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Abstract: Annulus pressure control is critical to well safety in deepwater oil and gas wells, and it
is crucial for deepwater high-pressure oil and gas wells, which are related to production safety. At
present, the deepwater annular pressure analysis model is mainly based on the trapped annulus
principle. For the high annular pressure of deepwater high-pressure oil and gas wells, it brings great
management and control challenges. This paper proposes a deepwater high-pressure oil and gas
well annular pressure analysis method considering formation connectivity. According to the existing
measures of annular pressure management and control, the differences between various types of
annular pressure management and control technology are systematically analyzed and expounded,
and the annular pressure management and control technology of deepwater high-pressure oil and
gas wells is proposed accordingly. At the same time, combined with the actual case of a deepwater
high-pressure well in the South China Sea, the annular pressure considering different influencing
factors is analyzed, and the appropriate management and control methods of annular pressure are
recommended. This paper systematically summarizes and studies the analysis and control technology
of annular pressure in deepwater high-pressure oil and gas wells, which provides a technical basis
for China’s deep water to move from conventional deepwater to deepwater high-pressure, and can
provide a reference for the management and control of annular pressure in oil and gas wells in
subsequent deepwater projects.
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1. Introduction

The pace of global offshore oil and gas exploration and development has accelerated
significantly, with the total amount of new offshore oil and gas discoveries exceeding that
of land, and continued growth in reserves and production, which has become a strategic
replacement area for global oil and gas resources. International Energy Agency data show
that in the past decade, with the discovery of reserves of more than 100 million tons of
large oil and gas fields, offshore oil and gas accounted for 60%, half of which is located in
deepwater. At the same time, China has a vast ocean territory, and deepwater oil and gas
resources are rich [1-3].

Due to the special characteristics of deepwater subsea Christmas trees and wellhead
structures, the annular pressure between the casing cannot be released. Once the annular
pressure rises beyond the strength limit of the string column, it will easily lead to cas-
ing extrusion and deformation, wellhead device failure, and even cause an uncontrolled
blowout, resulting in huge economic losses and safety accidents. As shown in Figure 1,
high annular pressure in deepwater oil and gas wells leads to casing crush and rupture.
The trapped annular pressure has caused the abandonment of deepwater oil and gas wells
in the Marlin field in the Gulf of Mexico, the Pompano A-31 stuck drilling accident, and
the tubing deformation in the Mad Dog Slot oil and gas field W1 well [4-6]. In 2004 [4],
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D.W. Braddord, R.C. Rillis, and S.W. Gosch published a series of articles on the cause, well
design, and prevention of the Marlin Field accident in the Gulf of Mexico. It is pointed
out that in addition to the rapid decomposition of hydrate, spiral bending of tubing, and
wellhead movement, the rapid rise of enclosed annulus pressure in the early stage of testing
should be one of the main causes of the accident. In 2006 [5], P.D. Pattillo et al. analyzed
the stuck drilling accident in the Pompano A-31 well in the Gulf of Mexico. It is pointed
out that the drilling fluid carries heat up from the bottom of the well during the circulation
process, causing thermal expansion of the liquid in the outer casing annulus, resulting in
pressure in the closed annulus. The 16-inch casing is squeezed and deformed, resulting
in a stuck drill string. In 2017, Marcus V. D. Ferreira et al. [7]. conducted a numerical
simulation study on heat transfer behavior in the wellbore, considering that a change in
the wellbore temperature field would cause pressure in the closed annulus. In 2014, Yin
Fei and Gao Deli et al. [8] included the change of annular liquid expansion compressibility
with temperature into the calculation model of annular pressure, which improved the
prediction accuracy of annular pressure. Since 2013, Yang Jin et al. [9] have established a
casing annulus pressure prediction model for deepwater oil and gas wells and adopted an
iterative method to calculate multi-level annulus pressure. Therefore, the prediction and
control of the well annulus pressure are of great significance for the safe development and
production of deepwater oil and gas fields.
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Figure 1. Schematic diagram of casing collapse caused by excessive annular pressure in deepwater
oil and gas wells.

