant performance had been reported previously.**®” This
could be possible mechanisms responsible for the observed effects.

The results from the table top wheel were compared to the results obtained in the rocking cells
(table 2.4 and figure 2.27). In both these experiments, the same gas composition, white spirit
(Effekt from Europris AS), anti-agglomerants, NaCl concentration of 1.5wt%, distilled water
and water cut of 33% was used. In addition constant cooling procedure was applied in both
apparatuses. Therefore the results from each of these apparatuses should be fairly comparable.
The biggest differences lie in the apparatuses itself. The table top wheel had utilized a
pressure of 40bar in its tests, while the rocker cells used a pressure of 79bar. Further, the
volume in the table top wheel was 200ml, filled with 20ml aqueous phase and 40ml
hydrocarbon phase, a total of 60ml liquid. A volume of 20ml, filled with 3ml aqueous phase
and 6ml hydrocarbon phase, to a total of 9ml was in the rocker cells. The flow regime
between the two apparatuses differed considerably. Here the table top wheel had a circular
swirling motion, while the rocker cells was rocked back and forth.

The first notable difference between the results from the apparatuses are the needed
concentration of ati-agglomerants to achieve an adequate result, in both 1.5wt% NaCl and
distilled water. Only TDBAB in distilled water had the same concentration in both
apparatuses, of 5000ppm. For all the other anti-agglomerants tested, they needed a higher
concentration in the wheel apparatus than in the rocking cells. Both DDBAB and CBAB in
distilled water needed 1000ppm more in the table top wheel, compared with the rocker cells.
HDBAB on the other hand required 5000ppm more in order to get a pass in the table top
wheel than in the rocker cells. As in the rocker cells, the anti-agglomerant concentration could
be decreased to get a pass in 1.5wt% NaCl in the table top wheel. But still all the anti-
agglomerants required a higher pass concentration here than in the rocker cells. DDBAB
needed 12 times the concentration in the rocker cells to get a pass in the table top wheel.
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Both TDBAB and HDBAB needed 1000ppm more in the table top wheel compared with the
pass concentration in the rocker cells, while ODBAB needed 5000ppm more and CBAB
required 8 times the pass concentration in the rocker cells. Thus, in both apparatuses TDBAB
and HDBAB had equal concentrations within each apparatus of 2000ppm and 1000ppm in
1.5wt% NacCl, for the table top wheel and rocker cells respectively. Within each apparatus the
difference between 1.5wt% NaCl solution and distilled water was highest for the rocking
cells, with an average of 4812.5ppm, 8 times higher resulting in an 700% increase in pass
concentration. This means that the rocking cells had the biggest difference between anti-
agglomerant pass concentration in 1.5wt% NaCl solution and distilled water than what the
table top wheel had. On average the anti-agglomerant pass concentration in distilled water
was 1750ppm, 1.32 times higher, representing an increase of 31.82% and in 1.5wt% NaCl
solution 2650ppm, 2.04 times higher, representing an increase of 103.92% in the table top
wheel compared to the rocker cells. One peculiarity with the results, however was that in the
table top wheel the best performing anti-agglomerant was TDBAB in 1.5wt% NaCl solution
and DDBAB in distilled water. For the rocker cells the best performing anti-agglomerant was
DDBAB in both 1.5wt% NaCl and distilled water. In the table top wheel both DDBAB,
TDBAB in addition to CBAB only differed by £1000ppm, much less than the difference in
the rocker cells.

Possible reasons for the increased anti-agglomerant pass concentration in the table top wheel
could be because of the different flow regimes which the apparatuses represent, with the
circulate swirling motion of the table top wheel and the rocking motion of the cells. In the
rocking cells, far more test gave a rank C than what was achieved in the table top wheel. All
this could be from the fact that the balls within the rocker cells have a diameter barely smaller
than the diameter of the cells, coupled with that these cells are rocked back and forth, will
make for a much harsher flow regime than what was achieved in the table top wheel. This
could perhaps hinder and destroy the slushy plugs, thus making this apparatus more anti-
agglomerant concentration sensible. It is known that the degree of turbulence have an effect
on anti-agglomerants.?® In addition the bigger volume in the table top wheel and lower
pressure than what the rocker cells had, could also play a part in these results. The pressure
have a tremendous influence on the solubility of gases in liquids. Henry's law states the
quantitative relationship between gas solubility and pressure: The solubility of a gas in a
liquid is proportional to the pressure of the gas over the solution, ¢ « P. Here c is the
molecular concentration (mol/L) of the dissolved gas and P is the pressure (in atm) of the gas
over the solution.”*® The air was removed from the rocker cells by the aid of a vacuum
pump, which was not a procedure done in the table top wheel. All this could maybe cause the
observed differences between the two apparatuses, and interfere with the inhibition
mechanisms. The hydrate formation driving force can be measured in multiple ways. One of
them is to measure the subcooling. Subcooling, as it is defined is the difference between the
equilibrium hydrate temperature (hydrate dissociation temperature) and the operation
temperature at a fixed pressure and system composition.®*’ By increasing the magnitude of
subcooling, the hydrate formation rate will increase.® If the subcooling are to be very high,
the driving force for hydrate formation may be so strong that the rate of hydrate formation
surpass the anti-agglomerant from being effective at separating hydrate particles.?
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The different apparatuses utilized different subcoolings, and therefore it can be a possible
candidate for the observed differences.

None the less the trend was the same for both apparatuses in both distilled water and 1.5wt%
NaCl, being that the anti-agglomerants that had unsatisfactory, moderate and satisfactory
performance in both 1.5wt% NaCl solution and distilled water behaved similar in the
apparatuses. Thus this validate the table top wheel for this anti-agglomerant range in both
1.5wt% NaCl solution and distilled water.

2.5.3 Effect of varying anti-agglomerants chain length in distilled water, 1.5wt% and 7wt%
NaCl solution

Only DDBAB and TDBAB were chosen to be tested in 7wt% NaCl, because of their good
performance in both distilled water and 1.5wt% NaCl.

Like argued in the previous results, by increasing the NaCl concentration to 7wt% the
required anti-agglomerant pass concentration was decreased. This was confirmed by both
anti-agglomerants tested. TDBAB had the best performance of the two, with a pass
concentration of 500ppm while DDBAB had 1000ppm (table 2.5 and figure 2.29). An
increase in the salinity concentration will decrease the hydrate equilibrium temperature, hence
the subcooling at the same experimental pressure. Still, hydrates formed at approximately the
same temperature.

2.5.4 Effect on anti-agglomerants chain length efficiency by hydrocarbon fluids

The effect of two different brands white spirit, which chemically composition was reported to
be the same, were tried out on DDBAB, TDBAB and HDBAB. The reason for choosing these
was that both DDBAB and TDBAB had a good performance and HDBAB had a bad
performance in one of the white spirits. Only TDBAB, because of its good performance, was
tried in all the different hydrocarbon liquids, with distilled water as the aqueous phase in all
experiments conducted.

