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(57) Abstract: A method of modifying a pipeline lay-out profile, the method comprising: assessing an initial pipeline lay-out profile
(2) that is to be modified, the pipeline lay-out profile being made up of a number of sections of pipe, in order to: 1 a) identity sec -
tions of pipe that have a positive gradient in a downstream direction that is greater than a threshold gradient; and 1 b) identify re-
gions of the initial pipeline lay-out profile made up of consecutive sections of pipe identitied in step 1 a) wherein the gradient of the
pipe changes over the length of the region and wherein consecutive pipe sections of the region each have a gradient which is equal to
or greater than the gradient of the adjacent upstream pipe section; and modifying the initial pipeline lay-out profile (2) to form a
moditied pipeline lay-out profile (4) by replacing the pipe sections in each of the identified regions with one or more replacement
pipe sections such that the gradient of the pipe in the region does not increase in a downstream direction.
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METHOD OF MODIFYING A PIPELINE LAY-OUT PROFILE

The invention relates to a method of modifying a pipeline lay-out profile.

A pipe carrying a fluid will have a certain liquid holdup. The liquid holdup
(Hy) is defined as the fraction of an element of pipe which is occupied by liquid (i.e.
H, = volume of liquid in a pipe element / volume of the pipe element). The liquid
holdup in a pipe will depend on a number of factors such as the properties of the
fluids being transported, flow pattern, flow rate, pipe diameter and pipe inclination
etc.

It has been found that under certain conditions two and three-phase flows in
upwardly inclined sections of pipe can have multiple holdup solutions (low,
intermediate and high holdup). This means that the pipe can have either a low
liquid holdup or high levels of liquid holdup depending on the conditions. |

It has also been found that in the lengths of pipes that have multiple holdup
solutions, the downstream holdup of a pipe section can determine if the high holdup
or low holdup solution will be the prevailing solution in that length of pipe for a given
flow rate.

It is desirable to avoid high holdup in a pipeline. This is because, in the
case of high holdup, the pressure drop and the potential for liquid surges are
considerably higher. Thus, it is desirable to be able to provide a pipeline lay-out
profile that permits a lower flow rate before there is a transition to high holdup in the
lengths of pipe which have multiple holdup solutions.

According to a first aspect, the present invention provides a method of
modifying a pipeline lay-out profile, the method comprising: assessing an initial
pipeline lay-out profile that is to be modified, the pipeline lay-out profile being made
up of a number of sections of pipe, in order to: 1a) identify sections of pipe that
have a positive gradient in a downstream direction that is greater than a threshold
gradient; and 1b) identify regions of the initial pipeline lay-out profile made up of
consecutive sections of pipe identified in step 1a) wherein the gradient of the pipe
changes over the length of the region and wherein consecutive pipe sections of the
region each have a gradient which is equal to or greater than the gradient of the
adjacent upstream pipe section; and modifying the initial pipeline lay-out profile by
replacing the pipe sections in each of the identified regions with one or more
replacement pipe sections such that the gradient of the pipe in the region does not

increase in a downstream direction.
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It has been realised that by modifying the pipeline lay-out profile, as outlined
above, a modified pipeline lay-out profile can be provided which will be less likely to
transition to a high holdup solution in certain sections of the pipe. Specifically, it is
possible for the minimum flow rate of fluid, before the transition to high holdup
solutions occurs in the pipe, to be lower. This is because the modified pipe lay-out
profile may be designed such that lengths of pipe which have multiple hold-up
solutions are not forced into a high holdup regime by the downstream pipe profile.

This means that the operational window/envelope (i.e. the difference
between the maximum flow rate and the minimum flow rate before high holdup
solutions are experienced) can be increased. By increasing the operational window
(by designing a pipe that can transport a lower flow rate before high holdup
solutions are experienced) it may be possible to extract more fluid (e.g. natural gas)
from a field or to develop a field which was not previously considered to be
economical to exploit.

This method may also enable multiphase transport over longer distances.
This is because the method may provide a pipeline profile which has reduced risk of
hydrate plugs and/or liquid surging. The flow rate at which liquid accumulation
occurs may be decreased.