In recent years, with the rapid development of domestic deepwater oil and gas fields,
the exploration and development of deep-water high-pressure oil and gas fields have
entered from deep-water conventional oil and gas fields. Most previous studies have
focused on the prediction and prevention of annulus pressure in conventional deepwater
oil and gas fields. In order to more accurately predict and control annulus pressure in
deep-water high-pressure oil and gas fields, this paper studies the source and necessary
conditions of annulus pressure in deep-water wells based on the analysis of the well
structure of typical deep-water wells and the structural characteristics of underwater
wellhead devices. This paper analyzes the change law of annulus fluid thermodynamic
performance with temperature, establishes the prediction model of annulus pressure in a
deepwater high-pressure oil and gas field under the action of multi-annulus, analyzes the
measures to control annulus temperature rise and pressure control, and recommends the
suitable annulus pressure control method based on specific engineering cases.
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2. Basic Methods for Annular Pressure Analysis in Deepwater Oil and Gas Wells
2.1. Basic Equation of Wellbore Temperature Field

According to the mechanism of heat transfer, heat transfer can be divided into three
forms: heat conduction, heat convection, and heat radiation [10,11]. For deepwater oil and
gas wellbore, heat conduction and heat convection are the two main methods [12-15].

2.1.1. Heat Conduction

Heat conduction, also referred to as thermal conductivity, is an instinctive property
of matter. In 1822, the French mathematician Fourier first experimentally analyzed the
phenomenon of thermal conductivity and summarily proposed the basic equation that
reveals the problem of the thermal conductivity of objects, namely Fourier’s law. The
mathematical expression is as follows:

P = ?\Ag (1)
5
@ is the heat flow rate, representing the heat transferred unit time, W;
A is the thermal conductivity, reflecting the magnitude of the object’s thermal conduc-
tivity, which is generally measured experimentally, W/(m°C);
A is the cross-sectional area perpendicular to the direction of heat conduction, m
§ is the thickness of the thermal conductor, m;
AT is the temperature difference between the two sides of the thermal conductor, °C

2;

2.1.2. Heat Convection

During the testing and exploitation of deepwater oil and gas wells, the heat transfer
between the high-temperature formation of viscous fluid inside the tubing and the inner
wall of the tubing is classified as surface convective heat transfer. At present, the convective
heat transfer coefficient inside the tubing still needs to be obtained experimentally, and the
most widely used is the Dittus-Boelter formula, which applies to the empirical relationship
between gas and low viscosity fluids in the case of a temperature difference between the
medium wall and fluid:

Nyf = 0.023R2J-§ 7 )

N, is the Nussle number; R, is the Reynolds number; P,y is the Prandtl number.

2.2. Fundamental Equation of Annular Pressure

The calculation of annular pressure is based on the PVT equation of state, and partial
differentiation of the equation can be obtained as follows: [16,17]

o 1 1
AT, — A A
K~ " KV, Va+ KrVf Vs ©)

Ap, =

« is the thermal expansion coefficient of the annular fluid, 1/°C;

Kr is the isothermal compression coefficient of the annular fluid, 1/MPa;

ATa is the temperature change of the annular fluid, °C;

AV, is the volume change of the annulus, mS;

V, is the volume of annulus fluid, m53;

AV is the volume change of annular fluid, m3;

Vf is the volume of the annular fluid, m3.

The first term in the equation represents the value of the annular pressure increase
caused by the thermal expansion of the annulus; the second term represents the annular
pressure change caused by the volume change of the casing under the combined effect of
temperature and pressure; and the third term represents the pressure change in the annulus
caused by the volume change of the liquid in the annulus.
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The PVT equation considers annulus pressure as a function of annulus temperature,
volume, and annulus fluid mass, which can be expressed as:

Pa = Pa(T,, Vs, m) (4)

The total increment differential of annular pressure pa at the point (T, , V;, m) can

be expressed as:
_ ([ 9pa dpa 9pa
dps = (aTu>ATa + (8 v, )A V, + (am Am 5)

The isobaric expansion coefficient of annular liquid refers to the volume change rate of
liquid with temperature under constant pressure, which can be expressed by definition as:

AV
"7 VT,

(6)

The isothermal compression coefficient of annular liquid refers to the volume change
rate of liquid with pressure under constant temperature. Since the volume of liquid
decreases when it is compressed, and the isothermal compression coefficient is positive, a
negative sign needs to be added, which can be expressed as:

AVy

Kr=- VAP, @

In the initial state, the annulus volume of the closed annulus is equal to the annulus
liquid volume, and thus:
Vi="V, ®)

At constant volume, a rise in temperature will cause an increase in the volume of the
liquid, and which at constant volume, will cause a rise in pressure. Therefore, the rise
in unit temperature will cause a rise in pressure, and the change in liquid volume with
pressure is negative, so:

P AVy V¢AP, o
= — — = —AT
(aTa)ATa VAP, * AV, *x AT, KTA a )

According to the production process of annulus pressure, the increase in annulus
volume helps accommodate thermal expansion fluid. The derivation process is as follows:

VAP,
<ap”>AVa:<f >1AV _ 1 Ay, (10)

Vs AV, ) VST T KV,

The increase in annulus liquid mass will lead to an increase in pressure in the enclosed
annulus. The derivation process is as follows:

9Pa\py — _ [ OPa _ 1
(am>Am = (an >a Vf = KTVfAVf (11)

Equation (3) can be obtained by substituting Formulas (9)—(11) into formula (5).

3. Establishment of Annular Pressure Analysis Model for Deepwater High-Pressure
Oil and Gas Wells

3.1. Classical Analysis Model of Annular Pressure

The current mainstream study of deepwater oil and gas well annular pressure is based
on the volume compatibility principle of trapped annular pressure [10]. The principle of
trapped annulus pressurization is similar to the ‘hydrothermal pressurization’ in geology,
that is, after the wellbore is heated, the volume of the annulus and the liquid inside the
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annulus change at the same time, and the difference in thermal properties between the
liquid and the casing makes it difficult for the volume of the annulus to accommodate the
thermally expanded liquid, in order to meet the volume compatibility, the pressure rise in
the annulus produces a compression effect on the liquid volume, so that the limited volume
of the annulus can accommodate the thermally expanded liquid. Given that the annulus
and the annulus liquid are in the exact same temperature and pressure field, the annulus
liquid and the volume of the closed annulus always remain equal, that is, the volume
change of both the same amount. According to the definition of the isobaric expansion
coefficient, the increase in the volume of the annular air-liquid caused by warming can be
expressed as follows:

AVe = AV, (12)

According to the definition of the isobaric expansion coefficient, the volume increase
of annulus liquid caused by a temperature rise can be expressed as follows:

AVft = K1 VfAT (13)

Similarly, according to the definition of the isothermal compression coefficient, the vol-
ume reduction caused by annular pressure compression of annular liquid can be expressed
as follows:

However, the casing is not completely rigid, and the annular volume of the wellbore
will cause the deformation of the oil casing due to the action of the annular pressure, AV,
can be derived from the elastic—plastic mechanical model [11], and the annular pressure
can be expressed as follows:

1
Ap = I%AT AV (15)

3.2. Prediction Modeling of Annular Pressure Considering Formation-Cement Ring Permeability

Classical annular pressure analysis considers the annular space to be trapped, which
is conservative and too demanding for deepwater wells, and sometimes it is difficult to
select a suitable casing to meet the operational safety. At the same time, the formation of
the annulus is dependent on the cementing agent. Due to the inherent characteristics of
cementing cement, micro-gaps are often associated with the cement solidification process,
resulting in leakage between the cement ring and formation. According to Darcy’s law
analysis, it can be considered that the cement ring and the formation have equivalent
permeability properties K¢c, which is defined as the formation—cement ring equivalent
permeability, then the annulus volume change caused by permeability can be expressed as
follows: Aed

-6 Cs “p
AV =10""Kqc w4 (16)

Ky is the formation—cement ring equivalent permeability, mD;

Acs is the contact area between stratum and cement ring, m?%

u is dynamic viscosity, MPa-s ;

Z—’l’ is pressure drop, MPa/m.

When considering the formation—cement ring permeability, the annulus pressure can
be calculated by Formula (3); that is, the change in annulus volume is taken into account,
and this method is more similar to the simulation of actual well conditions.

4. Research on Annular Pressure Control in Deepwater High-Pressure Oil and
Gas Wells

Deepwater high-pressure oil and gas wells usually have higher bottomhole tempera-
tures and higher production capacities than conventional deepwater oil and gas wells, so
the management of annular pressure is more critical. After understanding the mechanism
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of pressure increase caused by annular trap closure, the main way to achieve annular
pressure control is by controlling wellbore temperature change and volume change.

4.1. Annular Pressure and Temperature Control Method

There are usually two methods for annular pressure and temperature control, respec-
tively, using insulated pipe and annular injection of insulated fluid.