The white spirits, that was claimed to have the same chemical composition, of aliphatic and
aromatic hydrocarbons, > 30% aliphatic hydrocarbons and 15—30% aromatic hydrocarbons,
had an effect on two out of three anti-agglomerants tested (table 2.6 and figure 2.30). In both
cases where an effect was observed, the effect was diminishing with an increase in the pass
concentration for DDBAB and HDBAB. DDBAB had to be increased from 4000ppm to
5000ppm. HDBAB, which already had a pass concentration of 15000ppm, had to be increased
beyond the maximum used concentration in this experimental work to get a pass. TDBAB on
the other hand showed no observable effect in the different white spirits, with a pass
concentration of 5000ppm in both. The fact that the table top wheel being relatively
insensitive against anti-agglomerant concentration used, could be causing these effects.
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In addition anti-agglomerant disperse the formed hydrates in the hydrocarbon liquid, which
they need to function properly, by the use of the hydrophobic tail.>® Therefore different
hydrocarbon fluids can induce different effects on these different tail lengths.

In the tests where four different hydrocarbon liquids were used on TDBAB, an effect was
influenced (table 2.7 and figure 2.31). As mentioned no observable effect from the white
spirits was observed, but when n-decane was used the pass concentration was decreased from
5000ppm to 2000ppm. This was an discernible decrease of 2.5 times resulting in a 60% lower
pass concentration, and shows that using an aliphatic compound have a positive effect on this
inhibitor. Thus, this shows that different hydrocarbon fluids can induce an effect in the anti-
agglomerants. This is a known fact that different hydrocarbon liquids can have natural
surfactants.?”®* As mentioned above, anti-agglomerants disperse the formed hydrates in the
hydrocarbon liquid by the use of the hydrophobic tail.>®® Therefore different hydrocarbon
fluids can induce different effects on these tails. For 0-xylene the same concentration as for
the white spirits of 5000ppm gave a pass. Only one test on 0-xylene was conducted before no
more experiments could be safely carried out, reasons to be clarified in the following.

2.5.5 Comparison of the table top wheel with other hydrate inhibition test apparatuses

This equipment was a prototype table top wheel. Therefore before, and during the testing,
several issues must be addressed.

Of the other high pressure apparatuses, the table top wheel had both similarities as well as
differences. A fuller description of these apparatuses can be found in chapter 1.11,:340.75.86.93

The rocker rig apparatus consist of a bank of small cylindrical pressurized cells rocked back
and forth. They often had a ball inside to aid agitation. The maximum working pressure may
be about 10.3MPa, thus a broader pressure range than the table top wheel may be applied.
Five small balls in addition to the plastic stoppers helped agitate the flow in the table top
wheel. These balls was much smaller than the diameter of the half pipe, while in the rocker
cells the ball had a little smaller diameter than the cells in which they transverse. Further,
these apparatuses had been criticized as not being representative enough for actual
representation of the flow regime in a pipeline. This is certainly not the case for the table top
wheel, which utilizes a swirling circular motion to move the fluids. Since the rocker rig
consists of multiple cells, they can give multiple results for each test run. Hence, each cell can
test several different fluids, gases, inhibitor formulations, concentrations and water cuts in a
single test run. This cannot be conducted at the current table top wheel design, where one test
gives one result. Both of the apparatuses needs a relatively small amount of liquids, although
if many cells are used at ones the amount will add up. If the cells was entirely made up of
sapphire, the flow regime and potential hydrate formation can be observed, like the acrylic
disk on the table top wheel makes possible.
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The autoclaves uses only a few hundred milliliters of fluids per test and the agitation was
provided by either a magnetic stir bar or blade type agitator-mixer. They have a broad
pressure range, up to 35MPa. Therefore, like the table top wheel, which used 60ml fluid, a
small amount of fluid was needed to conduct tests. Again, the flow regime between the
apparatuses differ, as does the pressures applied. If the autoclave was entirely made of
sapphire, the whole flow regime as well as potential hydrate formation can be observed. This
was made possible in the table top wheel by the acrylic disk. Also here, one test yields one
result.

The closest of the traditional apparatuses in comparison are the traditional wheel apparatuses
and the flow loops. This table top wheel, like the traditional wheel apparatuses and the flow

loops, have a more realistic simulation of the flow regime in a pipe than what the rocker rigs
and autoclaves possesses.

Like the traditional wheel apparatuses, the wheel is spun past the liquid and gas rather than
the reverse. Thus, there are no requirement for circulation devices, and the rotation velocity
determines the flow regime. A considerable difference between these apparatuses are how
they makes the rotation motion. Traditional wheel apparatuses rotates around their horizontal
axis, while the table top wheel had a circular swirling motion around its horizontal axis. By
this mechanism the liquids were moved around the whole interior of the table top wheel. In
these apparatuses pressures up to 25MPa can be applied, whereas the limit for the table top
wheel was set to 4MPa. Hence, the traditional wheel apparatuses have a broader range of
pressures that they can cope with. The table top wheel had the entire top disk made of acrylic,
a transparent material making the whole flow regime visible. The traditional wheel
apparatuses had normally two high pressure windows. In addition, these apparatuses are pipes
shaped like a wheel. Those that are placed horizontally, like the table top wheel, are
5.1-12.7cm pipe shaped like a wheel of 2m in diameter. The table top wheel on the other
hand had a half pipe radius of 1.27cm, and the total diameter was 325.00mm, therefore
considerable smaller than the traditional wheel apparatuses.

The flow loops provide the most realistic simulation of pipe conditions available, and come in
a range of sizes, both smaller and bigger than the table top wheel. The bench scale version is
1.3cm in diameter and 3m long, thus a smaller diameter on the pipe than the half pipe in the
table top wheel. Like the table top wheel turned out to be, these apparatuses provide very
repeatable results. The flow loops uses pumps to circulate the gas and fluids around the
apparatus. This can be detrimental for the results, since the pumps can crush hydrates, making
especially anti-agglomerants experiments difficult to interpret. This was not an issue, as
mentioned above, for the table top wheel. Further, the flow loop experiments are time
consuming, uses a considerable amount of fluids and the heating and/or cooling process is
tedious. Hence, the table top wheel was fairly time efficient, heated and cooled quickly and
fluid effective. Thus, it is suitable for use in situations where time and fluids are of the
essence.
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Another form of small laboratory hydrate test apparatus is the Baker hydrate inhibition test
loop. This loop consists of a hollow pipe forming a loop with at least one opening in the loop.
The size of the apparatus measured a 2.54cm pipe formed into a 25.40cm in diameter loop.
Within the loop there was at least one pig. Therefore, in order to remotely impel the pig to
circulate the loop with the fluid, there is at least one impeller adjacent to the loop. This
impeller could be a magnet that tracks close to the inner diameter of the loop and impels a
small sphere or ball to travel inside the pipe, at speeds up to 3000rpm. Hence, the liquid is
moved by the pig while the pipe itself was stationary. The pressure applied can be from 7MPa
and above, with or without sight glasses. This whole assembly is placed in a cooling bath.
Results from this apparatus is proven to be quite consistent and reproducible. The table top
wheel, as mentioned before, had a total diameter of 32.50cm, therefore wither than the Baker
loop. Also the pressure that can be applied in the Baker loop was at least 3MPa higher.
Eventual hydrate formation and the flow regime in general, could readily be observed through
the acrylic disk in the table top wheel. Further, the fluid movement was provided by impelling
at least one pig around the interior of the pipe, whereas the whole apparatus was set in motion
in the table top wheel. Rotation velocity of the table top wheel was normally 18rpm, but it is
easier to achieve higher velocities inside a closed apparatus, than making the whole apparatus
move. Both apparatuses utilizes no pumps to circulate the fluid, uses a small amount of fluid
and relatively have low level of complexity compared to the large state-of-the-art circulation
loops.

