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The subsea production system is presently widely adopted in deepwater oil and gas
development. The throttling valve is the key piece of equipment of the subsea production
system, controlling the safety of oil and gas production. There are many valves with serious
throttling effect in the subsea X-tree, so the hydrate formation risk is relatively high. In this
work, a 3D cage-sleeve throttling valve model was established by the numerical simulation
method. The temperature and pressure field of the subsea throttling valve was accurately
characterized under different prefilling pressure, throttling valve opening degree, and fluid
production. During the well startup period, the temperature of the subsea pipeline is low. If
the pressure difference between the two ends of the pipeline is large, the throttling effect is
obvious, and low temperature will lead to hydrate formation and affect the choice of
throttling valve material. Based on the analysis of simulation results, this study
recommends that the prefilling pressure of the subsea pipe is 7-8 MPa, which can
effectively reduce the influence of the throttling effect so that the downstream
temperature can be kept above O0°C. At the same time, in regular production, a
suitable choke size is opened to match the production, preventing the serious
throttling effect from a small choke size. According to the APl temperature rating table,
the negative impact of local low temperature caused by the throttling effect on the
temperature resistance of the pipe was considered, and the appropriate subsea X-tree
manifold material was selected to ensure production safety. The hydrate phase equilibrium
curve is used to estimate the hydrate formation risk under thermodynamic conditions.
Hydrate inhibitors are injected to ensure downstream flow safety.

Keywords: cage-sleeve throttling valve, subsea prefilling pressure, opening degree, hydrate prevention, flow
assurance

INTRODUCTION

In 1947, American engineers first proposed the concept of a “subsea wellhead” (Li and An,
2020), which laid the foundation for the development of a subsea production system. At
present, subsea production systems are widely used in deep-water oil and gas fields, such as
offshore Brazil and the south China sea (Hong et al., 2018). With further research and a full
understanding of production conditions, the technologies and equipment of subsea
production systems will play a dominant role in the future of deepwater oil and gas
development.
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FIGURE 1 | Throttling schematic diagram of the internal flow channel of a
single throttling hole.

The subsea X-tree is the key equipment in the subsea production
system to control oil and gas production safety. The stable opening
and closing of the valve in the X-tree play a role in oil and gas
production. Valve flow capacity is mainly evaluated by C, value, and
different internal structure has different C, value (Grace and Frawley,
2011). Only by knowing the valve internal structure can an engineer
accurately judge the flow capacity of the valve. From the onshore
experience, valves are vulnerable to fluid erosion, so a lot of researches
have focused on the problem of sand erosion and throttling valves
(Gharaibah and Zhang, 2015). However, in valves, chokes, and
jumper bent pipelines on the wing of the subsea X-tree (Zhao
et al, 2014), the oil and gas flow turbulence is intensified, with
serious throttling effect, so the temperature and pressure drop is
obvious. At the same time, the low temperature at the seabed further
aggravates the risk of hydrate formation. On site, hydrate inhibitors
are often injected to ensure stable production. Furthermore, the
subsea chokes confront the fluid erosion and the low temperature
of throttling effect, which has certain requirements for the
temperature resistance of the pipe material. Based on the
requirements of offshore flow assurance, researchers need to study
the temperature and pressure field under different production
conditions (Sotoodeh, 2019).

Compared with onshore oil and gas development, offshore
operations are more difficult and have high cost and technical
requirements. Subsea production equipment cannot be replaced
as easily as onshore. The numerical simulation method is adopted
to provide a relevant basis for the reliability of the equipment.
Cameron, FMC, and others possess the majority of the subsea
X-tree, subsea throttling valves, and related equipment market
share (Rassenfoss, 2011). The internal structure of subsea
equipment is very complicated, so there are few studies on 3D
simulation of real objects at present. When simulating the
physical field of subsea throttling valves, scholars usually use a
2D variable diameter model instead of a 3D cage-sleeve model to
describe the throttling effect at the throttling valve. In order to
accurately characterize the physical field at the cage-sleeve
throttling valve, a 3D cage-sleeve throttling valve model is
established in this study.

