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Abstract

Natural gas hydrates, a crystalline compound forming at high pressures and low temperatures,
pose flow assurance issues in natural gas processing systems. Small bore dead legs, piping
containing stagnant process fluid, are prone to blocking by hydrate formation. This thesis aims
to provide design guidelines and best practices for small bore dead leg design in natural gas
subsea processing systems as well as providing a method for predicting hydrate thickness using
computational fluid dynamics (CFD). An experiment which measured the final thickness of
a hydrate in controlled conditions is recreated in CFD using three different approaches. One
approach, volume of fluid (VOF) melting-solidification, shows promise with similar results to
the experiment but with varying accuracy. Recommendations for future work on steady-state
hydrate modelling in CFD are given. The small bore dead leg designs are evaluated from
a conservative standpoint using CFD with the aim to provide general guidelines for a wide
range of use cases in terms of process fluid composition, operating conditions and dead leg bore
size. Design guidelines are given for common small bore dead leg functions, namely hydrocarbon
displacement and mono-ethylene glycol injection. Guidelines for maximum and minimum small
bore dead leg lengths are given for simple design geometries, such as straight pieces of piping.
More geometrically complex designs are evaluated with respect to hydrate blocking from a
thermal point of view. The guidelines and evaluated designs provide constraints and pre-verified
solutions for future small bore dead leg designs regarding hydrate blocking mitigation.

Keywords: Natural gas, hydrates, CFD, subsea, dead leg.
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1

Introduction

Natural gas is an important and reliable element in energy production systems around the
world. Specifically it offers an opportunity for countries which historically have been reliant on
energy from coal to significantly reduce their carbon emissions in line with common net-zero
by 2050 targets. By comparison energy from natural gas emits 50-60% less carbon dioxide
per kWh of produced electricity compared to coal [1]. Many of the regions that are reliant on
energy from coal and oil, such as south east Asia, are also rich in natural gas. The energy
demand in these regions is increasing fast, making the energy transition to renewables an even
greater challenge. In fact, many countries with vast population centers still plan to increase
their energy production from coal and oil [2]. When not correctly managed, coal-based emis-
sions from these regions will vastly outpace the efforts of the developed world towards 2050
targets. Power generation from natural gas in combination with a step change towards solar
and wind quickly needs to out compete coal. Recent changes in EU carbon taxonomy, labelling
natural gas as a green investment [3], showcase a will by legislators to move in this direction
at least in the short term. Improving the business case of natural gas production while also
reducing emissions is essential to be successful in this task.

When producing natural gas, a mixture of gaseous hydrocarbons, water and hydrocarbon con-
densate is extracted from the well and flows through the production system [4]. This mixture
of components has flow assurance challenges under conditions where hydrates can form block-
ages in the system. Natural gas hydrates are a solid crystalline compounds formed in presence
of water and smaller guest molecules, usually hydrocarbons. The water molecules in contact
with the guest molecule form a cage that traps the guest molecule. These cages in turn can
form crystal lattices which constitut the hydrate [5]. In order for this reaction to occur the
gas-water mixture must be maintained below the hydrate dissociation temperature for a sus-
tained amount of time. The hydrate dissociation temperature is dependent on the molecular
composition of the system as well as the pressure. In general an increased pressure and/or
reduced temperature will heighten the risk for hydrate formation. Figure 1.1 shows how the
hydrate dissociation temperature varies with pressure for an imaginary gas/condensate system
forming the hydrate curve for that particular system.

An area of significant concern for hydrate formation is piping with stagnant process fluid called
dead legs, where the process fluid risks losing heat over longer periods of time [6]. Dead legs
can have a variety of functions and geometries. The design is generally influenced by what
kind of system the dead leg is a part of. The dead legs in subsea production systems will be
investigated in this thesis.

Subsea production systems consist of equipment placed subsea for production of oil and gas.
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Hydrates can exist

Pressure

v

Temperature

Figure 1.1: Hydrate curve for a typical gas/water mixture

This includes for example subsea christmas trees, which controls the production rate out of
the well, and manifolds which combines production from several wells. One subset of sub-
sea production systems is subsea processing systems, which can be defined as "any handling
and treatment of the produced fluids for mitigating flow assurance issues prior to reaching the
platform or onshore." [7]. It has the potential to make smaller and more remote fields with
long tie-backs profitable while also extending the life of existing fields. One type of subsea
processing is subsea gas compression, which allows for a more efficient extraction of natural
gas by placing compressors on the seabed near the well. This effectively decreases the pressure
drop downstream of the compression system [7]. By introducing compression to a gas field,
the production life of the field is extended, and by placing the compressors on the seabed the
compression power required is much less than what is required for a conventional topside com-
pression system.

Subsea production systems are complex facilities that require numerous small bore connections
into the large bore process pipes. These small bore connections allow many functions to be
performed throughout the subsea production system, including chemical injection, hydrocarbon
displacement, seawater displacement, and pressure and temperature monitoring. A significant
amount of these small bore pipes are not in use during normal operation. This leads to the
presence of a dead leg up to the first valve or instrument in the small bore pipe. These dead legs
are of particular concern subsea as the cold seabed environment means operation near hydrate
dissociation temperatures are more likely and they are therefore prone to hydrate formation.
Subsea compression systems are especially prone to hydrate formation since they are operating
at elevated pressures.

Due to remotely operated vehicle (ROV) access, stiffness or other conflicting requirements the
simple solution to put the valve/instrument right at the connection to the large bore pipe
(thereby minimizing the length of the dead leg) is not always possible. A schematic of what
this piping could look like can be seen in figure 1.2. The small bore connections must therefore
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be designed for hydrate prevention and mitigation to ensure the functionality of the processing
system. If hydrates are allowed to form they risk plugging the dead leg, resulting in production
loss or safety hazards.

For seawater / HC
displacement of retrievable part, MEG
is injected here, and collected

M
Dead leg

Dead leg

Figure 1.2: Schematic of possible small bore connections to main process pipe.

1.1 Aim

The aim of the project is to simplify the design process of small bore dead legs by providing a
document of guidelines and best practices on small bore piping design to be used within subsea
production systems. The best practices will be based on thermodynamic CFD-analysis of dead
legs representing different piping design categories. Part of the project includes defining the
categories, which may be based on pipe bore size, length, general geometry and function. In
order to define the piping design categories, inventory of previous designs must first be taken.
Part of the project also includes extending a present in-house CFD-method at Aker Solutions
for predicting hydrate formation in pipes to handle arbitrary pipe geometries, such as pipe
bends.

1.2 Delimitations

The project is limited to investigations within dead legs formed at small bore connections to
large bore piping, of which an example is visualized in figure 1.2. Other types of piping which
may also be prone to hydrate formation are not considered. For subsea compression systems,
the whole station will be considered. In gas production systems the work will be limited to
manifolds and christmas trees.
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Modelling and simulation of hydrate formation and growth is performed from a practical stand
point and is thus limited to predicting the maximum hydrate formation in a pipe design during
certain operating conditions. Thus, the underlying chemistry of hydrate formation and the
dynamic growth of hydrates will not be explicitly modelled. Furthermore, only steady operating
conditions will be investigated. Transient operating conditions such as start up and shutdown
will not be considered. Regarding the extent of hydrate formation, the project is limited to
considering the risk of plugging of pipes due to hydrate formation. Other effects associated
with hydrates within the system will not be considered. Regarding mitigation and avoidance of
hydrate formation, the project is limited to considering design practices, such as geometry and
insulation of the dead leg. Other methods of hydrate formation mitigation, such as inhibitor
injection or heating will not be considered.

1.3 Societal, ethical and ecological aspects

Ensuring the functionality of small bore connections enables gas operators to efficiently re-
move all HC in adjacent pipe sections when a module is to be retrieved. Thus this work
can reduce the risk of involuntarily emission of HC into the surrounding environment during
maintenance. Subsea compression systems allows for more efficient extraction of natural gas,
effectively decreasing the energy consumption and possibly carbon dioxide emissions associated
with the extraction process. As previously mentioned, natural gas offers a readily available
energy source at lower carbon dioxide emission rates compared to coal and oil. Even though
natural gas is a fossil fuel, it offers a lower emission alternative to countries now relying on
coal or oil. An argument can be made for the implementation fossil-free energy, such as solar
and wind, in developing economies. However, shortages and inflated cost of energy is a risk
in regions heavily reliant on these types of energy sources, as seen at the time of writing in
Europe. The middle ground of cutting out the worst emitters, such as coal and oil, by replacing
it with natural gas while implementing solar and wind at reasonable scales allows for reliance
and a decrease of carbon dioxide emissions of energy sources. In summary, this work has the
potential for a positive ecological impact by mitigating local HC emissions, decreasing the en-
ergy consumption of natural gas extraction and potentially decreasing the reliance on heavy
carbon dioxide emitters such as coal and oil.

Natural gas is a well-performing choice for regulating power in combination with intermittent
renewable energy sources as wind or solar power, as gas turbines can be brought on- and offline
with short notice. This especially applies for less developed countries with rapidly increasing
power demands which cannot afford the cost or technology maturation of new regulating power
sources such as hydrogen. Compared to traditional gas production with topside processing, the
subsea variant is autonomous to a larger extent rendering it safer for the operators. This work
can thus have a positive effect in terms of societal aspects by increasing the reliance of energy
supply and making natural gas extraction inherently safer.