2.5.6 Apparatus remarks

First off, the bottom line is that the wheel worked adequate as far as being a prototype. It
provided a consistent mean of forming hydrate, and the anti-agglomerant range used here
coincided nicely with the same anti-agglomerant range on the rocking cell apparatus. It is
space-saving in being relatively small, compared to other wheels and gas hydrate assessment
apparatuses in general. Further, each experimental run consumes a small amount of liquid and
gas, and it is fairly quick to cool down and/or heat up. It is easily operated and maintained.
Both steady state and shout-in/restart condition could be simulated. Since the top disk was
made of acrylic, the whole flow motion of the liquid, and eventual hydrate formation, could
be observed. This disk also represented a weight saving as well, compared to a stainless steel
top. The relatively low pressure used also makes it somewhat safer to operate.

On the other hand to empty the wheel of all its liquids, turned out to be quite a task. Because
all connections to the wheel was made through the top disk, either pressure and/or vacuum
was needed in order to remove the liquids, but changing the removal of the liquid from
manual vacuum to a mechanical provided vacuum made a huge difference. Still, it was almost
impossible to remove all liquid with the current methods that were used. The pressurization
process was difficult to get exactly to the desirable pressure. This because of that the pressure
fluctuated on the electronic interface, sometimes it fluctuated quite a bit. On the final version
of the software, extra program loops made the pressure meter lag. Therefore the old version
was used during pressurization.
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The lag in the software, especially when it comes to pressurization of the wheel, should be
sorted out. In this way only one version of it need to be applied in order to operate the wheel.
If a graph over the temperature and pressure could be made while the experiment is
conducted, it would be possible to observe how far the test had come in form of possible
hydrate formation. The time interval between data acquisition worked adequately. Maybe a
timer on the acquisition could be made, so that every experiment elapsed the same length in
time. In this way the pressure drop can be compared between the different experiments.
Because the pressure will decrease as long as hydrate is formed. Therefore the time elapsed
must be equal in order for the pressure drops to be compared.

To get the water level in the water bath to be equal and high enough so no air was sucked in,
was also not a simple task. Even after the hose was applied to the water bath, the valves had to
be adjusted very often because heating or cooling made the pumping rate to fluctuate,
possibly because of viscosities differences and that the pumps was affected by the
temperatures as well. There exist some accessories to the water heater/cooler that can be
requisitioned that monitors the water level in the water bath. By applying this the water level
should remain constant. The water bath had a fairly large surface area, which was open to the
air. Therefore as time goes by, particles and dust will accumulate and defile the liquid. Hence,
a transparent cover could be made and placed over. In addition, if there should occur a power
failure or the valves to the water heater/cooler are not looked after the water bath could
overflow. Therefore in a future design a spout could be incorporated into the design, so that
all the overflow is maintained at one place. Also, if a faster velocity shall be applied to the
table top wheel, it can induce resonance waves in the water bath. These waves could result in
overflow, therefore breakwaters can be mounted in the water bath to break up the resonance
waves.

A video camera should be mounted above the wheel assembly for recording and visual
monitoring of the flow regime and eventual hydrate formation. Here the whole sequence of
events for a possible hydrate formation could be observed. In addition the video serves as
proof for hydrate formation.

Both the pressure gauge and the quick release on the gas valve broke during the course of the
experimental work. This could not directly be blamed on the apparatus, maybe more in the
way it was sat up in the laboratory. The swirling circular motion could have damaged the wire
connection to the pressure gauge, or maybe it was a malfunction. The cause was never
determined for why it failed. The quick release for the gas was maybe influenced by the
circular motion as well, but it could be caused of excess force when assembled.

As mentioned, the table top wheel flows the liquid purely by an external force. The liquid was
thereby moved across the interior of the wheel, rather than the wheel moved pass the liquid.
This makes the flow regime more realistic. Further, in order to make the laminar flow regime
more turbulent, five stainless steel balls in addition to the plastic stoppers was applied.
Perhaps making the connection rod form the motor to the wheel longer could aid in more
force to be transferred to the wheel, and hence induce the agitation.
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But to make the hydrate formation temperature even higher, perhaps the design of the half
pipe could be altered. The half pipe was smooth, so if a waveform (like "speed bumps") were
to be applied, it may aid in the mixing process. A small track could be made through the
bumps so that the liquid could be easier be drained and does not get held back by the bumps.
In addition, this wheel rotated with a swirling circular motion with a tilt. Perhaps a swirling
circular motion without this tilt could be applied, by prolonging the rod from the step motor to
the wheel and changing the ball joint with a circular track. 1f enough velocity were to be
supplied, the centrifugal force could aid in a more turbulent flow regime.

Acetone will dissolve acrylic, so therefore it cannot be used. This was a drawback with the
apparatus. The weakest part of the whole assembly was the acrylic disk. Therefore it dictated
the maximum pressure that the wheel could be safely operated with. This pressure, being
4MPa, is substantially lower than what high pressure hydrate inhibition test apparatuses
utilize, like all the apparatuses mentioned above. However, the disk was not pressure tested
until failure, so the maximum operating pressure was not determined. One positive side effect
of this relatively low pressure was that it made it safer to operate. The main benefit of using
this acrylic disk was that the whole flow regime and the potential hydrate formation could be
observed, being either a plug or slurry. Especially when testing anti-agglomerants, it is
beneficial to be able to view the inside of the apparatus. This because observations of fluid
flow characteristics, the size and dispersion of the hydrate crystals and whether clusters of
hydrates stick to the sides of the apparatus are critical to predict whether a particular candidate
will work in the field. Unfortunately, this turned out to be the Achilles heel of the apparatus.
The decidedly weakest points on the acrylic disk, thus the weakest points on the whole
assembly, was namely the connection points in the disk. At these points cracks stated to
emerge, which grew to the point where the wheel could no longer be safely operated.

In order for this prototype to progress, some modification must be done to this acrylic top
disk. The cracks emerged at every connection except for at the pressure gauge. This could be
that this particular connection had a different dimension than the other. In addition the
pressure gauge part that was directly above the connection point, was wither than and close
down to this point. This was not the case for all the other connections, which all had a good
margin of clearance. Maybe this covering and down force which the pressure gauge provided
helped maintain the integrity of the connection. In a future design the connection points could
be thicker, or the attributes connected could use a washer to distribute the down force over the
connection points. This washer also helps in sealing the possible gaps between the different
attributes mounted to the connection points. In general maybe the threads, dimension and/or
the angle of the connection holes could be arranged in a different way, which made them
more pressure resistant. Further, the sensors in addition to the inlet and outlet hoses as well as
gas connections could be mounted to the side of the wheel. In this way all connections to the
wheel avoid the acrylic disk and are made through the side of the stainless steel bottom disk.
A pipe bend can be used to maintain a "vertical" access to the connections at the side of the
wheel.
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In addition, the connections could also be mounted to other parts of the bottom disk. If
especially the outlet hose were to be mounted at the base of this disk, it could aid in the
drainage of the wheel. Another approach could be to make the acrylic disk thicker. Perhaps it
could be designed in another way that copes better with pressure, like different shapes inside
the disk or use an internal metal mech. Perhaps it could be made out of a more flexible
material that would have the ability to deform upon pressure, no so much that it can cause
leakages. But then the volume would not be constant. It is always possible to go for a more
traditional design of stainless steel with one or more sight glasses. The whole assembly could
also be made out of stainless steel, but then no visual observations can be done. Another
transparent material could be used, like sapphire, but this would probably be too costly to
make a whole disk out of.