This study characterizes the temperature and pressure
distribution of the subsea chokes, the main throttling part of the
subsea X-tree. We assess downstream temperature and hydrate
formation risk for different gas production and valve opening
degree. In the well startup period, if the pressure difference
between the throttling valve ends is too large, the throttling effect
is very obvious (Ju et al., 2021). Throttle valve opening degree and
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FIGURE 2 | Reference values of J-T coefficients under different
temperature and pressure.

production should be a good match. At last, the prefilling pressure of
downstream sea pipe is analyzed and the reasonable pressure design
value is recommended. To avoid hydrate formation, hydrate
inhibitors are often injected to ensure safe production.

JOULE-THOMSON EFFECT OF SUBSEA
THROTTLING VALVE

The subsea throttling valve plays the role of controlling and
regulating the flow in the subsea production system. When the
gas flows through the throttling valve, the flow area decreases, and
turbulence increases (Zhang et al., 2010). The dominant control
function is the small hole in the throttling valve cage. The internal
flow channel of a single throttling hole is shown in Figure 1.

The Joule-Thomson effect, also known as the throttling effect,
occurs when gas passes through the orifice, which is the main
cause of the low temperature of the throttling valve. After the
natural gas passes through the throttling valve, the pressure
drops, and the expansion of the gas needs to absorb heat,
leading to the temperature drop in downstream of the choke.
The lower the downstream pressure, the more obvious the
temperature drop. Generally speaking, when natural gas
reaches the throttle valve, both the temperature and pressure
will drop under the Joule-Thomson cooling effect. The ratio of
the change of temperature and pressure in isoenthalpy is usually
expressed as the Joule-Thomson coefficient, or throttling
expansion coefficient (Shoghl et al., 2020):

dT
Cyr = (dp) (1)

According to Eq. 1, the throttling temperature drop caused by
pressure drop can be calculated by Eq. 2 after transpose
integration:

p2
AT = Tz - T] = J ‘Mdp = ‘MAP (2)
p1

Different gases have different values of Joule-Thomson
coefficient under different temperatures and pressures. This
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FIGURE 3| Relation graph of natural gas pressure ratio and production.

study simulates the Joule-Thomson coefficient under different
temperatures and pressures for pure methane gas, and the specific
values are shown in Figure 2. It can be seen that the higher the gas
temperature and pressure is, the lower the Cj_r value is, indicating
that the gas throttling effect is weak under high temperature and
high pressure. The C; 1 value is about 1.5°C/MPa at 20 MPa and
about 2.7-3.7°C/MPa at 10 MPa. If the gas pressure drops from 20
to 10 MPa, according to Eq. 2, the temperature drop range
affected by the throttling effect is 15.0-37.0°C.

In real production, a reasonable development plan needs to be
adopted. In the throttling process of natural gas, there are two
flow states: critical flow and subcritical flow. Under the critical
flow state, the pressure fluctuation generated at the downstream
cannot affect the upstream pressure through the throttling valve
(Zheng et al., 2020). However, the pressure difference between the
two ends of the throttling valve is large, so the negative impact of
the large throttling effect should be considered comprehensively.

Critical pressure ratio is commonly used to divide critical flow
state and subcritical flow. The critical pressure ratio is defined as:

K

Downstream pressure  p, 2 \*T
g- W
Upstream pressure  p;

Kk+1

Where, « is the adiabatic index of natural gas, dimensionless; The
« value is a function of temperature and pressure and is closely
related to gas properties. When the downstream pressure to
upstream pressure ratio is less than the critical pressure ratio,
production through the valve will not change. Production and
pressure ratio are illustrated in Figure 3.

Generally, scholars believe that when the pressure after
throttling is about half of the pressure before throttling, the
critical flow state can be reached. In the critical flow state,
there is a maximum critical flow gp,.x. Eq. 4 is the calculation
formula of gas critical flow production in a single hole:

= D () )] o

Where, gy is the volume flow of gas in standard condition,
10°m*d™; p1 is the upstream pressure, MPa; p, is downstream
pressure, MPa; d is the diameter of the choke hole, mm; and y, is
the relative density of the gas. T; is the throttling valve inlet
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temperature, K; Z, is the gas compression factor at the inlet of the
throttling valve; « is the adiabatic index of the gas, x = c,/c,.