Development of subsea gas technology can help increase production and/or prolong the life of
gas fields from the North Sea and thus reduce the European dependence on Russian gas. With
war raging in Ukraine and Russian gas to be phased out by the EU, the demand for gas from
western countries is very large. Securing energy production is an essential task for all countries
and the recent events have highlighted problems with the current energy dependency. Reducing

4
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and in time phasing out the dependency on Russian energy is not only a security concern, but
an important ethical decision in favour of democracy and peace.
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2

Theory

In this chapter a theoretical background regarding subsea production systems, hydrates and
heat transfer is given to familiarize the reader with key concepts included in this work.

2.1 Subsea production systems

Subsea production systems can include production control through subsea christmas trees, flow
line connections through manifolds, and various subea processing operations. Subsea processing
operations include process fluid separation, cooling and boosting through pumps and compres-
SOTS.

Subsea christmas trees, named after their likeness to a decorated tree, are an arrangement of
valves and fittings placed on top of the wellbore. The function of the trees is to control the
production flow out of the well, as well as the injection of fluids or gases into the well. Christ-
mas trees can be outfitted with numerous small bore connections, such as chemical injection
points. The small bore connection from the main process piping to the valve controlling the
chemical injection creates a dead leg if the valve is closed, which could constitute normal oper-
ating conditions depending on the function of the chemical injection.

A subsea production manifold is a common subsea structure designed to combine and con-
nect the production from several wells, before onward export to a downstream facility. The
manifolds can also be fitted with valves allowing for production from several wells in specific
configurations. Much like christmas trees, manifolds are often fitted with chemical injection
points or bleed valve connections, which are prone to forming dead legs.

Subsea separation, i.e. separating liquids from gases in the process fluid, can be performed to
allow separate boosting of the fluids through compressors and pumps. Together with subsea
coolers, separation and compression form the main unit operations of a dry-gas subsea com-
pression system. The compression of the produced gas allows for either prolonged recovery
at a given rate or a faster rate of production. Another upside of increasing the pressure of
the produced fluids at the seabed is a decrease in pressure drop along the flow lines, meaning
the recovery can be performed more efficiently because of the reduction in power necessary to
bring the gas ashore [7]. Throughout subsea compression systems, there are small bore pip-
ing connections to the main process flow pipes. Typical functions include chemical injection,
displacement and drainage lines.
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2.2 Natural gas hydrates

Natural gas hydrates are a solid crystalline compound formed in presence of water and smaller
guest molecules such as hydrocarbons. The water molecules in contact with the guest molecules
form a cage that traps the guest molecule, and these cages in turn can form crystal lattices
which constitutes the hydrate [5]. A visualization of a hydrate lattice consisting of methane
and water can be seen in figure 2.1. When the cages form crystal lattice structures not all cages
must be full, only enough guest molecules to ensure the stability of the lattice structure are
needed [5]. Therefore, there is no strict chemical formula for hydrate formation and a hydration
number can be implemented to represent the number of moles of water. Hydration numbers
are reported to be in the range of 5.5 - 6.5 for a wide range of pressure and temperature [8]. Eq.
2.1 below expresses the formation and dissociation of a methane hydrate from or to gaseous
methane and liquid water, where n represents the hydration number.

> ¢

@ CH,

e T4,

Figure 2.1: Visualization of methane (C'Hy) and water (H20) forming a hydrate lattice. The
lines represent the hydrogen bonds.

From experimental data or thermodynamic computational techniques the hydrate dissociation
enthalpy can be determined. The dissociation enthalpy is the energy necessary to break a
chemical bond in order to obtain one mole of separate atoms, i.e. the necessary energy to melt
one mole of the hydrate . From the dissociation enthalpy a dissociation temperature can be
obtained for a given molecular composition at a certain pressure. The hydrate dissociation
temperature can also be considered as the hydrate formation temperature, in that below the
hydrate dissociation temperature hydrates have the potential to form and grow. In order for
the hydrate formation to occur the gas-water system must be maintained below the hydrate
dissociation temperature for a sustained amount of time. As stated, the hydrate dissociation
temperature is dependent on the molecular composition of the system as well as the pressure.
In general an increased pressure and/or reduced temperature will heighten the risk of hydrate
formation. figure 1.1 shows how the hydrate dissociation temperature varies with pressure for
an imaginary gas/condensate system forming the hydrate curve for that particular system.
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In general heavier hydrocarbons form hydrates more readily than methane and so does natural
gas compositions encountered in nature [5]. Other impurities such as carbon dioxide, C'O,,
and hydrogen sulfide, H5S, can also elevate the hydrate dissociation temperature. Thus pure
methane is the hydrocarbon least prone to forming hydrates.

2.2.1 Hydrate growth in different fluid compositions

Depending on the fluid composition, different models have been suggested to properly capture
the nature of hydrate formation, agglomeration and plugging. In an oil dominated system the
primary formation of hydrates occurs at the water/oil interface of water droplets dispersed in
the oil phase as seen in figure 2.2 [9]. The hydrates form shells around the water droplet and
with time agglomerate with other hydrate coated droplets. Eventually these agglomerates may
form a plug in the system. Hydrates formed from water dissolved in bulk oil and methane in
water is considered negligible.

Water Entrainment Hydrate Growth Agglomeration Plugging

Figure 2.2: Conceptual model for hydrate formation in an oil dominated system, figure
courtesy of Koh et al. [10]

For a gas dominated system with small amounts of water and oil a completely different model
is suggested. Here hydrate formation occurs at the gas/water interface along the walls and
forms an annulus that grows radially towards the pipe center [11]. As the cross-sectional area
of the pipe is constrained, the velocity and thereby shear forces increases. This increases the
probability for portions of the deposited hydrate to be sloughed from the walls. These free
hydrates can deposit further down stream, predominantly in bends or other flow altering parts,
forming a plug in that location.
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Buildup Annulus Growth Sloughing Plugging

Gas

Condensate

Figure 2.3: Conceptual model for hydrate formation in a gas dominated system, figure cour-
tesy of Koh et al. [10]

2.2.2 Hydrate prevention and inhibition

Several methods can be used to prevent and inhibit hydrate formation and growth, the sim-
plest of which is to ensure all process fluid temperatures are above the hydrate dissociation
temperature. This approach is not always viable, as it often requires excessive amounts of
insulation and/or active heating of stagnant sections of piping, such as small bore dead legs. If
the system temperature can not be kept above the hydrate dissociation temperature chemicals
can be injected to delay or inhibit hydrate formation and growth. The most common types of
chemicals to inject are thermodynamic inhibitors, such as MEG [7]. Thermodynamic inhibitors
shift the hydrate dissociation temperature of the process fluid to lower values, meaning the
system can operate at lower temperatures without the risk of hydrate formation. The principle
effect of MEG-injection is shown in figure 2.4. MEG can also be used to fill small bore piping in
intermittent use, which would otherwise be at risk of plugging by hydrates if filled with water
and hydrocarbons. This method is however not always possible to implement since the density
of MEG is greater than the density of the produced fluids. Therefore, any MEG-filled piping
not connecting at the lower part of the main process piping will be drained of MEG by gravity,
and filled with lighter hydrocarbons.

10
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No MEG
MEG

Hydrates can exist

Pressure

v

Temperature

Figure 2.4: Hydrate curve for a typical gas/water mixture, with the effect of MEG-injection.

2.3 Heat transfer in cylindrical pipes

The simplest way to predict hydrate formation is to obtain the local process fluid temper-
ature, either by experiment or by simulation, and compare that to the hydrate dissociation
temperature. From a simulation perspective the relevant fundamental physical phenomena is
conductive heat transfer through the pipe wall and insulation, and the internal and external
convective heat transfer. The combination of these heat transfer mechanisms can be expressed
as in Eq. 2.2 [12], where ¢ [W] is the heat transferred, U [W/(m?K)] is the overall heat transfer
coefficient (OHTC), A [m?] is the area over which the heat is transferred and AT [K] is the
difference between the internal and external temperature.

q=UAAT (2.2)

It is common to form a sum of thermal resistances, > R; = 1/(UA), where R; [K/W] represents
the thermal resistance of each type of material and/or heat transfer mechanism. A system
where Eq. 2.2 can be applied is shown in figure 2.5, a homogeneously formed hydrate is
included in the system to highlight the insulation effect of a formed hydrate. For this system
five thermal resistances can be expressed, internal and external convective heat transfer as well
as three resistances representing the three solid materials. In a cylindrical coordinate system
the thermal resistance of the solid materials, taking the insulation in figure 2.5 as an example,
can be formed as in Eq. 2.3 [12]. Here, ki,s [W/(mK)] is the thermal conductivity of the
insulation and L is the length of the pipe.

_In(ry/r3)

L= 2.
RIHS 27Tk1nSL ( 3)
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Figure 2.5: Schematic of a pipe with external insulation and a homogeneously formed hydrate
on the inside.

Taking the external convection in figure 2.5 as an example, the thermal resistance can be written
as in Eq. 2.4. Here, hey is the external heat transfer coefficient (EHTC). A corresponding
expression for the thermal resistance due to internal convection can be formed using the internal
heat transfer coefficient (IHTC).