4.1.1. Insulation Pipe

Thermal insulation pipe mainly refers to thermal insulation tubing and thermal insula-
tion casing. The main principle is to control the thermal conductivity of the pipe, so that the
temperature of the annulus can be effectively controlled after the use of thermal insulation
pipe. However, the thermal insulation pipe only increases the thermal resistance of the heat
conduction in the wellbore, making the temperature of the wellbore rise relatively slowly
compared with that of the ordinary oil casing, so that the annular pressure can be controlled.
To ensure that the full-life annular pressure of deepwater oil and gas wells is below the
maximum allowable annular pressure, heat loss control at the joint of insulated tubing still
requires improved insulation. According to the relevant literature, the regulation effect of
insulated tubing has been simulated in indoor tests and studied and applied in deepwater
oil and gas fields in Brazil, the Gulf of Mexico, and the South China Sea areas [17-19].

4.1.2. Annular Heat Insulation Fluid

The principle of heat insulation fluid injection into the annulus of deepwater oil and
gas wells to control temperature rise is the same as that of heat insulation pipe. Especially
when there are many layers of tubing and casing, injection through multi-layer casing
can achieve better temperature control effect. According to literature research, the third
generation of annular heat insulation fluid products has been formed, which has stable heat
insulation performance, low corrosion, high temperature resistance, and also has good low
temperature rheology during injection. At the same time, the annulus heat insulation fluid
is solid free, which overcomes the problem of traditional drilling fluid solid deposition. It
is widely used in deepwater oil and gas fields in the Gulf of Mexico because of its lower
cost [20-22].

4.2. Annular Pressure Control Methods

The control of annulus pressure is mainly based on the volume-increment technology
resulting from pressure leakage, including pressure relief valve technology, annulus com-
pressible volume technology, and pressure relief technology for annulus pressure formation.
At the same time, because of the special type of subsea wellhead used in deepwater oil
and gas wells, supplementary pressure can also be used to ensure the safety of tubing
and casing.

4.2.1. Pressure Relief Valve Technology

The pressure relief valve is a special tool installed on the casing nipple near the subsea
wellhead, as shown in Figure 2. It automatically opens when the pressure difference
between the inside and outside of the casing reaches the rated damage pressure of the
pressure relief valve, balancing the pressure on both sides of the casing and creating a
pressure release channel to the formation to protect the inner casing of the annulus. For
the 35.56 cm and 50.80 cm casings with the risk of casing collapse, two casing pressure
relief valves are installed on the upper part of the casing for mutual backup, and the two
pressure relief valves are connected in a 180-degree distribution. In field use, the pressure
relief valve is installed on the casing sub with the same size and steel grade as the casing
string to facilitate field connection and running. The rated damage pressure of the pressure
relief valve must be less than the extruding strength of the inner casing and the internal
compression strength of the outer casing [23].
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PRt
Figure 2. Schematic of casing sub with broken ring installed.

4.2.2. Annular Compressible Volume Technology

Annulus compressible technology is mainly used to add compressible materials into
the annulus, as shown in Figure 3. At present, the main methods include adding hollow
microspheres to isolation fluid, wrapping compressible foam material around casings,
injecting compressible inert gas, etc.

closed annular fluid

duised
dursed

Figure 3. Schematic installation with compressible foam casing.

A hollow microsphere is a kind of glass microsphere with a hollow structure and
a diameter of 19.05~45 um. According to different temperature changes and annulus
structures, the rupture pressure of insulating glass microspheres can be adjusted, and
the chemical properties and thermal stability are good. The release space can reach up
to 40% of the annulus volume. When the pressure of the sealed annulus reaches the
breaking pressure of the glass sphere, the glass sphere will break, releasing extra volume to
contain the expanded annular liquid and reducing the annular pressure. In engineering
applications, it is necessary to prevent the glass microsphere from breaking in advance
under the pressure of the liquid column.

With the increase in pressure, the volume of compressible foam begins to shrink. When
it is wrapped outside the casing, the space containing the expansion of annulus fluid can be
released to prevent the growth of annulus pressure, thus achieving the purpose of reducing
the pressure of the enclosed annulus. The volume change of compressible foam can be
divided into elastic compression stage, smooth compression stage and compaction stage,
and finally reach the volume shrinkage limit. The key to compressible foam technology is
the volume shrinkage rate and working pressure of the material. At present, the volume
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shrinkage of compressible foam is generally greater than 30%, the maximum is 50%, the
minimum working pressure is about 28 MPa, and the temperature resistance is up to 110 °C.
It has been used in deepwater oil and gas wells in the Gulf of Mexico, the North Sea, and
West Africa [24-26].