When natural gas is in a subcritical flow state, the formula of
gas flow in a single hole is as follows:

0.408p, d? : =
s (] o
yngzl k-1 P P

According to the above two formulas, when the economic
production range is determined, a reasonable size of single-hole
choke can be estimated. Considering the number of holes and their
distribution, an appropriate throttling valve can be preliminarily
selected. When the flow is in the subcritical flow state, the flow rate
varies with the pressure difference between the two ends of the
throttling valve. Therefore, it is more necessary to adjust the
throttling valve size to match different production procedures.

GEOMETRIC MODEL AND MESHING

The cage-sleeve throttling valve is a commonly used choke type in
the subsea production system. Compared with needle valves and
orifice valves, the cage-sleeve throttling valve has a symmetrical
distribution of throttling holes. When the gas passes through a
throttling hole, it is a mutual hedge to consume energy. This
structure improves the gas flow field distribution in the throttling
valve so that the production is more stable.

This study designs a 3D cage-sleeve throttling valve model using
Solidworks, and its structure is shown in Figure 4. The core parts of
the cage-sleeve throttling valve are the cage sleeve and the plunger. Its
working principle is to control the movement of the internal plunger
through the stem, then the plunger covers the cage-sleeve holes to
adjust the flow area (Malavasi and Messa, 2014), directly affecting the
flow ability of the throttling valve, and finally achieving the purpose of
throttling. The pipe inner diameter in the inlet and outlet of this
model is 4 "1/2 (114 mm). Each row of the throttling holes is
arranged in parallel along the axis of the cage-sleeve and has an
angle of 60° along the circumference. The number of holes in each
row is 5, so the total number of throttling holes is 30. Large holes meet
the requirements of high production and small holes can flow low
production.

The throttling holes on the cage sleeve are not continuous, and
the size of the holes is not the same. This study uses the method of
the specific area defining the opening degree, which is the ratio of
the open hole area to the total area of the cage-sleeve hole (Feng
et al, 2017). The opening degree is calculated as shown in :

open

n= x 100% (©6)

total

According to Eq. 4 and 5 for single-hole calculation and simulation
results, the flow rate of the throttling valve in this study has exceeded
200x10* sm’/d, which already meets the production requirements,
when the 9, 6, and 3 mm throttling holes are all opened. On this basis,
five groups of production opening degrees were determined. Since the
gas flow capacity of different sized holes is not consistent, the number
of holes determining the opening degree does not increase uniformly.
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FIGURE 4 | Diagram of the cage-sleeve throttling valve structure.

Cage-sleeve

TABLE 1 | The number of opened throttling holes with their different opening degrees.

Opening degree/% The number of 3 mm

holes
714 6
21.43 6
35.71 6
67.86 6
89.29 6

In order to set an appropriate opening degree gradient, the final
number of opened throttling holes is determined, as shown in Table 1:

According to each different opening degree, we establish different
geometric models, and then grid the model, specifically in the
vicinity of the throttling holes for local grid refinement. This
study used tetrahedrons mesh which was suitable for
unstructured models. The element size is 5-10 mm, and the face
size of the hole is 0.5-1.0 mm. The number of mesh is from 1 million
to 3 million, and mesh meets the requirement of skewness,
minimum orthogonal quality, and maximum aspect ratio, which
ensure the accuracy and efficiency of computations in simulation
software. The fluid of numerical computation is pure methane,
following the SRK equation of real gas state equation, and the
Realizable K-¢ turbulence model and energy equation were adopted.
The throttling inlet pressure is 20 MPa, and the inlet temperature is
set at 330 K. As for the temperature of the wall, 280 K is set in our
study, which is the temperature at the seabed. The second-order
upwind scheme is used for discrete schemes, and the steady-state
model is used for computation (Li et al., 2018).

DETAILED CHARACTERIZATION OF
PHYSICAL FIELD OF SUBSEA
THROTTLING VALVE AFFECTED BY
DIFFERENT FACTORS

By using numerical simulation software ANASY Fluent, the
temperature, pressure, and velocity fields of high-pressure gas
flowing through the orifice of the subsea throttling valve can be

The number of 9 mm
holes

The number of 6 mm
holes

[ONoNoNGNe]
a0 w o oo

accurately characterized. According to the different backpressure of
subsea pipeline and the opening degree of subsea throttling valve, the
influence of the Joule-Thomson effect on the safety of gas flow under
different factors is analyzed, then the local high-risk area of subsea
throttling valve is found out. Finally, the safe and feasible operation
suggestions of subsea throttling valve are put forward.