Typically, for extremely long flow lines the operational window will be small,
i.e. the flow rate cannot be reduced much from the design flow rate before liquid
significantly accumulates. Generally an operator will not risk entering far in to the
region of accumulation. As a result the increased turn down flexibility, i.e.
increased operational window, which can be achieved by the present invention is
desirable. A lower minimum flow rate (rate at minimum pressure drop) of the flow
line also results in increased recovery for the field.

The pipeline lay-out profile may be modified so as to reduce liquid
accumulation, pressure drop and liquid surge potential in the pipeline.

This method is particularly useful in larger pipe diameters since the regions
over which multiple holdup solutions occur increases with diameter.

The pipeline lay-out profile arising from modifying the initial pipeline lay-out
profile by replacing the pipe sections in each of the identified regions with one or
more replacement pipe sections may be referred to as a modified pipeline lay-out
profile.

The modified pipeline lay-out profile may have no lengths of positively

inclined pipes greater than a threshold gradient which are followed in the
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downstream direction by a positively inclined pipe of greater gradient without there
being a length of pipe therebetween which has a gradient less than the threshold
gradient (i.e. a pipe with a negative incline, a horizontal section of pipe or a pipe
with a positive gradient less than the threshold). In other words in the modified pipe
lay-out profile a length of positively inclined pipe with a gradient greater than a
threshold gradient may always be immediately followed (i.e. adjacent) in the
downstream direction by a length of pipe of a lesser gradient (i.e. either less
positive, horizontal or negative).

Positively inclined or having a positive gradient may mean that the vertical
height of the pipe is increasing in a downstream direction and negatively inclined or
having a negative gradient may mean that the vertical height of the pipe is
decreasing in a downstream direction. Horizontal or not inclined may mean that the
vertical height of the pipe does not change over distance.

The downstream direction may be defined as the net fluid flow direction or
the direction from the inlet of the pipe to the outlet of the pipe. The upstream
direction is the opposite direction to the downstream direction.

A region may be a length of pipe which is made up of a plurality of sections
of pipe.

The identified regions may be replaced with the same number of sections as
the number of sections which make up the identified region. In this case the
replaced sections and the replacement sections may be equal in length.
Alternatively, the replacement sections may be of different length, such as longer,
than the pipe sections they are replacing. The sections in the identified region may
be replaced by a single pipe section. This single replacement pipe section may be
a straight pipe section. In this case the gradient in the region would be constant.

The identified regions may be considered to be ‘concave’ regions, i.e.
regions in which the gradient of the pipe increases over distance in a downstream
direction. These ‘concave’ regions may result in a high holdup solution for a pipe
section which is operated in a multiple holdup region. This is because a
downstream pipe section with a high gradient (and thus which may transition to high
holdup at a relatively high flow rate) may force an upstream pipe section with a
lower gradient into high holdup even though, with all other things being equal, it

would not normally have transitioned to high holdup at that flow rate.
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‘These ‘concave’ regions may be replaced by straight or ‘convex’ regions,
i.e. regions in which the gradient of the pipe is constant over horizontal distance or
in which the gradient decreases over horizontal distance.

The ‘convex’ regions may be made up of a number of pipe sections which
all have a positive gradient, but the gradients of which are decreasing in a
downstream direction.

Replacing a ‘concave’ region with a ‘convex’ region may result in a pipe
profile which can be operated at lower flow rates before high holdup is experienced
than if the concave regions are replaced with straight regions. However, replacing
the ‘concave’ regions with ‘convex’ regions may require more extensive
modifications, e.g. more rock dumping to modify the installation site to support the
modified pipe profile. Thus financially it may be preferable to replace the ‘concave’
regions with straight regions. Which option is preferable will depend on a number
of factors such as the financial advantage associated with maximising the
operational window and environmental considerations. The method may involve
replacing some of the identified regions (‘concave’ regions) with regions which have
a constant gradient (straight regions) and some of the identified regions with
regions which have a gradient which decreases in a downstream direction (‘convex’
regions).

The start and the end points of the identified regions may remain the same
(i.e. may have the same (i.e. unchanged) vertical and horizontal location) but the
pipe profile between these points may be modified to result in the pipe overall
having sections which transition to high holdup at a lower flow rate than in if the
profile were not modified.