The principle of annulus injection of compressible inert gas is the same as that of
compressible synthetic foam technology, which is to absorb excess pressure by increasing
the space of the closed annulus. The current common practice is to inject a certain percent-
age of nitrogen into the annulus to break the plug because the isothermal compression
coefficient is much greater than that of the annulus liquid. The annular pressure decline
slows as the volume of nitrogen foam is increased, and a relatively small amount of nitrogen
(<5% of the volume of the annulus) can absorb enough added annulus pressure to prevent
casing failure.

4.2.3. Pressure Relief Technology of Annular Pressure Formation

Annular pressure is created because the layers of casing cement slurry flow up into the
upper casing, creating a trapped space. If there is no zone that must be sealed, the cement
return height can also be controlled to allow the annulus to connect to the drilled formation,
providing a possible channel for pressure relief. At the same time, it is necessary to consider
that in the long term, the solid phase content in the packer fluid inside the annulus will
continue to accumulate, so the reserved annulus space can avoid the pressure release
requirement after solid phase compaction. In theory, the accumulation of annular pressure
on the upper casing shoe or the fracture pressure in the weak zone of the exposed well
will release the annular pressure generated by the trap into the formation. The maximum
annular pressure is as follows:

Pfmax = Pf (17)

P fmax is the maximum annulus pressure, MPa;

py is the fracture pressure at the upper casing shoe or the weak zone in the exposed
well section, MPa.

A annular pressure relief/replenishment technology.

Because of the special structure of the subsea wellhead and subsea Christmas tree,
it is impossible to detect and manage the pressure of the casing annulus at each level in
deepwater oil and gas wells as it is in onshore wells. Figures 4 and 5 are the schematic
diagrams of annular pressure detection and management methods for horizontal and
vertical subsea Christmas trees, respectively.

annular reversing valve

annular entry valve testing line
yJL -

annular main valve

C production exit

tubing hanger

subsea horizontal Christmas tree

wellhead housing

- %
¢ conductor housing
L mud line
conductor

C subsea control subsurface safety valve

I » surface casing

B annulus

A annulus b technical casing

—
&——— production tubing

= X

= =

Figure 4. The diagram of pressure detection and management in each annulus of subsea horizon-
tal tree.
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annular reversing valve
C production exit
annular entry valve testing line —*
annular main valve /T

I subsea vertical Christmas tree

tubing hanger

wellhead housing

conductor housing
mud line
conductor

C annulus ’ subsea control subsurface safety valve

B annulus

& surface casing

p |, technical casing

A annulus
&——— production tubing

=

=l

production casing
Figure 5. The diagram of pressure detection and management in each annulus of subsea vertical tree.

In the process of deepwater drilling and completion, the surface conductor is usually
verbally fixed with conductor housing and run by injection. The surface casing is verbally
fixed to the wellhead housing, run through drilling, and then the well is sealed and
cemented. After each opening, the casing is directly hung inside the wellhead housing,
and the double sealing method of metal-to-metal and rubber-to-metal is adopted for
strict sealing [27-30]. Therefore, after the installation of the subsea wellhead and subsea
Christmas tree, only the A annulus between the tubing and the production casing can
adjust the pressure. The annulus pressure is mainly detected by the pressure sensor under
the A annulus main valve and the umbilical annulus pressure line. At the same time, the
pressure is managed by the A annulus main valve, the annulus entry valve, or the chemical
injection line. Other casing annuli cannot be managed.

For deepwater oil and gas wells, the A annulus can either release pressure or supple-
ment pressure. The principle is to maintain appropriate pressure to ensure the operational
safety of each casing.

4.3. Recommended Methods for Annular Pressure Management in Deepwater High-Pressure Oil
and Gas Wells

Deepwater high-pressure oil and gas wells have a higher production layer temperature
than conventional deepwater wells, which makes it more difficult to manage the annulus.
In general, high-specification casing is needed to meet the requirements of annulus pressure
management. In view of the annulus temperature control and annulus pressure control
methods proposed above, the advantages and disadvantages of different management
methods are introduced in detail. Moreover, considering the application range, reliabil-
ity, operating cost, and other factors, the annulus pressure control measures suitable for
deepwater high-pressure oil and gas fields are recommended, as shown in Table 1.

Table 1. Comparison and analysis of annular pressure control methods.