Appropriate Downstream Pipe Prefilling

Pressure

As gas reaches the subsea wellhead, the pressure in the wellbore
slightly decreases, so the subsea wellhead pressure is usually high
during the early production stage. Subsea production piping to
the central processing platform is usually prefilled with nitrogen
to reduce the pressure difference between the upstream and
downstream of the subsea throttling valves, reducing the
temperature plunge caused by the throttling effect.

Prefilling pressure is a factor that needs to be considered in the
field, and appropriate prefilling pressure is selected to meet the
requirements of efficient and safe production. Unilaterally
reducing the throttling pressure difference at both ends of the
choke will consume a large amount of nitrogen, which will have
certain requirements on the capacity of the prefilling pump and
increase the cost. However, low prefilling pressure leads to low
temperatures and hydrate formation risk after throttling. In order
to determine the appropriate prefilling pressure, this paper
simulates the subsea cage-sleeve throttling valve with a
downstream prefilling pressure of 3-14 MPa and obtains the
corresponding physical field parameters.
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FIGURE 5 | Vertical profiles of choke temperature under prefiling
pressure of 4 MPa (A) and 8 MPa (B).

Upstream and downstream position of throttle valve hole

Temperature

FIGURE 6 | Temperature trend curve of the throttling valve hole.

Firstly, the throttling valve is analyzed as a whole. It can be
concluded from Figure 5 that the temperature of the gas will
decrease to varying degrees after passing through the subsea cage-
sleeve throttling valve. When the prefilling pressure is 4 MPa, the
downstream temperature has been as low as —20°C, and the local
low temperature at the outlet of the valve hole on the cage is as
low as —90°C. When the downstream prefilling pressure is 8 MPa,
the downstream temperature is slightly above 0°C, but there was
still low temperature locally at the holes.

As for the local temperature change of the throttling holes, the
overall trend is shown in Figure 6, which will first drop sharply at
the valve hole and then rise up downstream. The same goes for
pressure (Yu et al., 2017).

Downstream prefilling pressure / MPa

+ 6 8 10 12 14
20 —— T

(5]

100 |

-130

Temperature at throttle hole/ °C

-160 -

FIGURE 7 | Temperature curve of throttling at different prefilling
pressures.

The lowest temperature of the holes under different prefilling
pressures is shown in Figure 7. The lowest temperature at the
throttling holes can be as low as —100°C. For subsea X-trees,
jumper bent pipelines and subsea gas transmission pipelines, the
steel of low temperature resistant is required to be used once the
temperature falls below —40°C, which will increase operating costs
(Wang et al, 2013). Therefore, in the selection of prefilling
pressure, the downstream needs to be filled at least 7 MPa to
meet the requirements.

At the same time, the speed in the cage hole is the largest in the
whole throttling valve. One advantage of the cage-sleeve
throttling valve is that the holes are distributed relative to each
other along the cage, which dissipates the kinetic energy of the gas
and reduces the vibration of the throttling valve. As can be seen
from Figure 8, a violent vortex will be formed at the left plunger
of the throttling valve, and a gas jet section will be formed along
the outlet section at the right.

Under different prefilling pressure, the maximum speed in the
cage holes is shown in Figure 9. At the lower prefilling pressure,
the gas velocity is over the local speed of sound. In the critical flow
state, the large gas flow rate will cause serious cage-sleeve erosion,
so choosing a throttling valve material needs to consider the
maximum capability of erosion resistance (Nokleberg and
Seontvedt, 1998). If the gas carries sand, it will cause more
serious abrasion damage (Zhu et al., 2021).

Throttling Valve Opening Degree to Match

Production

As a component connecting the subsea wellhead and downstream
gas pipeline, the main function of the subsea throttling valve is to
match the appropriate production under different valve opening
degrees. By simulating five groups of throttling valves with
different opening degrees, the physical field parameters with
corresponding opening degrees are obtained.