The sections of pipe which make up the initial pipeline lay-out profile may all
be equal (i.e. approximately equal or exactly equal) in length. For example, each
section may be less than 100m, less than 50m, less than 10m, 3 to 7m or about
5m. The length of the pipe section will depend on factors such as the length of the
pipeline lay-out profile being modified and the possible resolution of a simulator if a
model is being used.

The sections of pipe which make up the initial pipeline lay-out profile may
each be straight pipe sections, i.e. each section may have a constant gradient. The
initial pipeline lay-out profile may be made up of sections which start and end when

the gradient of the pipe lay-out profile changes. In this case the length of the
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sections may vary between sections. This is because the length of the section may
be dependent on the length of pipe until the gradient changes.

The sections of pipe which make up the initial pipeline lay-out profile may be
equal in length and each have a constant gradient (i.e. be straight pipe sections).
In this case, adjacent pipe sections may have the same gradient and thus together
form a straight length of pipe, i.e. there is not necessarily a change of gradient
between adjacent pipe sections.

The method involves identifying sections of pipe that have a positive
gradient greater than a threshold. The threshold may be greater than 0°. It is
beneficial to have a threshold gradient below which the pipe sections are not taken
into account in the modifying process. This is because it can significantly reduce
the extent to which the pipe lay-out profile is modified.

A negative gradient may be considered to be a gradient less than 0°.

When the threshold gradient is greater than 0°, pipe sections with a small
positive gradient are not included in the modifying process. Whilst these positively
inclined sections with small gradient can have multiple holdup solutions at certain
flow rates it has been found that there may be a threshold gradient below which the
flow rate at which the multiple hold up solutions exists is so low that it would be
unlikely to be realistic to operate a system at these low flow rates during typical
operation. This is because it is likely that liquid accumulation would occur in other
sections of the pipe before the pipe sections with a positive incline (i.e. gradient)
less than the threshold would reach the multiple hold up solution regime.

The chosen threshold gradient will depend on a number of factors such as
the desired operating window and the gradients of other sections of pipe which will
vary between each field development. Therefore, the threshold will need to be
determined based on physical and commercial constraints for each field
development. The method may involve a step of determining a threshold positive
gradient.

The threshold gradient may be 1° or less (i.e. between 1 and 0°), 0.5° or
less, between 0.1° and 0.7° or about 0.5°. The method may involve choosing a
threshold gradient, e.g. 0.5°, and modifying the pipeline lay-out profile in
accordance with the method based on this threshold gradient to provide a first
modified pipeline lay-out profile. The method may further include changing the
threshold gradient and again modifying the pipeline lay-out profile in accordance

with the method based on this changed threshold gradient to provide a second
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modified pipeline lay-out profile. The method may comprise comparing the first
modified pipeline lay-out profile with the second modified pipeline lay-out profile to
determine a desired threshold gradient. The comparing of the two pipeline lay-out
profiles may involve comparing the extent of modification required to achieve each
of the modified pipeline lay-out profile and/or the operational window of each of the
modified profiles (this may be among other factors which are compared). This
process may be repeated multiple times with different threshold gradients. The
process may therefore be an iterative process to determine a desired or optimum
threshold gradient based on commercial factors such as cost to modify the pipeline
lay-out profile compared with the change in operational window.

The initial pipeline lay-out profile may be a model (such as a computer
model) of a pipeline lay-out profile. The profile may be modelled by a simulator
such as OLGA Dynamic Multiphase Flow Simulator.

Alternatively the pipeline lay-out profile may be an actual, i.e. in situ, pipeline
lay-out profile.

The initial pipeline lay-out profile may be based on the profile of the surface
of the installation site for the pipe (e.g. the sea bed). The method may invoive
obtaining the profile of the installation site and providing the initial pipeline lay-out
profile based on the profile of the installation site. For example, the method may
comprise surveying (i.e. taking measurements of) a surface, such as a sea bed, to
determine the profile of the installation site and providing an initial pipeline lay-out
profile.

The step of modifying the initial pipeline lay-out profile may result in a
modified pipeline lay-out profile. This modified pipeline lay-out profile may be a
model (such as a computer model) of a pipeline lay-out profile. Alternatively the
pipeline lay-out profile may be an actual, i.e. in situ, pipeline lay-out profile.