One very effective approach could be to lower the pressure used in the experiments. But this
pressure is already at a limit of how low it can be. If the pressure is set to low, hydrates may
not even form at all. Further, the amount of subcooling also decreases with decreasing
pressure.

Therefore if these issues were to be sorted out, this table top wheel is a design worth to go
further with, and refine. It possesses an unique way of moving the liquid, namely by the
swirling circular motion. This enables the use of cabled sensors since the motion do not cause
the cable to be spun around and spiral up. In addition this apparatus have a feature that is
important in these types of equipments, the ability to simulate steady state as well as shout-
in/restart conditions. The steady state is simulated by the continuous motion of the wheel,
while the shut-in/restart is simulated by halter the wheel. Since this apparatus requires a small
amount of liquid, it could be used for screening tests. Also, if perhaps a second half pipe was
made inside the original, or multiple wheels were mounted on top of each other possibly
beside each other, multiple results per test run would be achieved. This could make the
apparatus more suitable for screening tests.

Further test that can be conducted would be more anti-agglomerants, varying the water cut,
different hydrocarbon liquids, change the subcooling for harsher or milder conditions, change
the cooling rate, simulate shut-in/restart conditions, different salinity concentrations and try
out Kinetic hydrate inhibitors.
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2.6 Conclusion

This experimental work had a dual purpose of finding the adequate anti-agglomerant
concentration in both 1.5wt% NaCl solution and distilled water and compare these results to
the results for the same composition in a rocker rig. Further, the apparatus and method was
altered during the experiments.

The table top wheel formed hydrate at a low temperature. Therefore in order to agitate the
laminar flow regime, five stainless steel balls was added. They increased the hydrate
formation temperature and also made the formation more consistent. Hydrate formation is a
interfacial phenomenon, so by making the flow regime more turbulent could aid in the mixing
of the phases. Both the formation and dissociation temperature was determined in distilled
water, 20% and 33% water cut. In addition the rotation velocity was doubled, but this had no
effect on the hydrate formation rate, possibly by not significantly enhancing the turbulence.

In the tests where 1.5wt% NaCl served as the aqueous phase results indicate that increasing
the alkyl chain length on the n-alkyl-tri(n-butyl)ammonium bromides up to a certain length,
will enhance the performance of the anti-agglomerants. Once over this length, the anti-
agglomerants become too hydrophobic and the performance gets impaired. The best
performing anti-agglomerant was determined to be TDBAB. Where distilled water was used
as the aqueous phase, the tests results was similar to the 1.5wt% NaCl solution. Also here an
increase in the alkyl chain length will enhance the anti-agglomerant performance, until a point
where it gets diminished. All anti-agglomerants required a higher concentration to achieve the
same level of performance compared to the 1.5wt% NaCl solution. The best performing anti-
agglomerant was DDBAB. Possible reasons for these observed effects could be caused by the
fact that salt are used as thermodynamic inhibitors and hence shift the equilibrium
requirements for hydrate formation.

The results for the same constituents in both the table top wheel and the rocker rig was
compared. There were some minor differences, like that the table top wheel in general
required a higher anti-agglomerant concentration to perform satisfactory, except TDBAB in
distilled water which had the same concentration and it did not distinguish that clearly
between the anti-agglomerants that performed fairly satisfactory. Further, TDBAB had the
best performance in 1.5wt% NaCl solution while DDBAB had the best performance in
distilled water in the table top wheel. In the rocker rig DDBAB had the best performance in
both 1.5wt% NaCl solution and distilled water. Possible reasons for this could be the
fundamental different flow regimes, operation pressure (Henry's law), agitation, subcooling,
different volumes between the two apparatuses and the fact that the table top wheel did not
distinguish that well between the different anti-agglomerants. From this it can be concluded
that the table top wheel was validated at least for this anti-agglomerant range in both 1.5wt%
NaCl solution and distilled water.
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In addition 7wt% NaCl solution as the aqueous phase was tested on DDBAB and TDBAB,
with TDBAB had the best performance, like it also had in 1.5wt% NaCl solution. Possible
explanations are probably like the once mentioned above. The effect which two white spirits
with seemingly the same chemical composition exerted on DDBAB, TDBAB and HDBAB
were examined. Only TDBAB was not affected, and the effect was diminished on the other
two. Further, the effect that two other hydrocarbon liquids possessed on the efficiency of
TDBAB was examined. Only n-decane possessed an effect, which was enhanced the
performance. Postulated mechanisms for this observed effect was that anti-agglomerants
dispersed the formed hydrate particles into the hydrocarbon phase, therefore different
hydrocarbon liquids can induce different effects on the various alkyl chain lengths.

As a concluding remark, as far as being a prototype the table top wheel functioned adequately
and yielded both predictable and reliable test results. Further, the apparatus provide a
consistent method for both hydrate formation and inhibitor testing. The apparatus and method
was easy to set up, was conducted in a relatively short time, required a minimum amount of
test fluids and could simulate both steady state as well as shut-in/restart conditions. In
addition, the table top wheel possesses an unique mode of moving the liquid and the acrylic
top disk makes it possible for visual observation of the flow regime and possible hydrate
formation. However, as the word prototype implies it is not a finished product. Especially
when it comes to the acrylic top disk, which cracked after only 59 pressurized experiments.
This is a severely defect with the design and must be sorted out. Thus, for the table top wheel
to go further in development and eventual implementation the acrylic top disk must be
redesigned.
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APPENDIK A: RESULTS AND BLUEPRINTS

In all, both successful and unsuccessful, 69 experiments were conducted. Many alterations to
both the method and apparatus were done, some issues with the apparatus arose and different
experiments were conducted, a description of all in the comment part, table A.1.

Table A.1. All experiments conducted, not all successful. In the comment part a description of
each experiment can be found.



Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
er\rﬁvuaIZiec:r:z c_:f:]e Solid, white, hydrate
50ml AA 40ml | 15000 white s 'irit plug. It seemed like
18.02.13 15000 OBAB . White | ppm p‘ 40 0°C (overnight) | 28.43 | hydrate formed after 1h
solution .. went white . L
spirit | NaCl and 51min, but the liquid
when
. moved freely.
pressurized.
Plug of hydrate all
around the top of the
wheel. After 30min on
0°C a hydrate slurry was
Water in oil made. After 1h more
Somi aa | 40m! |15000| STUEAETHe wra torin mare viseous
19.02.13 15000 DBAB . White | ppm p. 40 0°C (1h 45min) 26.86 .
solution , went white and more deposits. In
spirit | NaCl when

pressurized.

order for minimizing the
amount of air in the
water bath, the valves
that control the flow rate
both out and in to the
water cooler was turned.




Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil

NacCl
phase ac

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

White Spirit (Naphtha (petroleum), hydrodes

ulfurized heavy,

> 30% aliphatic hydrocarbon

s, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)

Water in oil
. Hydrate plug. First test
emulsions. The . .
>0ml AA 40ml| white spirit with chemical added
11.02.13 1000 DDBAB . White p‘ 40 0°C (10min) 35.4 (AA). A start/stop switch
solution .. went white
spirit was mounted on one of
when . .
. the electronic box lids.
pressurized.
L Hydrate plug, a slush
Water in oil 4 pilug . v
. plug. Washed two times
emulsions. The ) .
>0ml AA 40ml| white spirit with Distilled water to
14.02.13 3000 DDBAB . White p. 40 0°C (1h 21min) | 33.32 get rid of any possible
solution .. went white e .
spirit when liquid from last time. The

pressurized.

gas inflow to the wheel

was secured.




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)

White Spirit (Naphtha (petroleum), hydrodes

ulfurized heavy,

> 30% aliphatic hydrocarbon

s, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)

20.02.13

3000

DDBAB

20ml AA
solution

40ml
White
spirit

Water in oil
emulsions. The
white spirit
went white
when
pressurized.

40

0°C (1°Cin
wheel) (13min)

34.64

Slushy plug. This is the
same experiment as on
14.2, except that the
rotation speed was
doubled at 4°C on the
water cooler, from
18rpm to 36-38rpm. This
had no effect on hydrate
formation, and normal
speed (18rpm) was
continued used. A
electronic device was
mounted that helped on
the interference on the
temperature probe in
the wheel. Now this
temperature in the
wheel could also be
used. The water bath
was emptied to get
excess to the
temperature probe so it
could be switched out
with an identical one
that had been calibrated.




Rank

Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Water in oil Hydrate slurry. Looked
20ml emulsions. The better than at partial
15.02.13 4000 poBag | 20™ AA | hite white spirit 40 | 0°Cc(2homin) | 31 water concentration.
solution spirit went white Because the particles are
P when "drier" and more easily
pressurized. dispersed.
Water in oil A hydrate slurry was
. formed. New software
emulsions. The .
>0ml AA 40ml white spirit interface was created.
12.02.13 5000 DDBAB . White p. 40 0°C (1h 55min) 26.1 Now data could be
solution . went white
spirit logged. The pressure
when
. meter lags because of
pressurized.
more program loops.
Water in oil
a0ml | 15000 | EMulsions. The
20ml AA . white spirit O : ,
06.02.13 250 DDBAB . White | ppm . 40 1,9°Cin wheel 35.46 Solid hydrate plug.
solution , went white
spirit | NaCl
when
pressurized.
Water in oil
emulsions. The
40ml | 15000 . .
20ml AA . white spirit o .
13.03.13 2000 DDBAB . White | ppm . 40 0°C (overnight) 27.8 Slushy hydrate plug.
solution , went white
spirit | NaCl
when
pressurized.




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Water in oil
20mi | 15000 emulsions. The
14.03.13 3000 poBag | 2O AA | \hite | ppm | White spirit 40 | 0°C (overnight) | 25.45 Hydrate slurry with
solution . went white deposits.
spirit | NaCl
when
pressurized.
Water in oil
20mi | 70000 emulsions. The
) . L .
26.04.13 500 poBag | 2O AA | \hite | ppm | White spirit 40 | 0°C (overnight) | 28.97 |>\ushyhydrateplugwith
solution .. went white some free water.
spirit | NaCl
when
pressurized.
en\:\/ualz(ia;rlz (')I'Irl1e Hydrate slurry with
>0ml AA 40ml | 70000 white s }rit minor deposits. In this
25.04.13 1000 DDBAB . White | ppm p. 40 0°C (overnight) 27.1 experiment the original
solution , went white . ..
spirit | NaCl white spirit was used
when aeain
pressurized. gain.
Slushy plug. First test
over a weekend. At 0.8°C
Water in oil in the wheel, small
40ml emulsions. The deposits in it. At 0.2°C
. - o . o :
01.03.13 4000 TDBAB 20mI.AA White white Spllrlt 40 0°C (over 18.34 (2h and 7min on 0°Cin C
solution , went white weekend) water cooler) hydrate
spirit
when slurry formed. Have gone
pressurized. from sticky hydrates to
more powder like, dry,
hydrates.




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Water in oil Fine hydrate()slurry. After
. 31min on 0°C more and
emulsions. The .
>0ml AA 40ml white spirit more hydrate particles
26.02.13 5000 TDBAB . White p‘ 40 0°C (2h 27min) 29.5 formed in the bottom of
solution .. went white
spirit the wheel. After 1h a
when
. hydrate slurry was
pressurized.
formed.
Slushy plug. Looked allot
like 3000ppm DDBAB.
After 7min, at 1.1°Cin
Water in oil the wheel, there were a
ot | 0 |50 €Tt T et e o
22.02.13 1000 TDBAB . White | ppm p. 40 0°C (2h 46min) 33.3 ' B/C
solution spirit | Nacl went white stopped, maybe because
P when of that they hit the
pressurized. temperature probe.
After 15min the pressure
was 35.30bar and the
slurry was still fine.
Water in oil
emulsions. The
40ml | 15000 . L o . A white hydrate slurry.
25.02.13 2000 oBAB | 2O AA L \hite | ppm | White spirit a0 | O°Clovernight | oo 2 | small deposits in the
solution . went white 19h 50min)
spirit | NaCl bottom of the wheel.
when
pressurized.




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
w in oil
atgr 'n ot Slushy hydrate plug.
emulsions. The R
40ml | 70000 . .. o Some free moving liquid
20ml AA . white spirit 0°C (over
22.03.13 250 TDBAB . White | ppm . 40 25.61 around the plug. The
solution . went white weekend) )
spirit | NaCl pressure measuring
when . )
. fluctuated quite a bit.
pressurized.
Water in oil
emulsions. The
20mi AA | A0ml 700001 =0 Lo it
21.03.13 500 TDBAB . White | ppm p. 40 0°C (overnight) | 25.68 Hydrate slurry.
solution .. went white
spirit | NaCl
when
pressurized.
Water in oil
20ml emulsions. The
. - o . .
05.03.13 10000 HDBAB 20mI.AA White white Spl.rlt 20 0°cC (overn!ght, 20.62 Hydrate slu.rry with C
solution , went white 22h 54min) deposits.
spirit
when
pressurized.
Water in oil
40ml emulsions. The
11.03.13 15000 noeag | 0™ AA L it white spirit 40 | 0°C (overnight) | 19.7 Hydrate slurry with
solution . went white deposits.
spirit
when
pressurized.