For production, the greater the valve opening degree, the
greater the volume of gas through the same upstream and
downstream pressure conditions. As shown in Figure 10, as
the pressure difference between upstream and downstream
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FIGURE 8 | The vertical profile and vector diagram of throttling valve velocity under the prefiling pressure of 3 MPa (A) and 7 MPa (B).
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FIGURE 9 | Peak velocity curve at valve hole under different prefiling
pressures.

increases, the pressure ratio between downstream and upstream
gradually decreases from one, and the gas production gradually
increases. When the critical pressure difference is reached, the gas
production will no longer increase, and the gas will be in a critical
flow state. Especially when the smaller opening degree, the
control ability, and the flow capability of the valve are
relatively weak. Once the gas production rapidly rises, it will
be easy to reach the critical flow state. When the pressure
difference continues to increase, the flow rate of gas does not
change.

180 - 7.14% opening
160 ° 4 21.43% opening
:!? 140 L ° A 35.71% opening
5 120 ° o ©67.86% opening
"2 100 ] ®  ©89.29% opening
80 L
P ® o
5 60 A - A N [
z 40t 3 * N A
3 ¢ . A
7 20 *

0.65 0.7 0.75 0.8 085 . 09 0.95 1
Pressure ratio

FIGURE 10 | Diagram of flow rate and upstream and downstream
pressure ratio through the throttling valve in different opening degrees.

There are two approaches to regulating production. One is to
keep the pressure difference unchanged, then only change the
valve opening degree; The other is to keep the opening degree
constant and change downstream pressure. In the field, the easier
parameter to confirm is the upstream and downstream pressure
difference, so we usually choose to adjust the opening degree of
the valve to adjust the gas production. In offshore gas
development, we expect a high production. There are
corresponding risks if the throttling valve opening degree is
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FIGURE 11 | Diagram of flow rate and throttling holes speed through the
throttling valve in different opening degrees.
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FIGURE 13 | Phase equilibrium curves of hydrate formation in different
conditions.
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FIGURE 12 | Comparison diagram of inlet and outlet velocity under
different pressure ratios at an opening degree of 89.29%.

not adjusted properly. For example, under a certain flow rate, if
the throttling valve is selected with a small opening degree, the
downhole pressure needs to be reduced more to ensure the
stability of production, and the throttling effect will be
intensified. Therefore, the valve opening degree needs to
match the flow capacity of the gas. At the same time, the
impact of low temperature caused by the throttling effect
should be reduced.

The velocity distribution at the throttling holes in the cage is
related to the production. It can be seen from Figure 11 that the
maximum velocity of gas passing through the holes is limited by
the production at a small opening degree. As the opening degree
increases, the velocity at the throttling holes decreases at the same
flow rate. Under the condition of a large opening degree, the large
and small holes in the cage are opened at the same time, and the
maximum speed at the holes will increase gradually. This is
consistent with the cognition that the larger the opening
degree, the stronger the gas flow capacity (Zhang and Zhao,
2021).

After the gas flows through the throttling valve holes, the
downhole velocity gradually tends to be stable as the pipe
diameter increases. However, the downstream pressure is
lower than the upstream pressure, so the velocity of gas
downstream is increased compared with the upstream velocity,

so the shear stress of gas on the downstream pipe wall increases
accordingly (Li et al., 2021). Figure 12 shows the inlet and outlet
velocity of the throttling valve under different pressure ratios at
the opening degree of 89.29%. It shows that the downstream
velocity is slightly higher than the upstream flow rate when the
upstream and downstream pipe diameters are the same. In the
design of the downstream pipeline, it is necessary to consider the
stability of film formation in the pipeline after corrosion inhibitor
injection. If the corrosion inhibitor film is more stable, the
downstream gas velocity can be greater. Therefore, the gas
velocity after throttling should be considered when analyzing
the maximum design gas velocity of the subsea pipeline. In the
case of fixed corrosion inhibitor film stability, the downstream
velocity can not exceed the safety design value by reducing the
throttling pressure difference or increasing the downstream pipe
diameter.