1
ext — 2.4
R ’ hext Aext ( )

With the thermal resistances formed and the ambient and center fluid temperatures known as

boundary conditions a steady state solution for the temperatures at any location indexed in

figure 2.5 can be obtained [12]. For example the temperature T can be obtained as in Eq. 2.5.
Rint + Rins

T =T, + —=+5 (Teenter — 1t 2.5
2 + SR, (Teent ) (2.5)

The analytical expressions above explain the fundamental principles of heat transfer relevant to
this work. In a thermodynamic CFD simulation expressions like these are not explicitly solved,
but rather the ordinary differential equation of energy is solved along with the Navier-Stokes
equations. This is a more general approach as it by nature includes three dimensional effects
if they exist as well as convective heat transfer based on the flow field and not values of IHTC
or EHTC. Still, the fundamental mechanisms of heat transfer explained in this section serve to
provide a basis for the physics used in this work.
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Methodology

In this chapter the methodology for each part of the project is explained. The thesis has two
main parts. First methods for predicting hydrate thickness using CFD are evaluated. Secondly
design guidelines for small bore dead legs in subsea processing systems are established.

3.1 Hydrate modelling in CFD

Three different methods were tried and evaluated in order to predict hydrate thickness. All
methods were based on a pure thermal condition for hydrate formation where they formed
as soon as the temperature of the production fluid dropped below the hydrate dissociation
temperature. As mentioned, hydrates have a fairly low thermal conductivity and therefore
effectively provide insulation between the cold pipe and hot process fluid. At a given hydrate
thickness, the temperature at the interface between the hydrate and process fluid would thus be
at the hydrate dissociation temperature and no more hydrates would be formed. This process
is illustrated in figure 3.1.

In order to validate the methods they were compared with the experimental results obtained
by Rao et al. [13]. In their work they conducted a series of experiments measuring the hydrate
thickness on a cold steel pipe inside a pressurized gas cylinder called a Jerguson cell. Their ex-
perimental set-up is depicted in figure 3.2. The steel pipe was continuously cooled by a coolant
line in the center as shown in figure 3.4, however no data was given on the cooling line such as
coolant medium, coolant line dimension or volumetric flow. A constant flow (100mL/min) of
methane gas saturated with water was supplied into the pressurized gas cylinder. The entire
rig was submerged in a water bath.

The EHTC was set to 74 W/m?K and THTC to 966 W/m?K as calculated in [13]. These
calculations had some assumptions not necessary to make in the CFD approach where the
temperature in the gas could solved rather than approximated by HTC. This led to the IHTC
and EHTC being placed on different interfaces in the CFD simulation compared to where they
had been calculated in the experiment. These differences are illustrated in figure 3.3.

Five different cases were conducted by Rao et al. with varying pressure, temperature of water
bath and cooling line and are summarized in table 3.1.

Figure 3.5 shows the geometry of the entire CFD domain. An orifice was added at the outlet to
mitigate backflow effects in the CFD solution due to the low mass flows. Note the white channel
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Figure 3.1: Schematic of a) & b) hydrate build up and c¢) reaching equilibrium thickness.
Courtesy of Rao et al. [13]
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Figure 3.2: Schematic of experimental setup, picture courtesy of Rao et al. [13]

inside the steel pipe representing the cooling line. Figure 3.6 shows the sampling section where
the hydrate thickness was measured. Some sections of the steel pipe at the inlet and outlet
were neglected to reduce the influence of boundary effects.
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Figure 3.3: Temperature profiles and use of HTC’s for experiment and CFD
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Figure 3.4: Schematic of the Jerguson cell used by Rao et al. [13]

Figure 3.5: Axial view of CFD domain. Fluid region in blue, steel pipe in gold.

Figure 3.6: Zoomed in axial view of CFD domain. Fluid region in blue, steel pipe in gold
and measuring section highlighted in purple
3.1.1 Numerical resistance

The first approach tried was with a numerical resistance set at the interface between the process
fluid and pipe. If the temperature of the process fluid at the pipe wall was below the hydrate
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Table 3.1: Conditions at which experiments by Rao et al. were conducted and the resulting
hydrate deposition thicknesses

Case # Pressure [MPa] Tp [°C] T¢ [°C] Tupr [°C] Final thickness [mm]
1 10.34 22 1 13.3 1.7
2 9.65 22 1 12.6 1.6
3 9.65 25 1 12.6 1.5
4 9.65 22 4 12.6 1.1
> 7.59 22 1 10.4 1.1

dissociation temperature the thermal resistance at the interface would be increased to simulate
a growing hydrate layer.

The CFD analysis was performed using steady state conditions based on the operating condi-
tions in the experiment. Two user defined field functions were also used to iteratively find the
hydrate thickness (represented here by a thermal numerical resistance) which gave a fluid tem-
perature equal to the hydrate dissociation temperature next to the pipe wall. The numerical
resistance, R, was given as

hyd
Ry = 12 (3.1)

hyd
where t5,,4 was the hydrate thickness at that point and kj,4 the thermal conductivity of hydrates.
In order to get a scalar value to compare with the experimental results, a surface average of

hydrate thickness within the sample section depicted in figure 3.5 was made.

3.1.2 Surface wrapping

Another method tried was to isolate regions in the fluid domain with temperatures below the
hydrate dissociation temperature. The surface wrapping feature in STAR CCM+ was used on
these regions to create and mesh a new solid region within the original fluid domain to represent
the hydrates. This new domain was modelled as a solid with appropriate material properties.
This approach used a steady state solver and repeated the surface wrapping and meshing after
a certain number of iterations until the hydrate thickness had converged.

3.1.3 VOF with Melting-Solidification

The final approach considered was to use the VOF framework and the melting-solidification
model. For this approach the simulations were run under transient conditions with a segre-
gated solver. The key premise is to still use a single phase but to let that phase be solidified
by stopping flow in cells below a certain temperature. As these simulations were run using a
single phase, some compromises were made regarding material properties. Generally each case
had temperature dependent methane gas properties accurate for that pressure. The hydrates
therefore generally had incorrect material properties with the exception of the thermal con-
ductivity which altered between 0.6 W/m K if the cell was solidified and another scalar value
(0.04-0.045 W/m K) for gaseous cells.
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In order to reduce the computational cost of a transient solver the velocity field and tempera-
ture field were initialized with values from a corresponding steady state case with no hydrate
modelling. Also the latent heat of fusion was lowered significantly from around 450 kJ/kg to
0.5 kJ/kg for the same reason.

To accurately capture the solid/gas interface and let the hydrate grow in small portions at a
time, adaptive mesh refinement (AMR) was employed with two refinement levels. The magni-
tude of the gradient of Relative Solid Volume Fraction was used as the refinement criteria.

All five cases in table 3.1 were run with the VOF method, however after they were completed,
an error in the simulation set-up was noted. The thermal conductivity for the steel pipe was
set as ordinary steel (45 W/m K) and not stainless steel (18 W/m K). This was corrected and
two cases (1 and 3) were re-run with corrected thermal conductivity for stainless steel.

3.2 Inventory and categorization

In order to capture representative dead leg designs a number of previously designed systems
were analysed, including subsea compression systems, subsea manifolds and christmas trees.
This ensured that a wide range of dead leg functions, designs and operating conditions were
identified, which in turn made the summarized best practices applicable in a wide range of cases.

To find the dead legs a combination of 3D models as well as piping and instrument diagrams
(P&IDs) were used. When found, a number of characteristics of the dead legs were collected
in order to categorize them. This included the function and geometry of the dead leg. The
categorization of the dead legs began with dividing them into each function and then into the
main different designs used for each function as shown in figure 3.7.

Figure 3.7: Schematic of how the dead legs were categorized

Three main functions for the SB connections were observed:
o MEG injection for hydrate inhibition

o MEG injection for hydrocarbon displacement (HCD)
o HCD lines
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Designs for the different categories are presented in section 3.3.2.

3.3 Design evaluation using CFD
To ensure a conservative design that may be used for several different projects and be as gener-

ally applicable as possible it is important to use a fluid composition representing a worst case
scenario. The chosen composition for the fluid used in this work is seen in table 3.2.

Table 3.2: Gas composition used in CFD simulations

Component Molar %
Methane - CH, 82.5
Ethane - CyHg 10
Propane - C3Hg 5
Isobutane - CyHyg 2.5

To correct the hydrate curve from pure methane to account for the heavier HC the Trekell-
Campbell method was used [5]. Large amounts of the heavier hydrocarbons raised the hydrate
curve substantially compared to pure methane as can be seen in figure 3.8. Both curves have
logarithmic trendlines fitted to the data points.

Hydrate curves

35
30
g2 € .
<2 Y e S ORI
520 e L 2
= e &
o e
L T ¢ ¢ Methane
5 10 ¢ Fluid used in analysis
3 R R R Log. (Methane)
Log. (Fluid used in analysis)
0
0 100 200 300 400 500

Pressure [bar]

Figure 3.8: Hydrate curve of methane and the resulting curve for fluid composition used in
this work

3.3.1 Operating conditions

A number of operating parameters were chosen in order to ensure that the designs are evaluated
for a broad range of operating conditions, as well as ensure conservative results. The operating
parameters include high and low values for fluid inlet temperature, pressures and velocities as
well as hydrate formation temperature (HFT). The values of these operating conditions were
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determined with the help of industry standards and experience, which should ensure that the
results from simulations, and subsequently the design guidelines, are useful and cover a majority
of the operating conditions in future projects. The operating conditions are presented in table
3.3. Note that combinations from both high and low values might be used in the same case for
different parameters.