When the initial pipeline lay-out is a model the replacing of the pipe sections
may be replacing pipe sections of the model with one or more replacement pipe
sections. In this case, the method may further comprise a step of laying a pipeline
according to the modified pipeline lay-out profile.

The method may comprise modifying the profile of the installation site based
on the modified pipeline lay-out profile. For example, the method may comprise
changing the profile of the installation site, such as by rock dumping or trenching, to
more closely match the profile of the modified pipe sections and then laying the

pipeline. The method may comprise determining the modified pipeline lay-out
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profile, determining the required modifications to the installation site profile so that it
matches the modified pipeline lay-out profile, modifying the installation site profile
(e.g. by means of rock duping and/or trenching) and laying a pipeline according to
the modified pipeline lay-out profile.

The pipeline may be a pipeline for transporting dry gas-condensate, i.e. the
pipeline may be a dry gas-condensate pipeline. Dry gas condensate is a multi-
phase flow (e.g. two or three phase flow) comprising gas and liquid and possibly
water. For example the dry gas-condensate may comprise greater than 90%,
greater than 95%, or about 96% methane. These pipelines typically have a low
liquid loading, e.g. a loading which is such that the gas volume flow rate is at least
1000 times the liquid volume flow rate.

The liquid content of the pipeline may vary along its length. This is due to
condensation which may occur as the fluid is transported. For example, the pipe
inlet may have a liquid content of between 0.001 and 0.01%, such as about
0.005%, and the pipe outlet may have a liquid content of about 0.005 to 0.1%, such
as about 0.01%.

As will be apparent to a person skilled in the art, the method may be
performed by software.

Thus the present invention also relates to a software product comprising
instructions which when executed by a processor cause the processor to perform
the above described method of the first aspect of the invention (including one or
more of the optional features).

Preferably the software product is a physical data carrier. For example, a
CD or flash memory card.

Alternatively or in addition, the software product could be provided in the
form of instructions transmitted over a network, such as downloaded over the
Internet, for example.

The present invention also relates to a method of manufacturing a software
product which is in the form of a physical carrier, comprising storing on the data
carrier instructions which when executed by a processor cause the processor to
perform the method of the first aspect of the invention (including one or more of the
optional features).

Certain preferred embodiments of the present invention will now be
described by way of example only with reference to the accompanying drawings, in

which:



10

15

20

25

30

35

WO 2016/169609 PCT/EP2015/058885

-8-

Figure 1 is a plot of liquid holdup versus the superficial gas velocity (Usg) for
a pipe with multiple hold up solutions;

Figure 2 is a plot which shows exemplary initial and modified pipeline lay-out
profiles;

Figure 3 is a turndown curve for the pipeline lay-out profiles of Figure 2;

Figure 4 shows other exemplary initial and modified pipeline lay-out profiles;

Figure 5 shows a pipeline lay-out profile (solid line) from a field development
and a modified pipeline lay-out profile (dashed line);

Figure 6 shows the pressure drop as a function of flow rate for the pipeline
lay-out profiles of Figure 5; and

Figure 7 shows the liquid accumulation as a function of mass flow rate for
the pipeline lay-out profiles of Figure 5.

Figures 1 illustrates the liquid holdup versus the superficial gas velocity
(Usg) for a pipe modelled by standard OLGA. This graph is the output for a pipe
with an inclination of 2.5°, a pipeline diameter of 0.1937m, a superficial liquid
velocity of 0.0001 m/s, a gas density of 68.3 kg/m® and liquid density of 757 kg/m®
and a surface tension of 0.016859 Pa/m. Figure 1 shows that in a multiphase
pipeline with low liquid loading level there exists multiple hold up solutions.
Specifically it can be seen that in this case at a superficial gas velocity of between
about 1.6 and 2.5 m/s there is all of low, intermediate and high holdup solutions.
This means that this section of pipe can operate in either high or low liquid hold up
regime depending on the conditions.

It has been realised that, in a steady state, a downstream liquid hold up
solution will determine whether a low or high holdup will be experienced by a
section of pipe which is operated in the multiple holdup regime. It has been
realised that this knowledge can be used to modify pipeline lay-out profiles to
provide a pipeline lay-out profile which can have a higher turn down flexibility.