Risk Analysis at Subsea Throttling Valve
Through the temperature field simulation of the throttling valve,
it is found that when the backpressure in the pipeline is 7 MPa,
the downstream temperature is around 0°C. If no corresponding
solutions are taken, the risk of hydrate formation will be
extremely high under a low-temperature and high-pressure
condition (Fu et al., 2020). At present, the common solution
of hydrate prevention is to change the thermodynamic formation
conditions of hydrate and inject a large amount of methanol and
ethylene glycol before the producing wing valve (Wang et al.,
2018).

The temperature of hydrate formation can be increased by
injecting different weights of hydrate inhibitor. Figure 13 is the
phase equilibrium curve of hydrate formation obtained through
simulation under different thermodynamic conditions. As can be
seen from the figure, the different hydrate inhibitors with the
same mass fraction have slightly different inhibition effects.
Under the condition of high temperature and pressure, the
injection effect of ethylene glycol is better than that of
methanol. Therefore, it is recommended to inject ethylene
glycol before going through the subsea throttling valve, then
methanol after going through the cooling and depressurization of
the throttling valve.
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TABLE 2 | API temperature rating table.

Temperature rating Min’C Max’C Min°F Max°F
K -60 82 -75 180
L —45 82 -50 180
P -29 82 -20 180
R Room temperature Room temperature
S -18 66 0 150
T -18 82 0 180
u -18 121 0 250
\Y 2 121 35 250
X -18 180 0 350
Y -18 345 0 650

In the stable stage of production, the temperature
upstream of the subsea throttling valve can reach 70°C and
the pressure is up to 30 MPa. Even if the temperature and
pressure drop rapidly after the gas passes through the
throttling valve, the risk of hydrate formation is low.
However, in the shut-in stage, due to the lack of an
upstream gas heat source and the influence of the low
temperature of the seabed, once the well starts up, the risk
of hydrate formation will be very high under the
superposition of the throttling effect at the subsea
throttling valve. It is necessary to accurately characterize
the temperature and pressure field at the subsea throttling
valve and put forward the corresponding hydrate inhibitor
injection scheme (Guan et al.,, 2014).

Low temperature will not only have the risk of hydrate
formation but also affect the strength of the manifold. Subsea
pipeline has requirements on temperature resistance range,
and API has made relevant standards on temperature rating of
materials related to subsea X-tree, as shown in Table 2 (Jiang
et al., 2018). It shows that pipelines with different temperature
levels meet different production conditions. For high
temperature and high-pressure gas wells, once there is a
serious throttling effect, the gas temperature changes
sharply, and the material of pipelines and valves have to
adapt to large temperature changes. Therefore, in the early
design and valve selection, it is necessary to accurately
consider the throttling valve temperature change.

CONCLUSION AND RECOMMENDATION

The structure of subsea X-trees is complex, and there are many
valves. The size of the flow channel at the holes of the subsea
throttling valve changes significantly, and the throttling effect is
significant, so the temperature and pressure drop is large. It is
necessary to take the fine characterization of physical field and
risk analysis of subsea cage-sleeve throttling valve, so the
following conclusions are drawn:

Subsea Choke Flow Assurance

1) Determining the appropriate prefilling pressure in the
downstream pipeline is conducive to the safe production of
the subsea throttling valve. Based on the characteristics of the
cage-sleeve throttling valve and the Joule-Thomson effect, it is
recommended to prefill the downstream of the throttling valve
at a pressure of about 7 MPa for the simulated deepwater well
case. This can not only reduce the throttling effect, avoid
extreme low temperature, and reduce the risk of hydrate
formation, but also reduce the risk of valve hole erosion.
Select the throttling valve opening degree to match the
production. The throttling valve controls the fluid flow and
ensures regular production. Before the selection and design of
the throttling valve, it is necessary to understand the flow
characteristics of the throttling valve and match the
appropriate opening degree considering the downstream
pressure and expected production.

3) The temperature field and velocity field at the subsea
throttling valve can be accurately described by the
simulation of the 3D model, which is helpful to analyze the
risk of hydrate formation under different conditions, select
appropriate throttling valve materials and ensure the smooth
subsea production.

2

~

These physical fields are based on the cage-sleeve throttling
valve model that we built, and the physical field varies slightly
from model to model. Meanwhile, this study is based on the
steady-state model, and future researchers can study the transient
model to more accurately describe the physical field dynamic
process of the subsea throttling valve.
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