Table 3.3: Operating conditions for thermal analysis in CFD.

Pressure [MPa] Fluid inlet temperature [°C] HFT [°C] Inlet Velocity [m/s]

High value 30 30 24 20

Low value 10 10 8.5 10

NORSOK standards state that maximum velocities in gas lines should not exceed the value
from the following equation in order to avoid noise and vibrations [14].

V=175 <1>0'43 (3.2)

p

where V' is the maximum velocity in [m/s] and p density in [kg/m?3]. Assuming a gas density
of 150 kg/m? this yields a maximum velocity of roughly 20 m/s. For the lower velocity case,
half of this velocity was used.

The high pressure case was set to the maximum discharge pressure possible to achieve with
the High-Speed Oil-Free Integrated Motor compressor (HOFIM®) [15] used in current subsea
compression projects.

The operating conditions were chosen to represent two conservative cases for studying the
temperature field in the dead leg. Both cases operate slightly above their respective hydrate
formation temperature and are inhibited with MEG. By evaluating the designs and ensuring
that the temperature does not fall below hydrate formation temperature in these operating
conditions, it is ensured that the designs operate safely above these temperatures. The small
bore dead leg designs that were evaluated with CFD thermal analysis can be seen in figure 3.9.

In a multiphase system that incorporates separation of phases, the properties of any gaseous
phase downstream of a separation operation, including HFT, are dictated by the conditions
under which separation was performed. This phenomenon is crucial to dead legs that connect
to the top part of a main gas production line, as here the gas in the dead leg will effectively be
separated from any liquid present in the main line. Following this form of separation, water can
condense as the temperature in the dead leg falls, and at some point the MEG concentration in
the condensing phase will be below what is necessary to mitigate hydrates from forming. The
necessary concentration of MEG to depress HF'T by a certain amount can be estimated using
Eq. 3.3 [5]. Here, Xg is the concentration of MEG in the aqueous phase in weight percentage,
M the molar mass of the inhibitor and AT the depression of HFT. K; is constant equal to
1297.

MAT
Xp=100—— .
R OOKiJrMAT (3.3)
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The temperature at the point where the concentration of MEG in the condensing aqueous
phase matches the concentration according to the equation above is considered as HFT and
will therefore vary with varying temperature in the main gas production line.

HFT is determined for one inlet temperature close to ambient temperature (10°C), and one
close to HFT without MEG inhibition (30°C). The colder temperature is chosen to represent a
conservative case where the operating temperature is much below HF'T without MEG inhibition.
The hotter case is conservative for all temperatures above 30°C since the difference between
operating temperature and HFT will only increase as the operating temperature is increased.
If the same conclusions can be made from these two operating temperatures with regards to
hydrate formation, the conclusions should also be valid for all operating temperatures above
10°C. The estimated HF'Ts are presented in table 3.3.

3.3.2 Small bore geometries

Figure 3.9a and 3.9b are examples of small bore connections for HCD lines. They are placed
on top of the large bore pipe to ensure all process fluid can be displaced from the piping. The
MEG-lock design in figure 3.9c is an example of MEG injection for hydrate inhibition, however
it can also be used for HCD lines if placed on top. Finally figure 3.9d shows a v-bend design for
MEG injection for HCD. The two MEG injection designs will have MEG remaining in the piping
during normal operation and part of the analysis will be to ensure that the MEG does not evap-
orate or get flushed out. The MEG in these pipes form a "MEG-lock" and ensures that process
fluid cannot propagate further down the small bore piping and potentially cause a hydrate plug.

In order to allow for variation in design as well as provide best practices the geometries of the
designs were varied in key dimensions. These dimensions include small bore dead leg diameter,
small bore dead leg length and bend radius. In addition to this other key factors of the design
were changed in order to increase the heat supplied to the stagnant fluid in the dead leg. This
change mainly refers to modifying or adding a valve support to the small bore valve. If the
valve support is attached to the hot large bore piping, this will create a heat bridge from the
hot flowing process fluid to the cold stagnant fluid. The valve support can be seen in figure 3.9b.

(a) (b) (c)

Figure 3.9: Examples of piping and valve geometry used in CFD thermal analysis.

Small bore dead leg diameters used were 25 and 50mm, two commonly used line sizes in the
industry. The small bore dead leg length is varied in an iterative fashion, where the objective
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is to find the maximum allowable length of the dead leg before hydrate formation becomes a
concern. With the maximum allowable length found in conservative operating conditions, the
design can be safely used in more favourable operating conditions.

Other parts of the geometry are kept constant, such as pipe wall thicknesses of the large and
small bore piping as well as the insulation thickness. Where insulation is used, it is assumed
to be 50mm. For the MEG injection lines the small bore piping will have no insulation in
the v-bend case. For the MEG-lock HCD designs, two different insulation arrangements are
investigated with regards to evaporation and dilution of MEG.

3.3.3 CFD thermal analysis

The CFD-approach for the thermal analysis of the small bore dead leg designs was to isolate
the dead leg on a large bore pipe and simulate it in steady operating conditions. This allows for
a simple straight large bore pipe to be used for simulating the main process flow, which has the
benefit of cutting down simulation time and complexity. To give an accurate representation of
the system in terms of thermal performance, the fluid, piping and insulation were all included
and resolved as specific regions in the CFD simulation. These regions are visualized in figure
3.10. In order to capture the heat transfer from the insulation external walls to the surround-
ings, a conservative EHTC of 1000-2000 [W/(m?K)] was applied and the heat transfer was
calculated analytically, similarly to what was shown in section 2.3, together with an ambient
temperature of 4°C. When present, the MEG was also included in the CFD simulations. In
the thermal analyses the MEG is stagnant in a part of the dead leg, with a single interface to
the process fluid as shown in figure 3.11. The MEG was treated as static in order to save the
computational time and effort required by a multiphase thermal simulation. This means that
the convection of the MEG is neglected, however it is represented by it’s relevant properties
such as density and thermal conductivity.

Since only steady state operating conditions are considered and the steady state heat balance
is sought after, there is no need to resolve the fluid flow and heat transfer in time. This means
transient CFD simulations can be avoided, which cuts the simulation time and cost by several
orders of magnitude as heat transfer balances can take anywhere from hours to days of real
time to reach. However, it is not necessarily true that the fluid flow and heat transfer will find a
perfect steady state balance. An example of this could be vortex shedding at pipe bends which
will vary in time and thus both the fluid flow and the heat transfer will be affected. To remedy
this, the results are averaged over a suitable number of iterations in the steady state solver so
that short period fluctuations in heat transfer balance are neutralized. This is also used as a
convergence criteria for the solution; when the sliding window temperature field average is no
longer changing the simulation can be considered converged.

As mentioned above the fluid flow and heat transfer is resolved in the CFD-simulations with
a steady state solver, specifically a segregated solver using the SIMPLE algorithm. The tur-
bulence model used in the thermal CFD-analysis is the elliptic blending (EB) k — € turbulence
model. The reason for choosing this specific turbulence model is associated with resolving
natural convection, for which the turbulence model has shown to be robust [16]. The natural
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Figure 3.10: Example of the fluid (light grey), piping, valve and valve support (dark grey)
and insulation (yellow) regions in the CFD simulations.

(a) Fully insulated. (b) Alternative insulation.

Figure 3.11: Visualizations of the fluid (light grey), piping (dark grey), insulation (yellow)
and MEG (blue) regions in the CFD simulations.

convection is resolved by implementing a temperature dependent density in the fluid region.
Other relevant fluid properties, such as the viscosity, thermal conductivity and specific heat are
also temperature dependent. The properties varies according to polynomials in temperature,
which are fitted to data supplied from a process simulation software.

3.3.4 V-bend design

Due to the dynamic pressure of fast moving process fluid in the large bore pipes some MEG
is expected to be flushed out of the small bore pipe and be replaced by HC. Hence for this
design not only a thermal analysis is needed but also a multiphase prediction of where the
MEG surface is located in the small bore pipe.

To answer both these questions two simulations were done for each case, the first being a tran-
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sient multiphase simulation with the Euler-Euler framework to determine the MEG surface.
The gas was modeled as the continuous phase and MEG as the dispersed one. To model the
MEG phase the S-gamma particle distribution model was used to model the MEG phase droplet
size. A segregated solver was employed to solve the momentum and continuity equations but
not the energy equation in order to simplify the simulation. As a consequence of not including
temperature in the solution all material properties were set constant. To model the turbulence
the SST k-Omega model was used. It combines the accuracy of the standard k-Omega in the
boundary layer while using the robustness of the k-Epsilon for the free-stream [17].

Using the results from the multiphase simulation a steady state, single phase simulation was
performed to get the temperatures of the process fluid. The simulations were set up similarly
to the ones discussed in section 3.3.3. To simplify the simulation the MEG in the SB pipe was
modeled as a solid but with correct material properties besides the lack of viscosity. In addition
an 80 ° C' case was run to evaluate how this could effect evaporation of MEG.
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Results

In this chapter the results are presented. First the results from the hydrate modelling using
CFD are presented followed by the results from the design evaluation. The design evaluation
is in turn split into two. First the three designs where only a thermal analysis was done
are presented and lastly the V-bend design is presented where an additional simulation was
performed to determine the location the MEG-surface.