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Water in oil
Isions. Th
Joml aa | 40m! | 15000 eTvl:nstf:sirit € A hydrate plug. The plug
27.02.13 1000 HDBAB . White | ppm p‘ 40 1.5°C in wheel 34.72 was white and lumpy.
solution .. went white .
spirit | NaCl Maybe a little slushy.
when
pressurized.
env:/uaIZ?c:r:Q c')l'lfl1e Hydrate slurry with
>0ml AA 40ml | 15000 white s }rit minor deposits. At 0.7°C
28.02.13 2000 HDBAB . White | ppm p. 40 0°C (2h 4min) 30.4 in the wheel hydrate
solution .. went white . .
spirit | NaCl slurry with deposits
when
. formed.
pressurized.
Water in oil
. o ;
Jomian | 4om! (15000 | LR TS the wheel smll hydrate
04.03.13 1000 ODBAB . White | ppm p. 40 1.7°Cin wheel 34.33 ) . v
solution , went white deposits. 2 min later a
spirit | NaCl
when slushy plug was formed.
pressurized.
Water in oil Hydrate slurry with fine
Jomian | 4om! (15000 | LERT TS dispersed hydaten. 1
07.02.13 10000 ODBAB AR White | ppm bl 40 | 0°C (overnight) | 20 P y ¢
solution . went white had fine hydrate slurry in
spirit | NaCl .
when the beginning, turned
pressurized. worse overnight.




Rank

Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
er\rﬁvualzzr:rs] c')l'lklme Hydrate slurry formed.
50ml AA 40ml | 15000 white s ﬁh Looked better than
08.02.13 15000 ODBAB " White | ppm P 40 | 0°C (overnight) | 21.1 | 10000ppm in 15000ppm
solution .. went white .
spirit | NaCl NaCl, because no build
when up of deposits
pressurized. P P '
Water in oil
20mi | 15000 emulsions. The
21.02.13 30000 oosag | O™ AA | \vhite | ppm | White spirit 40 0°C 30.5 | Finehydrate slurry. No
solution . went white deposits.
spirit | NaCl
when
pressurized.
Water in oil
emulsions. The Slushy hydrate plug
20ml AA 40m| white spirit formed at one place in
30.04.13 4000 CBAB . White p. 40 0°C (overnight) 23.83 .p
solution spirit went white the wheel, with free
P when water.
pressurized.
Water in oil
40ml emulsions. The
29.04.13 5000 ceag | 2OMAA it white spirit 40 | 0°C (overnight) | 20.75 Hydrate slurry with
solution , went white deposits.
spirit
when
pressurized.

10




Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Watgr in il Hydrate slurry with
emulsions. The )
>0ml AA 40ml white spirit deposits. The same
20.03.13 6000 CBAB . White p‘ 40 0°C (overnight) | 19.29 experiment as on the
solution .. went white
spirit 19.3, but here the water
when
. cooler held.
pressurized.
Water in oil
>0ml AA 40ml | 15000 eTvilistI::S'ir-li-:e Hydrate slurry with
02.05.13 3000 CBAB . White | ppm p. 40 0°C (overnight) | 14.59 deposits. Suspect a gas
solution . went white
spirit | NaCl leak.
when
pressurized.
Hydrate slurry with
major deposits. Almost
Water in oil not flowing, viscous.
Somi aa | 40m | 15000 STEA CBe anived ndmounted
13.05.13 3000 CBAB . White | ppm p. 40 0°C (overnight) | 21.21 ) C
solution , went white Also the gas valve
spirit | NaCl .
when connection to the wall
pressurized. was lowered. Same
experiment as on the
2.5.

11




Rank

Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Effekt, Europris AS)
Water in oil
20mi | 15000 emulsions. The
15.03.13 4000 ceag | 2O™ AA \hite | ppm | White spirit 40 | 0°C (overnight) | 21.54 Hydrate slurry with
solution . went white deposits.
spirit | NaCl
when
pressurized.
Hydrate slurry with
Water in oil deposits. Looked the
. same as 4000ppm, but
emulsions. The
>0ml AA 40ml | 15000 white spirit the pressure drop was
18.03.13 5000 CBAB . White | ppm p. 40 0°C (overnight) | 15.93 | higher. The cable mount
solution . went white
spirit | NaCl when to the pressure gauge

pressurized.

was turned so that the
pressure measurements
now was more stable.

12




Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical phase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Kemetyl Norway AS)
Little slushy, Hydrate
plug. This was the first
test with new pressure
gauge and new type
Water in oil white spirit. Therefore
emulsions. The an old experiment (15.2)
20ml AA 40m| white spirit was executed again for
16.04.13 4000 DDBAB . White . 40 0°C (overnight) | 26.33 .
solution . went white validation. Old
spirit .
when experiment gave rank A,
pressurized. the same experiment
gave rank D with new
white spirit. A leak in the
drainage hose was
sealed.
Slushy hydrate plug. The
plug was only present at
one place, free water.
Water in oil This is the same
emulsions. The experiment as on the
20ml AA 40m| white spirit 16.4, with the same
19.04.13 4000 DDBAB . White . 40 0°C (overnight) | 22.87 ’ . .
solution spirit wenthwhlte result, and with original
when

pressurized.

white spirit on the 15.2.
Used the sink to make a
vacuum in order to
drainage the last amount
of liquid from the wheel.
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Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Kemetyl Norway AS)
Hydrate slurry with
deposits. An experiment
L that has been conducted
Water in oil
. before (12.2) was
emulsions. The .
>0ml AA 40ml white spirit conducted again for
17.04.13 5000 DDBAB . White p. 40 0°C (overnight) | 19.74 validation of the new
solution .. went white . .. .
spirit when white spirit. Previous
. experiment gave rank A.
pressurized. .
All the connections to
the wheel was secured
with wire.
Water in oil
>0ml AA 40ml | 70000 en\:vl:]lilgr;s}:;:e Hydrate slurry with
23.04.13 2000 DDBAB . White | ppm p. 40 0°C (overnight) | 26.14 deposits. New Pressure
solution .. went white . ..
spirit | NaCl when gauge and white spirit.

pressurized.
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Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical phase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (timeon T,) (bar)
White Spirit (Naphtha (petroleum), hydrodesulfurized heavy, > 30% aliphatic hydrocarbons, 15-30% aromatic hydrocarbons). (Kemetyl Norway AS)
Hydrate slurry. An
Water in oil experiment that has
20ml emul;ions: 'I"he been conducted before
18.04.13 5000 oeag | 2OMAA | \hite white spirit 20 | 0°C (overnight) | 2061 | (26:2)wasconducted
solution spirit went white again for validation of
when the new white spirit.
pressurized. Same result as the one
before.
Slushy hydrate plug. The
Water in oil plug was all over the
20ml emullsions.. The Yvheel, seemed dry. This
22.04.13 15000 oeag | 0™ AA | Wit white spirit 40 | 0°C (overnight)| 19.03 | 'S thesame experiment
solution , went white as on the 11.3 which
spirit .
when gave rank B, but with

pressurized.