The method of modifying an initial pipeline lay-out profile to provide a
modified pipeline lay-out profile involves assessing an initial pipeline lay-out profile
that is to be modified. This initial pipeline lay-out profile is made up of a number of
sections of pipe. The sections of pipe may all be straight, i.e. have a constant
gradient over their length.

The assessment of the initial pipeline lay-out profile involves identifying the
sections of pipe that have a positive gradient in a downstream direction that is

greater than a threshold gradient, for example a gradient greater than 0.5°. The
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method can then involve identifying regions (wherein a region is a length of pipe
made up of two or more sections of pipe) of the initial pipeline lay-out profile which
are made up of consecutive sections of pipe with a gradient greater than the
threshold. The regions should have a gradient which changes over the length of
the region (i.e. the regions should not be straight lengths of pipe) and consecutive
pipe sections of the region should each have a gradient which is equal to or greater
than the gradient of the adjacent upstream pipe section. The method then involves
modifying the initial pipeline lay-out profile by replacing the pipe sections in each of
the identified regions with one or more replacement pipe sections such that the
gradient of the pipe in the region does not increase in a downstream direction so as
to make a modified pipeline lay-out profile.

A simplified illustration of the effect of this method is illustrated in figure 2.
The figures shows a plot of vertical distance (y) versus horizontal distance (x) to
illustrate a pipeline geometry. The plot shows an initial pipeline lay-out profile 2 and
a modified pipeline lay-out profile 4.

The length of pipe of the initial pipeline lay-out profile 2 between about 10m
and 110m would be an identified region in which the gradient of the pipe changes,
all the sections have a gradient above a threshold gradient and consecutive pipe
sections of the region each have a gradient which is equal to or greater than the
gradient of the adjacent upstream pipe section. Therefore, the sections of this
region are replaced with sections such that the gradient in the region decreases in a
downstream direction.

Each of the regions (of the initial and modified geometries) consists of one
section with a 1° inclination, a section with a 2° inclination and a section with a 3°
inclination. In the initial geometry in a downstream direction the inclination between
adjacent pipe sections is increasing whereas in the modified geometry in a
downstream direction the inclination between adjacent the pipe sections is
decreasing. In the initial geometry the identified region has a concave shape and
by following the method it is replaced with a length of pipe which has a convex
shape.

The modified pipeline lay-out profile 4 may not obtain high hold up in the 1°
section before the flow rate becomes so low that the pipe is no longer in the
multiple holdup region. In contrast, in the initial pipeline lay-out profile 2 the 1°

section may be forced into the high holdup region at a certain flow rate at which it



10

15

20

25

30

35

WO 2016/169609 PCT/EP2015/058885

-10 -

may normally be in the low holdup region due to the downstream 3° section being in
the high holdup region.

Figure 3 is a turndown curve which shows the effect the geometry has on
accumulation. For the initial pipeline lay-out profile 2 the oil content verses
superficial gas velocity is shown by line 6 and for the modified pipeline lay-out
profile 4 the oil content verses superficial gas velocity is shown by line 8. It can be
seen that for the initial geometry severe accumulation begins when the superficial
gas velocity reaches about 1.8 m/s whereas for the modified geometry 4 the
superficial gas velocity can drop to about 1.3 m/s before severe accumulation
starts. As a result the modified pipeline lay-out profile 4 can have an increased
operational window, i.e. it has a greater turn down flexibility.

Another simplified example is shown in Figure 4 which shows an initial
pipeline lay-out profile 10 and a replacement length of pipe 12. The concave
portion 10a of the pipeline lay-out profile 10, which is the identified region in this
initial pipeline layout profile, is replaced with a length of straight pipe 12. In this
case the modified pipeline lay-out profile will have a transition to high holdup at a
lower flow rate than the last section (the section determining hold up 10b) of the
concave part of the initial pipeline lay-out profile 10. If the last part of the concave
portion 10b of the initial geometry 10 has high holdup this will enforce high holdup
in the sections upstream that are operated in the multiple holdup region. This can
be avoided by replacing the concave region with pipe sections that provide a
straight region or a convex region of pipe.