4.1 Hydrate modelling in CFD

In this section the results from the three different hydrate modelling approaches are presented.

4.1.1 Numerical resistance

Two cases were run with this method and both over-predicted the hydrate thickness substan-
tially as seen in table 4.1, which shows the average hydrate thickness around the surface of the
steel pipe. Both cases had maximum hydrate thickness equal of that of the distance to the
outer pipe wall. This occurred at the bottom of the steel pipe. Thus the pipe was partially
plugged at the bottom.

Table 4.1: Comparison between our CFD model with numerical resistance and the experi-
mental results

Final thickness [mm]
Case | Exp CFD
1 1.7 8
) 1.1 5.1

4.1.2 Surface wrapping

The surface wrapping method was never able to run properly. Problems rose during meshing
of the newly wrapped "hydrate" region. Cells were self intersecting due to parts of surface wrap
being very thin. No case could be run and at a maximum a single iteration was performed.

4.1.3 VOF with Melting-Solidification

The results from using the VOF method are presented in figure 4.1 and table 4.2. Case 1, 2
and 5 all over-predicted the hydrate thickness with 30-40% while case 3 and 4 under-predicted
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the hydrate thickness with 10-30%. Case 1, 2 and 5 differed only by the pressure they were
conducted in (and thus hydrate equilibrium temperature). Both case 3 and 4 had the same
pressure as case 2 but altered water bath temperature and cooling temperature of the steel
pipe respectively.

Hydrate thickness for CFD vs EXP

1 2 3 4 5

Case

Hydrate thickness [mm]
N SO

ot
8

o

mExperiment ®CFD mCFD, corrected th. Cond.

Figure 4.1: Comparison of CFD results with the experimental results obtained by Rao et al.
[13]. For case 4 no error margins were presented in the paper but should be of equal magnitude
to the other cases.

The two cases ran with a corrected thermal conductivity for the steel pipe (orange bars in
figure 4.1) both showed a reduction of the hydrate thickness smaller than 0.1mm. The decrease
of thermal conductivity from 45 (ordinary steel) to 18 (stainless steel) W/m, K made no sig-
nificant impact. Therefor the remaining cases were not repeated with the corrected thermal
conductivity.

Table 4.2: Comparison between CFD model and experimental results

Final thickness [mm]  Difference to exp. [%]
CFD corr.
Case | Exp CFD th. cond.
1 | 1.7 244 237 4 (39)
2 1.6 2.07 29
3 1.5 1.14 1.08 -24 (-28)
4 1.1 0.99 -10
5) 1.1 145 32

The hydrate thickness was relatively uniform in the axial direction but varied significantly in
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the circumferential direction as seen in figure 4.2 and 4.3.

Figure 4.2: Hydrate distribution in a axial view, hydrates in red, methane gas in blue

Relative Solid Volume Fraction of Phase
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Figure 4.3: Hydrate distribution in a radial view, hydrates in red, methane gas in blue

4.1.3.1 Influence of AMR

The use of AMR enabled the hydrate to grow faster and thicker as seen in figure 4.4. Without
AMR the curve flattens out at around 1.1mm. As soon as AMR was turned on, the thickness
spiked and rapidly increased to a new plateau of 1.45mm. With 2 refinement levels of AMR,
another smaller spike was observed and a thickness of 1.55mm obtained. However the cell count
increased rapidly from 0.6 million cells without AMR, to 1.2 million with 1 refinement level and
finally 3.2 million with two refinement levels. The use of two refinement levels thus resulted in
an increase of 40% compared to no AMR.
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Figure 4.4: Hydrate thickness affected by enabling AMR in two steps

4.2 CFD thermal analysis

In this section the results of the CFD thermal analysis are presented for a number of different
designs, namely different designs of hydrocarbon displacement (HCD) lines. Since the majority
of the results regard temperature fields in the small bore dead legs, and whether the temperature
falls below HFT, the temperature fields are normalized according to Eq. 4.1 in order to clearly
show if, and where, the temperature falls below HFT.

- T — Tyurr

T=———"—""" 4.1
7ﬂinlet - THFT ( )

The normalization above results in a value of 1 when the temperature is at or above the inlet
temperature, and a value of 0 when the temperature is at or below HFT. For the remainder
of this chapter, all figures showing a normalized temperature field are normalized according to
the equation above.

4.2.1 Vertical valve HCD lines

In figure 4.5 the temperature field in the center of the small bore dead leg is shown in the two
operating cases described in section 3.3.1. It is clear from the figure that the maximum allowable
length of such a dead leg is shorter than the length of the geometry, since the hydrate formation
temperature is reached well before the dead leg ends in the closed valve. Even though the two
operating cases have a different temperature difference between inlet temperature and HFT,
one can judge from the figure that the maximum dead leg length is similar. This is because
the hotter case, with a larger temperature difference to HFT, also has a larger temperature
difference to the ambient temperature. Consequently, the case with the higher inlet temperature
also cools down faster along the dead leg length. It is beneficial that the two cases show similar
maximum dead leg length because the same design guideline can be used for both operating
conditions.

In order to investigate the affect of valve placement on the temperature field in the dead leg, the
valve is moved closer to the large bore piping. Specifically to the maximum length suggested in
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(a) 10°C inlet temperature, 8.5°C HFT. (b) 30°C inlet temperature, 24°C HFT.

Figure 4.5: Normalized temperature section in a long, 50mm internal diameter, straight HCD
line in two different operating conditions.

figure 4.5. The affect of moving the valve closer to the large bore piping can be seen in figure
4.6. The temperature is slightly lower in the shorter dead leg and is just above HF'T at the
highest point, at the interface to the valve.

Normalized
Temperature ( -)
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(a) 10°C inlet temperature, 8.5°C HF'T. (b) 30°C inlet temperature, 24°C HFT.

Figure 4.6: Normalized temperature section in a short, 50mm internal diameter, straight
HCD line in two different operating conditions.

In figure 4.7, the flow structure inside a vertical valve HCD line is visualized using the velocity
magnitude and directional lines. In the figure, there is division between high and low velocity
magnitude. The first region, with a high velocity magnitude, can be considered a primary
mixing zone driven by the main process flow detaching and swirling up in to the small bore
dead leg. The secondary region with a lower velocity magnitude is mainly driven by natural
convection. Comparing these regions to the temperature regions in figure 4.5, one can see a
similar division between hot and cold. This indicates that the primary mixing, due to some of
the high velocity flow in the main process pipe detaching and colliding with the small bore wall,
is an important mechanism for supplying heat to the dead leg and for keeping the temperature
above HF'T.
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Figure 4.7: Flow visualization in straight, 50mm internal diameter HCD line. Note that the
geometry is rotated 90° clockwise.

4.2.2 Horizontal valve HCD lines

In figure 4.8 and 4.9 the temperature field in the center of a horizontal HCD line is shown for
two different cases, with and without a valve support. It is clear from the figures that the valve
support is improving the thermal performance of the dead leg design by conducting heat from
the large bore pipe to the valve. The hot and cold cases are both operating above HF'T inside
the dead leg with the valve support included. However, without the valve support both cases
are operating below HF'T in parts of the dead leg. This means that omitting the valve support
is not a suitable design choice from a hydrate avoidance stand point.

Normalized
Temperature ( - )

0.0 I . 1.0

Normalized
Temperature ( -)

0.0 . 1.0

(a) Supported horizontal valve. (b) Unsupported horizontal valve.

Figure 4.8: Normalized temperature section in a horizontal valve HCD line, with and without
a valve support. 10°C inlet temperature, 8.5°C HF'T.

Figure 4.8b and 4.9b show that the hotter operating case has a temperature at or below HFT
in a larger part of the dead leg when the valve support is not included. This may seem counter-
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intuitive because of the higher inlet temperature and larger temperature difference to HFT.
However, as mentioned in the previous section, there is also a higher potential of heat loss in
the pipe because of the larger temperature difference between the inlet temperature and the
ambient temperature. This is consistent with the results in the previous section, where the
colder case is operating above HFT in a slightly larger part of the dead leg. However, in the
horizontal valve dead leg design the difference between the two operating conditions is more
clear, especially without the valve support included.

Normalized
Temperature ( -)
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Normalized
Temperature ( -)
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(a) Supported horizontal valve. (b) Unsupported horizontal valve.

Figure 4.9: Normalized temperature section in a horizontal valve HCD line, with and without
a valve support. 30°C inlet temperature, 24°C HF'T.

In figure 4.10 the normalized surface temperature on the piping and the valve is shown, where
the plates making up the valve support are heated up by the large bore pipe. In turn, the
valve support is heating up the valve which supplies heat to the fluid inside the dead leg.
The relatively high thermal conductivity of steel combined with the co-insulation of parts
is improving the thermal performance of the design by supplying heat from two ends. The
valve needs to be supported because of other constraints not under consideration and therefore
designing it to improve the thermal performance is an added benefit.