new white spirit and

pressure gauge.
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Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
n-Decane (C10H22, 11=0,73Kg, M=142,29g/mol, Assay (GC, area%) >94%, Density (d 20°C/4°C)= 0,728-0,732). (Merck Schuchardt OHG)
Water in oil
40ml . .
>0ml AA - emulsions. The Solid, lumpy and clear
23.05.13 1000 TDBAB . n-Decane went 40 0°C (overnight) | 30.55 hydrate plug, with free
solution | Decan
o cloudy when water, also clear.
pressurized.
20ml Water in oil
>0ml AA N emulsions. The Hydrate slurry with
22.05.13 2000 TDBAB . n-Decane went 40 0°C (overnight) | 27.43 deposits, looked similar
solution | Decan
o cloudy when to 3000ppm.
pressurized.
40ml Wat(.ar inoil Hydrate slurry with
20ml AA n- emulsions. The deposits, may be
21.05.13 3000 TDBAB . n-Decane went 40 0°C (overnight) | 21.41 P » May .
solution | Decan somewhat more deposits
cloudy when
e . than on 4000ppm.
pressurized.
Water in oil
40ml . .
>0ml AA N emulsions. The Hydrate slurry with
15.05.13 4000 TDBAB solution | Decan n-Decane went 40 0°C (overnight) | 19.79 deposits. More deposits
o cloudy when than 5000ppm TDBAB.
pressurized.
4omi emulions. The
14.05.13 5000 TDBAB 20mI.AA " n-Decane went 40 0°C (overnight) | 19.04 Hydrate sIu.rry with
solution | Decan deposits.
. cloudy when

pressurized.
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Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical phase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (timeon T,) (bar)
o-Xylene (C8H10, 1.=0,88Kg, M=106,16g/mol, Assay (GC, area%) >98%, Density (d 20°C/4°C)= 0,878-0,881). (Merck Schuchardt OHG)
Water in oil
emulsions,
40ml little white and
24.05.13 5000 Tosap | 2OMIAAL o stickingtothe |\ | goc (overnight) | 17.37 Hydrate slurry with
solution | Xylen walls. The o- deposits.
e Xylene went all
white when

pressurized.
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Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
Only Distilled water
Plenty of hydrate.
Hydrate plug. First test
without leaks. Silicone
grease on the two disk
parts, and tightened the
screws, helped. Pressure
gauge must be
No Distilled calibrated. Have only the
24.01.13 chemical | water 30 2.9°C 24 water cooler
added (>50ml) temperature, not the
actual temperature in
the wheel. Measured a
deviation of 1.265°C for
water cooler to the
wheel. Electronic things
in general to be sorted
out.
No Distilled
28.01.13 chemical | water 40 1.4°C (2h) 20 P'ii”tgrz:ehy?:ate'
added | (>50ml) ydrate piug.
Distilled Plenty of hydrate.
Hydrate plug. The Ocma
water . .
clay seemingly did not
(50ml)
No and a have any effect on the
29.01.13 chemical Cludy 40 2.3°C 35 hydrate formation
quarter
added temperature (onset
spatel of
temperature). Hydrate
Ocma .
clay started melting at
16.5°C.
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Date

Concentration
(ppm)

Chemical

Aqueous

phase

Oil
phase

NaCl

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

Only Distilled water

30.01.13

No
chemical
added

Distilled
water
(50ml)

40

9.6°C

37.8

Plenty of hydrate.
Hydrate plug. Added 5
stainless steel balls
(4mm diameter) to help
on making the hydrate
formation temperature
to increase and more
reliable, which it did.
They were partially
hindered from moving by
some sort of grease. The
temperature probe was
tried calibrated, but the
engine interfered on the
signals. An extra valve
was mounted on the
piping from the water
cooler.

31.01.13

No
chemical
added

Distilled

water

(50ml)

40

11°C

34.7

Plenty of hydrate.
Hydrate plug. Maybe
hydrate formed earlier,
somewhat hard to
observe. Many tiny air
bubbles in the water
bath.
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Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil
phase

NaCl

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

Only Distilled w

ater

01.02.13

No
chemical
added

Distilled
water
(50ml)

40

10.2°C

37.5

Plenty of hydrate.
Hydrate plug. There
were some stops in the
rotation of the wheel
because of some engine
adjustments during the
cool down. This could
maybe interfered with
the hydrate formation. A
leak in the flushing hose,
right at the connection
to the valve on the
wheel, was sealed. More
10% MEG in Distilled
water was added to the
water bath and the
water cooler, to help on
clarifying the view to the
wheel. Hydrate not
melted on 14°C. From
15°C, increased the
temperature, 0.1°C,
every 15 min till 16°C.
Almost all hydrate
melted.
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21

on.

Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical ohase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (time on T,) (bar)
Distilled water and white spirit
Water in oil Hydrate plug along the
No | 1zmi | 43mi he white s (g latn. Cleaned he
04.02.13 chemical | Distilled | white . 40 5°C 30.8 L o
added water | spirit whent white wheel with whlt.e spiritin
when order for removing some
pressurized. of the silicone grease.
Hydrate plug. More gas
will dissolve in the white
spirit (oil phase).
Therefore the wheel
needs to be pressurized
several times until the
required pressure is
Water in oil stable. After hydrate was
No 12ml 48mi emul§ions: The formed, set 'ghe water
05.02.13 chemical | Distilled | white white spirit 40 5.8°C 36.9 | coolerto10°C, for 15
added water spirit went white min, 11°C for 15 min.
when From 11.1°C, increased
pressurized. 0.1°C every 10min, to
11.5°C. Hydrates melted
at 11.4-11.5°C. Started
to flush and clean 3
times with Distilled
water before every
experiment from now




Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical ohase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (time on T,) (bar)
Distilled water and white spirit
Hydrate plug. The
rotation speed was not
on maximum, turned up
during the experiment.
The flushing hose blow
off the wheel from the
pressure from the air
Water in oil gun. Reattached and
No 12ml 48mi emullsions.. The washed 'Fw? more times
06.02.13 chemical | Distilled | white white spirit 40 3.8°C 36.8 with Distilled water.
added water | spirit went white When almt?st all liquid
when was turned into hydrate,

pressurized.

heated up to 10°C for 15
min, 10.5°C for 15min,
11°C for 15 min. From

11.1°Cto 11.7°C,
increased by 0.1°C every

10 min. At 11.3°C almost

all hydrate where

melted.
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Concentration Aqueous | oil Initial Temperature | Pressure
Date (ppm) Chemical ohase | phase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
(bar) or (time on T,) (bar)
Distilled water and white spirit
Hydrate plug. After
hydrate formation,
heated to 11.4°C for 15
Water in oil min, almost all hydrate
No >0ml 20ml emul‘sions..'l"he melted. The gas valves to
07.02.13 chemical | Distilled | White white spirit 40 3.5°C 36.7 the wheel was
added water | spirit went white reattached.to the wall.
when Started to fill the wheel
pressurized. with the water phase
first and then the oil
phase, since most of the
AAs are water soluble.
Hydrate plug. Heated up
to 11.3°C for 15 min
Water in oil after hydrate formation.
No >0ml 40ml emul§ions: The Increasgd by 9,1°C gvery
08.02.13 chemical | Distilled | White white spirit 40 4.9°C 15min until 11.6°C.
added water | spirit went white Almost all hydrate
when melted, but there were
pressurized. however some small
lumps that seemed like
hydrate that not melted.
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Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil

phase

NaCl

Initial change

Initial

(bar)

pressure

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

Experiments that for various reasons could not be conducted

13.02.13

No
chemical
added

Nothing
added

Nothi

ng
added

Nothi

ng
added

40

0°C (overnight)