Figure 5 shows a pipeline lay-out profile 16 from a field development (survey
profile) that was deemed not economical at present market conditions. This profile
is based on a survey of the sea bed and is modelled using standard OLGA. This is
a pipeline for dry gas condensates which is very dry and contains about 96%
methane. The liquid content varies from about 0.005% at the inlet and 0.01% at the
outlet. The liquid flow rate increases along the flow line due to condensation.

The initial profile contains 1000 pipe sections evenly distributed alone
200km. Each section is about 5m long.

The parameters defining this case are shown below in Table 1.
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S

Perameter Unit
Tetal length 200 ke
Liameter LB f
Liguid load UstJsg |~ 0008001 %
Duitlet pressun T b

Table 1

The initial profile 16 is modified according to the above described method to
result in a modified profile 18. As a result of following the method the identified
regions (i.e. concave regions with all pipe sections having a gradient greater than a
threshold, which in this case is 0.5%) are replaced by straight sections.

It can be seen that the modifications between the initial (i.e. survey) profile
16 and the modified pipeline lay-out profile 18 are fairly modest in most cases. This
can be achieved because only pipeline sections with a greater than a threshold,
which in this case is 0.5%, are taken into account when modifying the pipeline lay-
out profile. This means that the profile can be modified to improve the operational
window at a relatively modest cost.

Figure 6 shows the pressure drop as a function of flow rate for the initial
geometry 20 and for the modified geometry 22. Figure 7 shows the liquid
accumulation as a function of flow rate for the initial geometry 24 and for the
modified geometry 26.

From these plots it can be seen that the operational window will be
increased for the modified pipeline lay-out profile 18.

A lower minimum flow (rate at minimum pressure drop) of the flow line also
results in increased recovery for the field. The turndown capacity of the pipeline
can be increased further if low points and high points are reduced by either
trenching of rock dumping of the installation profile. Such modification will generally

reduce high inclination angles.
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CLAIMS:

. A method of modifying a pipeline lay-out profile, the method comprising:

assessing an initial pipeline lay-out profile that is to be modified, the
pipeline lay-out profile being made up of a number of sections of pipe, in
order to:
1a) identify sections of pipe that have a positive gradient
in a downstream direction that is greater than a threshold gradient; and
1b) identify regions of the initial pipeline lay-out profile
made up of consecutive sections of pipe identified in step 1a) wherein the
gradient of the pipe changes over the length of the region and wherein
consecutive pipe sections of the region each have a gradient which is
equal to or greater than the gradient of the adjacent upstream pipe
section; and
modifying the initial pipeline lay-out profile to form a modified pipeline
lay-out profile by replacing the pipe sections in each of the identified regions
with one or more replacement pipe sections such that the gradient of the

pipe in the region does not increase in a downstream direction.

The method according claim 1, wherein the threshold gradient is

between 0° and 1°.

The method according to claim 1 or 2, wherein the method comprises

determining the threshold gradient.

The method according to claim 1, 2 or 3, wherein the identified regions

are each replaced by regions in which the gradient of the pipe is constant.

The method according to any preceding claim, wherein the modified
pipeline lay-out profile has no lengths of positively inclined pipe greater than
a threshold gradient which are followed in the downstream direction by a
positively inclined pipe of greater gradient without there being a length of
pipe therebetween which has a gradient less than the threshold gradient.
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The method according to any preceding claim, wherein the start and
end points of the identified regions are unchanged in the modified pipeline

lay-out profile.

The method according to any preceding claim, wherein the sections of
pipe which make up the initial pipeline lay-out profile are each straight

sections.

A method according to any preceding claim, wherein the initial pipeline
lay-out profile is a model of a pipeline lay-out profile and/or wherein the

modified pipeline lay-out profile is a model of a pipeline lay-out profile.

A method according to any preceding claim, wherein the initial pipeline
lay-out profile is based on the profile of a surface of an installation site for

the pipeline.

A method according to any preceding claim, wherein the method

comprises laying a pipeline according to the modified pipeline lay-out profile.

A method according to any preceding claim, wherein the method
comprises modifying the profile of an installation site based on the modified

pipeline lay-out profile.

A method according to any preceding claim, wherein modified pipeline
lay-out profile is for a pipeline which is a pipeline for transporting dry gas-

condensate.

A software product comprising instructions which when executed by a
processor cause the processor to perform the method of any preceding

claim.
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