4.2.3 MEG-lock HCD lines

When the normally closed valve on the HCD line can not be placed near the large bore pipe,
such as in the designs shown in previous sections, it is common to design the small bore piping
in a matter that creates a MEG-lock or trap. An example of such a lock is shown in figure 4.11.
The idea is that the design creates a MEG-lock which restricts the gas from migrating further
up the dead leg, keeping the majority of the dead leg safe from hydrate formation. The shorter
part of the dead leg that is filled with process fluid should however still be kept above HFT in
order to prevent hydrate growth.

As can be seen in figure 4.11, the 50mm internal diameter dead legs are operating above HFT
in the part of the dead leg which is filled with process fluid. This means that hydrate formation
in this part of the dead leg is avoided. The designs investigated are also conservative in the
sense that they can be shortened by reducing the bend radius as well as the straight piece of
piping connecting to the large bore pipe, meaning there is room for increasing the minimum
temperature in the gas part of the dead leg by shortening it. Shortening the dead leg effectively
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Figure 4.10: Normalized surface temperature visualized on piping and valve.

places a larger portion of it inside the primary mixing zone close to the large bore pipe, which
is beneficial in terms of thermal performance.

Normalized Normalized
Temperature (- ) Temperature ( - )
0.0 I . 1.0 0.0 HEENT . 1.0
(a) 10°C inlet temperature, 8.5°C HF'T. (b) 30°C inlet temperature, 24°C HFT.

Figure 4.11: Normalized temperature section in a MEG-lock HCD line, 50mm internal diam-
eter.

In figure 4.12 temperature sections from two smaller internal diameter MEG-lock HCD lines are
shown. The two designs in the figure are simulated at the same operating conditions, however
the design in figure 4.12b has a smaller bend radius. The design in figure 4.12a has the same
bend radius as the designs shown previously. Both of the smaller internal diameter designs have
a shorter straight section of piping connecting to the large bore pipe. Comparing the figures
clearly shows that the longer bend radius design creates a too long dead leg for the process
fluid to operate above HF'T. Even though the length of the straight section of small bore piping
connecting to the large bore pipe is half the length compared to 50mm internal diameter design
the long bend radius creates a comparably long dead leg. The reason for halving this section of
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small bore piping is to keep the dead leg length divided by internal diameter, /D, constant.
This will be expanded on in section 4.2.4. Clearly only halving the straight section of the small
bore dead leg was not sufficient, and so the bend radius was halved as well. From figure 4.12b,
it is clear that the process fluid operates above HF'T. Comparing figure 4.11 and 4.12 show that
more than absolute lengths of dead legs needs to be considered when evaluating the thermal
performance. It should also be noted that tight clearances between insulation external surfaces,
such as in figure 4.12b, should be avoided since the application of insulation may become trou-
blesome.

Normalized Normalized
Temperature ( -) Temperature (-)
0.0 I M 1.0 0.0 I M 1.0

.

(a) Larger bend radius. (b) Smaller bend radius.

Figure 4.12: Normalized temperature section in MEG-lock HCD lines, 25mm internal diam-
eter. 30°C inlet temperature, 24°C HF'T.

In the MEG-lock design, there is a risk of evaporating and/or diluting the stagnant MEG with
condensing water over time. The remedy to this is generally to not have too hot process fluid
at the MEG interface. Colder temperatures slow down the process of evaporation. As for
condensation, the idea is that it will occur in the straight part of the dead leg connecting to
the large bore pipe, allowing it to drip back into the main process pipe as opposed to diluting
the MEG. This is contradicting the remedy for hydrate formation, i.e. keeping the process
fluid hot. General recommendations for a broad range of operating cases become more com-
plex when setting both an upper and lower limit on the temperature range. The problem of
evaporation and condensation adds an upper limit to the temperature range which is deemed
suitable. In order to show a possible design change and it’s impact, the MEG-lock design insu-
lation is altered so that it ends at the high point of the MEG-lock, as seen in figure 4.13. The
same results are shown, but with two different temperature scales, in figure 4.13 to highlight
the two contradicting issues. figure 4.13a shows that decreasing the amount of insulation helps
with evaporation and condensation. Since the process fluid temperature at the MEG interface
is lower less condensation will occur. More of the temperature decrease occurs in the straight
part of the dead leg, meaning more condensate should drip back down into the main process
pipe. However, figure 4.13b shows that the process fluid is at or below HFT in a large part of
the dead leg bend, meaning hydrate formation is a risk.
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Figure 4.13: Temperature section in a MEG-lock HCD line, not fully insulated. 30°C inlet
temperature, 24°C HF'T.

4.2.4 Normalization of temperature profile

To give a more detailed insight into the maximum allowable length of a dead leg, the tempera-
ture profiles from different cases in a straight, top connecting dead leg, as shown in figure 4.5,
are normalized and compared. The temperature is normalized according to Eq. 4.2, and the
dead leg length is normalized according to Eq. 4.3, where D is the internal diameter of the
dead leg and z is the vertical coordinate in the dead leg. The normalized temperature is a form
of temperature potential between the high temperature of the main process fluid flow and the
low ambient temperature.

= T — Tamb
T=—"—"-—" 4.2
ﬂnlet - Tamb ( )
z
5= _ 4.3
i=2 (13)

The purpose of this post processing is to investigate if the normalized temperature profiles are
similar in straight small bore dead legs for different small bore internal diameters as well as
operating temperatures. This helps give a better understanding of the temperature profile in
off-design operating conditions, such as different process fluid temperatures. In figure 4.14, four
cases are compared by their normalized temperature profiles. The cases consists of two small
bore internal diameters, 25 and 50mm, which are simulated at one low and one high process
fluid temperature each and otherwise identical operating conditions. As can be seen in the
graph, the normalized temperature profiles all follow a similar trend, with a larger decrease
in temperature within 10-20 internal diameters and a slower decrease in the remaining part
of the dead leg. The first, primary, zone of temperature loss can be described as decreasing
proportional to the square of the internal diameter, i.e. T o< —z2. And the secondary zone of
temperature loss can be described as being decreasing linearly with the internal diameter, i.e.
T x —2.
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Figure 4.14: Normalized temperature profile in dead leg from four different cases.

As mentioned above the normalized temperature profiles in figure 4.14 are similar, however there
is a stronger correlation between the profiles that have identical small bore internal diameter
but different operating temperatures. The weakest correlation is between the cases that have
different internal diameter and different operating temperatures.

35



4. Results

4.3 V-bend

In this section first the results from the multiphase simulation to determine the amount of
MEG flushed out is presented. Later, the thermal results evaluating additional displacement
of MEG due to evaporation are presented.

4.3.1 Determining MEG level

To measure the amount of MEG flushed out of the SB pipe an isosurface was monitored and
set at the interface of the two phases. The MEG surface was found to be located 2-5 inner
diameters (ID) down in the small bore pipes in all cases. These results were true for both 50
and 25mm diameter small bore lines. As an example of this, figure 4.15 shows two identical
cases with the exception of the small bore pipe diameter, where the difference between the two
normalized results is 4.5%.

Volume Fraction of Gas Volume Fraction of Gas

(a) 50mm diameter small bore pipe, MEG sur- (b) 25mm diameter small bore pipe, MEG sur-
face located 3.6 ID down in SB pipe. face located 3.48 ID down in SB pipe.

Figure 4.15: Radial view with volume fraction of each phase for two SB sizes in otherwise
identical cases. Blue is MEG, red is process fluid. Pipe and insulation (two shades of grey) was
not included in this simulation and is included only to give the reader some references to scale.

The higher pressure (300 bar) and velocity (20m/s) cases represented the upper part of the
interval while lower pressure and velocity resulted in the lower part of the interval as seen in
figure 4.16a. Figure 4.15b shows that inlet temperature has a smaller influence on MEG level
in the dead leg.

Plotting the amount of MEG flushed out against the dynamic pressure in the large bore pipe as

seen figure 4.17 gives an clear indication that more MEG is flushed out when higher dynamic
pressures are present. A logarithmic trendline is fitted to the data and its associated equation
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Figure 4.16: Amount of MEG flushed out of small bore pipe normalized with inner diameter.
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Figure 4.17: MEG flushed as a function of dynamic pressure

To ensure the robustness of the simulation a number of variations of the set-up were run. One
case was run with MEG initialized in the lower 1/3 of the large bore (including the small bore)
pipe instead of only in the small bore pipe as seen in figure 4.18. Figure 4.19 shows the MEG
surface settling on the same height in both cases. Other variations with small bore pipes only
a bit longer than where the MEG surface was located, and with a shorter, more complex large
bore inlet pipe were also simulated. None of these variations resulted in significant differences
compared to the original cases.

4.3.2 Thermal analysis of the resulting deadleg

When normalized temperatures are used in this section they are normalized with respect to
inlet temperature and ambient temperature as stated in Eq. 4.2.
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Figure 4.18: Initialization of MEG in the domain
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Figure 4.19: Vertical height of MEG surface for different initializations of MEG

After determining how much MEG would be flushed out, the next step was to determine the
length of deadleg needed to reduce the effect of evaporation. Figure 4.20 shows the temperature
along the small bore dead leg in the axial direction for a number of cases. At the end of these
17 ID long deadlegs all cases are close to ambient temperature.