39.95

The wheel was
pressurized to check for
leaks. A leak emerged
from one of the inner
screws, a tiny stream of
bubbles. The screw was
next to the pressure
gauge. After 15 min the
pressure was roughly the
same. Extracted the
liquid and cleaned with
white spirit. Pressurized
again. At about 30bar,
the leak emerged at the
same place, and an
additional leak at one of
the outer screws,
number 3 to the left
from the temperature
probe. At 40bar,
however, the leaks
stops. The pressure
meter fluctuates on the
last digits. No motion,
cooled down to 0°C
overnight, then heated
up again. Conclusion, no

significant leaks.
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Concentration Aqueous | il Initial Temperature | Pressure
Date (ppm) Chemical qhase hase NaCl | Initial change | pressure | before T, (°C) drop Comment Rank
PP P P (bar) or (timeon T,) (bar)
Experiments that for various reasons could not be conducted
A tubing in the water
L bath now made the
Water in oil .
. water intake to always
emulsions. The
>0ml AA 40ml white spirit stay under water level.
19.03.13 6000 CBAB . White p. 40 0°C This eliminated the air
solution . went white .
spirit bubbles, thus clarify the
when .
ressurized vision. The water bath
P ) emptied itself, thus no
cooling overnight.
Could not pressurize
because the pressure
meter was stuck on
47.57 bar no matter
what. By positioning the
>0ml AA 40ml | 70000 pressure gauge cable in
26.03.13 1000 DDBAB . White | ppm different angles, the
solution L
spirit | NaCl pressure changed, but

this did not help much
this time, only
temporarily. It looks like
the water level is stable
with the tubing this time.
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Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil
phase

NaCl

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

Experiments that for various reasons could not be conducted

02.04.13

The pressure was still
stuck on 47 bar. No
experiment conducted.
Emptied the water bath
in order to get excess to
the pressure gauge.

04.04.13

The pressure gauge was
removed and examined.

09.04.13

Emptied the wheel. The
original pressure gauge
was broken. A new
pressure gauge could be
used, not the same as
the original one.

10.04.13

The new pressure gauge
was mounted to the
wheel. First pressure test
showed some leaks.
Took on some Teflon
tape and the second
pressure test worked
fine, no leaks.
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Pressure

Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil

NacCl
phase ac

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

drop
(bar)

Comment

Rank

Experiments that for various reasons could not be conducted

24.04.13

Moved around the water
cooler in order to get the
water level stable.
Moved the water cooler
back to the original
position, because no
better result.

03.05.13

40

(Room
temperature
over weekend)

6.65

Pressurized to 40 bar to
confirm whether there
are gas leaks or not,
which there were. The
gas leak came from both
the inlet valve and the
gas inlet/outlet
connections.

06.05.13

The quick release gas

connection to the wheel

broke. A new one is
ordered.

Tweaked around with

16.05.13

one of the Valves to
make the water level in
the water cooler to be
higher on 0°C. Secured
the gas intake to the

wheel again.
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Date

Concentration
(ppm)

Chemical

Aqueous
phase

Oil
phase

NaCl

Initial change

Initial
pressure
(bar)

Temperature
before T, (°C)
or (timeon T,)

Pressure
drop
(bar)

Comment

Rank

Experiments that for various reasons could not be conducted

27.05.13

There had formed some
cracks in the acrylic top
disk of the wheel, on all
the connections except
for the pressure sensor.
Unsafe to run any test.

28.05.13

Disassembled the wheel
from the water bath so
that it can be moved to
further investigations.
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1.A Blueprints from the apparatus

The blueprints from the table top wheel apparatus are provided in the following.

Outline and measurements for the water bath, figure A.1.

Figure A.1. The blueprint for the water bath.

Blueprints for the table top wheel are given in the following.
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APPENDIK B: THF RIG EXPERIMENTS

Meanwhile the new prototype apparatus was finalized, tests on a THF (tetrahydrofuran) rig
were conducted. THF makes hydrate Structure 11, which predominates in the field. The
apparatus gives multiple results for each test run, thus excellent for screening test.

1.B Experimental equipment

During the conduction of the experiment, the following equipment was used: A water
heater/cooler, a plastic water bath, glass beakers (80 and 40mL), hollow glass rods and a rack
to hold the beakers and the hollow glass rods, figure B.1.

Figure B.1. The THF rig with the water bath together with the rack to hold both the glass rods
and beakers on top of it. In addition the thermostat was also there. All this to the left. To the
right is the water heater/cooler.

The liquid in the water bath was made up of distilled water and glycol. The glycol was added
in order to prevent ice formation in the water cooler, since the water heater/cooler was
operated in the range from —0.5 to —2.5°C. The rack was placed on top of the water tank. Here
the beakers and rods where held in place. In the bottom of the water bath there were some
lights that helped on making it easier to observe crystal growth and to make sure that the glass
rods were not in contact with the beakers. The water heater/cooler was of the type LAUDA
DLK 10 and was a through flow cooler with accuracy +0.05°C. Its minimum and maximum
temperature was —15°C and 150°C respectively. The temperature could be set, interval of
0.1°C, and it was shown on a digital display on the thermostat which was of the type LAUDA
E 200.
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2.B Experimental procedure

The water bath was set to the decided temperature, normally —0.5°C, and the rack was placed
on top of the tank. In a needed number of beakers the required amount of inhibitor was weight
out. Then THF was added up to the 40 or 80mL mark. The beakers was then placed into the
water tank with 1 minute interval and held in place by the rack. Some ice was collected in a
container and the hollow glass rods were placed into it. This was stored in a freezer that held
approximately —15°C, to make sure that the ice had a uniform temperature. Meanwhile, with
5 minutes interval, the beakers were stirred in order for the liquid inside them to reach the
water bath temperature for 20 minutes. Then the ice container was collected and the hollow
glass rods were filled with ice and putted one in each beaker with 1 minute interval. Only the
tip of the glass rod was in contact with the THF solution, in order to nucleate THF hydrate
formation. It was important that all ice was removed from the outside of the rods so that they
did not initiate hydrate crystallization. After 1 hour the rods were taken out and examined for
crystal growth. If it was possible the ice structure was noted and possibly weight, figure B.2.
By doing so the rate for THF crystal growth (g/h) at the tip of the hollow glass rods could be
measured. Eventual crystal growth on the glass rod, not connected to the tip was ignored.
Sometimes there were massive crystal growth, so massive that they grew out to the edge of
the beakers, making it impossible to weigh them properly. The average growth rate of 4—8
experiments was recorded, in which the spread in growth rates was about 20—25%.

Figure B.2. An example of how a THF crystal might appear.
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If there were THF crystal growth, different crystal morphology could arise from various
inhibitors used. These morphologies were tried interpreted:

RP: Regular pyramidal crystals

TnP: Thin plates

TkP: Thick plates

CS: Crumpled sheets

RE: Regular pyramids but with rounded edges

The THF solution was made by mixing 26.28g NaCl (assay > 99.5% from VWR
international) in 170g THF (density 0.995g/mL from VWR international), then adding
distilled water to reach 900mL. This gives THF to H,O molar ratio of 1:17, containing
36000ppm NaCl. THF is immiscible in water, but the NaCl helps in making it into one phase.

Since this was only a temporary arrangement, thus not many inhibitors were tested. The
inhibitors used were TBPB (tetrabutylphosphonium bromide, 98%), TPAB
(tetrapentylammonium bromide, > 99%) and BusiHexP'Br -, all of which on different
concentrations. The first two inhibitors where supplied by Sigma-Aldrich, while the third was
prepared in the laboratory. On the basis of this relatively small test results, no significant
conclusion could be drawn from these experiments.
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