In figure 4.21 two different amounts of MEG left in the dead leg for the same operating con-
dition are shown. For the 17 ID case the MEG surface is close to ambient temperature. The
shorter 8 ID case have temperatures around 40° C' at the interface.

Comparing the axial temperature in the small bore pipe for both the longer (17 ID) and shorter
(8 ID) case with the same operating condition it can be seen that the curves don’t match. Fig-
ure 4.22 shows that the shorter case results in a higher temperature than the corresponding
location for the longer case.
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Figure 4.20: Temperature along the axial direction in small bore deadlegs

Temperature (C)
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(a) 8 ID down to MEG surface (b) 17 ID down to MEG surface
Figure 4.21: Temperature in the deadleg for different amounts of MEG. The black contour

lines shows interfaces between different materials.

Regarding geometric similarity two different operating conditions were run with both a 50 and
25mm small bore diameter. The resulting normalized temperatures can be seen in figure 4.23.
Both diameters shows good agreement along the entire curve.

From the results it can also be concluded that higher pressure and/or velocity results in a slower
cooling of the dead leg. Figures examining this can be found in Appendix A.

Finally, in figure 4.24 a comparison between an insulated and uninsulated small bore pipe can
be seen. The uninsulated case is significantly colder.
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Figure 4.22: Compares temperatures for two different locations of the MEG surface. Solid
lines represent 17 ID and dashed ones 8 ID. Same color represent same operating condition.
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Figure 4.23: Compares different small bore diameters. Same color indicate the same operating
conditions.

40



4. Results

Temperature (C) Temperature (C)

(a) Insulated (b) Uninsulated

Figure 4.24: Effect of insulation on small bore piping
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Discussion

In this chapter the results are discussed, like other chapters the two parts of the thesis are
handled separately. Firts, the results of the hydrate modelling using CFD is discussed. Secondly
the results of the thermal CFD analysis are discussed.

5.1 Hydrate modelling in CFD

There are two major uncertainties in the CFD set-up trying to replicate the results of Rao et
al. [13]; how large the cooling line through the steel pipe was and how large the IHTC and
EHTC were. The CFD model used a rather thick walled steel pipe while a better choice might
have been a thin-walled pipe. Thinner walls would give a larger area for heat exchange between
coolant line and steel pipe resulting in pipe temperatures closer to the coolant temperature.

The heat transfer coefficients are uncertain since they were implemented into the CFD solution
based on a misunderstanding of where the calculated HT'C’s in the paper were located. How-
ever, calculating a new IHTC to be used in the CFD simulation was not certain to improve the
reuslts since no velocity was specified for the coolant line.

The final thickness obtained in experiments was observed to be uniform but it is not specified in
what plane the thickness was measured. The thickness might very well be uniform in the axial
direction (horizontal plane). However, it is reasonable to believe that the hydrate thickness is
larger on the bottom side of the steel pipe than the top (vertical plane) due to natural con-
vection. Due to the low velocities in this case, natural convection will have a significant impact.

All CFD methods evaluated are based on the assumption of a gas dominated flow since they
grow hydrates from the cold pipe surface rather than forming smaller hydrate particles that
agglomerate and deposit downstream as oil dominated flows tend to do. The models consider
the possibility of hydrates being torn from the wall due to shear stresses into account either.
However the CFD methods developed should be fairly accurate for small bore dead legs in gas
dominated flows where velocities (and shear stresses) are small.

5.1.1 Numerical resistance

This method was easily implemented with a low computational cost. The main drawback of
the method is that it over-predicts hydrate thickness. Since it doesn’t take into account the
smaller cross-sectional area of the fluid channel as the hydrate grows the method is best suited
for predicting thin hydrates that don’t significantly change the cross-sectional area of the pipe.
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This method may have some use as a conservative prediction for hydrate thickness in cases
where the hydrate layer is relatively thin compared to the pipe diameter.

5.1.2 Surface wrapping

The main problem with the surface wrapping method was difficulties in meshing the new
wrapped region. The wrapped region was specified to be any gas with temperature below
HFT. Since this cold gas starts as a thin boundary layer next to the pipe the wrapped region
is a thin shell which is troublesome to mesh in a proper manner. A possible remedy for these
meshing problems would be to initialize a thicker cold region at the start and wrap it to have a
thicker region to mesh. This was however not pursued further since the method would require
too much customization for each case.

5.1.3 VOF with Melting-Solidification

This was seen as the most promising method and therefore the one most effort was put into.
The main drawback for the method compared to the others was the computational cost as this
was needed to be run transient.

AMR enabled the use of small cells at the interface between hydrate and gas while still keeping
the number of cells acceptable. Cell size could be seen to have a large impact of how thick the
hydrate grew why keeping small cells at the interface was essential. Two refinement levels was
seen as a good compromise between accuracy and cost since the number of cells are increasing
rapidly with additional refinement levels while the thickness change decreases.

Comparing case 2 and 3 shows that the CFD model is more sensitive to the water bath tem-
perature than the experimental cases were. Since the water bath temperature was the only
parameter varied between these cases it suggests that the EHTC used in the CFD simulation
is too large. Since there was no active mixing in the water bath a low EHTC is feasible.

The same reasoning can be applied to the IHTC. The CFD results from case 2 and 3 show
larger sensitivity to coolant temperature than the experiments. Thus both the IHTC and EHTC
might need to be lowered to acquire a model able to predict hydrate thickness accurately.

It is hard to directly compare the CFD results with the experimental ones since the CFD used
a surface average of the hydrate thickness around the whole steel pipe while the experimental
results only looked at a single point. The resulting thickness from the CFD simulations were
quite uniform in the axial direction but varied greatly in the circumferential direction. Clari-
fications regarding point of measurement in the experiments should be made before any other
alterations of the model are done.

In summary this VOF method has proven to have potential and should be further investigated
and compared to more cases, preferably with thicker hydrate layers. A greater thickness would
reduce the influence of measurement errors in the experimental cases and would determine
whether deviations from experimental results are of a absolute or relative nature.
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5.2 CFD thermal analysis

The chosen models in the CFD thermal analysis includes relevant physics for obtaining reliable
results in terms of temperature fields in the domain. This includes resolving the heat transfer
in the fluids, piping and valve steel as well as the insulation. As described in section 3.3.3, the
fluid is represented with temperature varying properties. This should increase the accuracy of
the results, mainly in terms of resolving any natural convection occurring in the system. Areas
that could be expanded upon in the CFD thermal analyses are the external heat transfer from
the insulation to the surrounding sea water, resolving the fluid flow in the MEG when included
in MEG-lock designs as well as geometry details such as valve design, valve support interface
and piping rounded edges.

The external heat transfer from the insulation to the surrounding sea water could be expanded
upon by including and resolving the convection in the sea water. However, this would drasti-
cally increase the domain size of the simulations and thus increase simulation cost and time.
The benefit of doing this is also debatable, as it is clear from Eq. 2.4 that for an increasing
EHTC value the thermal resistance tends to zero. The dependency on EHTC therefore de-
creases as the value increases, and so any error in estimating EHTC at high values has little
impact on the solution.

Regarding treating the stagnant MEG in MEG-lock design as a solid as opposed to a fluid, the
physical phenomenon being neglected by this approach is the natural convection in the MEG
caused by density variations due to temperature gradients. This is in fact a non-conservative
approach since the natural convection in the MEG should increase the heat transfer between
the MEG and the process fluid. The full extent of this neglected heat transfer is unknown,
however conservative measures has been taken in almost all other aspects of the modelling and
the designs in question are not operating on the edge of reaching HFT in the small bore dead
leg. Therefore, the approach is deemed viable because of the upsides regarding simulation cost
and time.

The geometry in the CFD simulations could be expanded up on by including detailed valve
geometries. For example seals, spindles and other parts of ball valve can be constructed from
different materials with different properties. However, since the results and recommendations
for dead leg design are meant to be general, a simple and general approach is suitable. Therefore,
the valves are represented by simple geometric shapes of typical overall dimensions. The choice
to omit seals and similar parts of the valve should also be conservative as they are typically
made from materials with a lower thermal conductivity and should thus provide some insulating
effect. An area of uncertainty is the interface between the valve and the valve support. The
heat transfer between the two parts will be dependent on the contact area and whether any
barrier exists in between, e.g. any film or mat constructed in a lower heat conducting material
placed between the valve and the valve support. For the analyses performed it is assumed that
the entire bottom of the valve is in contact with the valve support and that no thermal barrier
between the two is present.

As mentioned earlier, a conservative approach is taken to the thermal analyses when possible.
This means that the operating conditions should provide a minimum value for when the designs
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are expected to operate without hydrate formation. The operating conditions are conservative
in terms of inlet temperature, mass flow and ambient temperature, which are arguably the most
important external parameters for deciding the temperature field in the system. This means
that any system operating at higher inlet temperature, mass flow or ambient temperature is
expected to operate without hydrate formation in the dead legs evaluated and cleared in this
project.

Regarding the risk of evaporation and dilution of MEG in MEG-lock HCD designs, it is clear
that the risk increases with increasing main flow temperatures. Evaporation will be accelerated
because of increased temperatures, and a greater amount of condensation will occur should
the process fluid be cooled close to ambient temperature in the dead leg. The risk of hydrate
formation relates opposite to temperature. This means that the dead leg design, and the
insulation design in particular, should vary with process fluid temperature depending on which
risk is of most concern. This particular problem does not necessarily fit the method and
aim of this work, namely providing conservative lower limits of operating conditions for the
designs. A better approach for this problem would be to investigate a larger range of operating
temperatures and provide designs for sub-ranges that do not fall below HFT, while still not
accelerating evaporation and condensation significantly.

5.2.1 Normalization of temperature profile

The normalization of temperature profiles along vertical, straight dead legs showed similar
results for varying bore sizes and inlet temperatures. This is an indication that such a graph
can be used to estimate the temperature profile in similar dead legs. However, it is important
to note that many parameters that could impact the results have not been investigated and
that the sample size and variation is small. Such parameters can include pressure and density
variations, inlet mass flow, thermal properties of both fluid and other materials in the system
or complex geometry variations. It is also unclear how larger temperature differences, i.e. large
differences between ambient and inlet temperature, affect such a normalized curve. For the
purpose of this thesis, the normalized graph should only be considered as an indication that it
is relevant to provide recommendations on dead leg design in relation to normalized quantities,
such as maximum length of a dead leg expressed in internal diameters.

5.3 V-bend

In this case the deadleg was not determined purely by the geometry of the pipe but also by how
much MEG there was in the small bore. The amount of MEG in the small bore pipe could be
reduced by either being flushed out or evaporated. Both of these mechanisms were affected by
the operating condition. The effect of evaporation was not taken into account before a number
of thermal simulations conducted with insulation had been run at the end of the project where
it was realized that the MEG might evaporate. Due to lack of time no hot 80°C case was run
with the multiphase set-up.

Preferably the initial multiphase simulation would also give the temperature field in the dead-

leg. However due to convergence problems and challenges common to multiphase simulations,
the decision was made to simplify the multiphase simulation and thereafter do a thermal single
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phase simulation. Another reason for separating these two simulations was that the multi-
phase one needed be run transient. Attempts to perform it in a steady state case resulted
in a smeared and fluctuating MEG /gas interface. Solving the temperature field in a transient
framework would require to run the simulations for a much longer time. The decision to run two
simplified simulations was seen as a good compromise to ensure that work could be completed
on time.

5.3.1 Determining the MEG surface

The choice to use constant material parameters was necessary since temperature was not in-
cluded in this simulation and thereby temperature dependent material properties couldn’t be
used. However, for this simulation there are good arguments that this choice will still give an
acceptable level of accuracy in the simulation results. First, the velocities are not so large that
compressible effects must be accounted for. Furthermore natural convection is not important
when determining the MEG surface and would not flush out any MEG on its own. One adverse
affect of the choice to use constant material properties is the impact of changing viscosity and
density as the gas and MEG is cooled and heated respectively. As MEG is heated both density
and viscosity will reduce, which should result in an increased amount of MEG flushed.

The dynamic pressure seems to be a good indication of how much MEG will be flushed out
of the pipe. The logarithmic trendline fits the data fairly well, however the expression for
the trendline should be used with caution and the trendline should be viewed more of an il-
lustrative tool for highlighting the trend rather than an expression for predicting deadleg length.

Dynamic pressure is a function of velocity and density. Since density for the gas used is more
dependent on pressure than temperature it is reasonable that our results are more sensitive to
pressure and velocity than temperature. Therefore it was deemed acceptable that no 80°C
case was run.

The good agreement for different small bore diameters enables the use of non-dimensional
numbers in general guidelines. To ensure the MEG surface stays above the bend a small bore
length of 8 ID would give a safety margin and account for insecurities with the results.

5.3.2 Thermal analysis of the resulting deadleg

In the ideal case an integration in time of evaporation rate would be done to acquire the amount
of evaporated MEG which in turn gives where the MEG surface will be located. An example
of how that equation could look like can be seen in Eq. 5.1 where F is the evaporated MEG,
E evaporation rate, T temperature on the MEG surface, ¢ time and p pressure.

E= /tE(T,p)dt (5.1)

However, as the temperature in turn is dependent on operating conditions as well as the loca-
tion of the MEG surface, the work to evaluate the expression quickly mounts to a significant
task. Therefore a more pragmatic approach was chosen, approximating a temperature where
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the evaporation should be insignificant.

From experiments conducted at sea level pressure the evaporation rate of a 80% MEG-water
mixture was found to be 0.08 mg/min at 30°C [18]. Applying this rate to the analyzed small
bore sizes would result in that at 30°C 1 ID length of liquid evaporates in 930 days or 115 days
for the 50 and 25mm diameter sizes respectively. The study also concludes that water evap-
orates more readily than MEG and that as the MEG concentration increases the evaporation
rate declines. Thus as more liquid evaporates the rate at which it does so will decrease. Further
considering the high pressures subsea gas systems operate at the evaporation will be further
suppressed. Hence at 30°C the evaporation could be deemed insignificant.

The difference between the temperature curves of the shorter and longer cases requires caution
when using the 17 ID curves for predicting temperature for different locations of the MEG
surface. As the MEG surface approaches 17 ID the agreement of the two temperature curves
should however improve.

The worst case (300bar, 80°C, 20m/s) resulted in a temperature of 40°C at a 8 ID dead leg
length, as can be seen in figure 4.22. The shorter cases have a 50-60% higher temperature at 8
ID dead leg length compared to the longer cases. If the same increase in temperature from the
longer to the shorter case is assumed at 10 ID dead leg length, the temperature would be at or
below 30°C. Thus a small bore length of 10 ID would be sufficient for all relevant cases.

Colder operating conditions could make use of a short small bore pipe, especially if the dynamic
pressure is low as the amount of MEG flushed out will be reduced as well.
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Conclusion

In this chapter the conclusions from the work are presented. For the hydrate modelling some
recommendations for future work are presented. In terms of design guidelines limiting values
are presented for key parameters, as well as some best practices for design philosophy.

6.1 Hydrate modelling

The VOF melting-solidification framework shows potential to be able to capture final thickness
for hydrates. Some work needs to be done and preferably a larger range of hydrate thicknesses
should be examined to determine if our deviations are of an absolute or relative nature. Tweak-
ing values for heat transfer coefficients and investigating coolant line size as well as measuring
point for the thickness should be the first remedies if future work is done based on the experi-
ments performed by Rao et. al.

The two other methods for hydrate thickness prediction showed less potential and the authors
cannot recommend to pursue them further.

6.2 Design guidelines

In this section design guidelines are presented with key diameters in non-dimensional numbers
to enable general usage.

6.2.1 Hydrocarbon displacement lines

With the results from the thermal CFD simulations some conclusions for best practices on
HCD line design can be made. The conclusions should be considered valid under equal or
more favourable operating conditions as outlined in section 3.3.1. More favourable operating
conditions include higher temperatures and flow rates as well as thicker insulation. In general,
the effective small bore dead leg length should always be made as short as possible. Effective
length includes the total length of piping filled with process fluid that is not part of the main
process piping.

The 90° bend design with a valve support is a suitable candidate for a standard design option.

The dead leg in this design is short and is supplied with heat in both ends of the dead leg.
It also has the benefit of having a valve support included, which would otherwise need to be
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designed separately. As a general principle, an interface between the valve and the valve sup-
port which transfers heat well should be incorporated. A favourable insulation design includes
a co-insulated package, meaning the valve, valve support and the dead leg all share the same
external insulation surfaces.

Should the valve have to be placed in a vertical position, as shown in figure 3.9a, the dead leg
should be made as short as possible without bends. At a maximum, the dead leg length should
not exceed 10 internal diameters.

If the valve can not be placed in the vicinity of the main process pipe according to the rec-
ommendations given above, a MEG-lock design should be used. As a general rule the section
of the dead leg that is filled with process fluid should be kept as short as possible. Similarly
to the straight vertical pipe a maximum of 10 internal diameters can be recommended. How-
ever, caution should be observed to not create tight clearances between the dead leg and the
main process pipe as well as the dead leg to itself. This can lead to troublesome or impossible
insulation application. As a recommendation, the clearances between insulation external sur-
faces should be kept above 50mm. This is a particular concern when dealing with 25mm bore
size dead legs since the smaller internal diameter may require smaller bend radii. This recom-
mendation applies not only to MEG-lock HCD designs, but any piping design which requires
insulation.

At high operating temperatures, caution should also be observed with regards to evaporation
and dilution of MEG. Based on the results from this work, no general recommendations can be
given on best practices for mitigating this problem in MEG-lock HCD designs.

6.2.2 V-bend

For the v-bend geometry the important design parameter is the length down to the bend. This
length should be long enough to ensure no gas reaches down to the bend and can propagate
further through the small bore pipe. Ideally MEG in the small bore pipe will prevent this but
two mechanisms can displace the MEG. First the dynamic pressure in the main pipe can flush
out MEG, secondly the increased temperatures from the main pipe can evaporate additional
MEG. A straight length of 10 ID of the small bore pipe is sufficient to prevent gas from reaching
the bend in all relevant cases. For colder operating conditions this length could be decreased.
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Appendix A
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Figure A.1: Compares influence of different operating pressures. Lines of same color indicate
same operating conditions except pressure.
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Figure A.2: Compares influence of different inlet velocities. Lines of same color indicate same
operating conditions except velocity.
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