Technical Technical Scope of R Cost of
Control Measures Advantages Disadvantages Application Reliability Operations
High High thermal
Annular Insulation pipe requirements for conductivity at Wide Medium High
temperature on-site operation the junction
control Annulus Convenient Limited isolation range Wide Medium Medium

insulation fluid

on-site operation
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Table 1. Cont.

Technical Technical Scope of o1 Cost of
Control Measures Advantages Disadvantages Application Reliability Operations
Damage to well integrity;
High requirement for
formation pressure
Insta.ll presstire Easy installation pI:ediCtiOI‘l; The. ri.sk 9f Wide Medium Low
relief valve solid phase precipitation
being buried; Limited
pressure test and
well control
Prevent glass
Hollow Convenient microspheres from
microsphere on-site operation breaking early under the Wide Poor Medium
isolation fluid p pressure of liquid
column
Ensure well
integrity, wide
range of pressure
Compressible control options, Unable to recover, easy Wide Hieh Hich
Annular foam and high to cause vacuum & &
pressure requirements for
control on-slte .
construction sites
Ensure well
integrity, wide
Inject rigﬁ;g{ (}))r;s;:ge Nitrogen leaks easily;
compressible and h? h * Too much pressure turns Low High High
inert gas . & into liquid nitrogen
requirements for
on-site
construction sites
Pressure relief ?2;;112:; E;iilsalﬁ; Need to measure cement
technology of solved; return; The s.ol%d phase High High Low
annular pressure cementing content of drilling fluid
formation . easily causes trap space
relatively easy
A annular The pressure of B and C
pressure relief/ Easy to operate annulus is unknown.and Medium Medium Low
replenishment the control range is
technology limited
Deepwater cementing is
glzotsrg;:r(;h;e; difficult or impossible;
Elimination of =~ Complete sealing P . Easy to cause the sealing .
annulus with Low Low Medium

annulus and cementing

pressure, without
management

assembly and BOP
cement contact brings
complex situation

According to the analysis results in Table 1, the annular pressure formation relief
technology is most applicable when the formation conditions permit. In addition, the instal-
lation of pressure relief valves and compressible foam is more suitable for the management
of annular pressure in deepwater high-pressure oil and gas wells.

5. Engineering Case Analysis
5.1. Basic Information of Deepwater High-Pressure Oil and Gas Wells
A deepwater deep well X-1 in the South China Sea, water depth 957.3 m, well depth

5379.89 m, reservoir temperature 138.5 °C, reservoir pressure 60 MPa, casing data of each
layer are shown in Table 2. According to the well passing oil, gas, and water formations,
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the cement return height of 339 mm casing is 1966 m (2166 m is the top of the passing gas
formation), and the cement return height of 245 mm casing is 4400 m (4450 m is the top of
the passing water formation). Moreover, a 660 mm borehole adopts a seawater/general
earth slurry and CaCl2 polymer brine bedding slurry; a 406 mm borehole adopts a synthetic
drilling fluid system; a 311 mm borehole adopts a synthetic composite drilling fluid system;
and a 215 mm borehole adopts a water-based drilling fluid system.

Table 2. X-1 well basic information data sheet.

Name Qutside Wire Weight Steel Grade Depth
Diameter m kg/m m

Conductor 914 351.3 X56 1072.7
Surface casing 508 197.9 X56 1700
Technical casing 339 101.2 P110 3385
Production casing 245 79.6 P110 5170

Liner 178 47.6 P110 4600-5375

Tubing 114 22,6 P110 5300

5.2. Fundamental Analysis of Annular Pressure

The inclination angle at the 508 mm casing shoe of well X-1 is 20°, and the inclination
angle at the 339 mm casing shoe is 55°. According to the analysis of solid phase content
in the casing drilling fluid of each layer, the 508 mm casing and 339 mm casing annulus
still have 168 m annulus space to connect with the formation after long-term solid-phase
settlement. The 339 mm casing and 245 mm casing annulus still have 359 m annulus space
to connect to the formation after long-term solid-phase settlement. However, considering
the influence of the well inclination angle, in order to ensure lifetime wellbore safety, it is
conservatively believed that the 508 mm casing and 339 mm casing annulus can connect the
release pressure with the formation, while the 339 mm casing and 245 mm casing annulus
cannot connect the release pressure with the formation, that is, the B annulus is considered
as the trap space.

In order to ensure the accuracy of wellbore temperature field prediction, two main-
stream software programs, the well string design and analysis software Wellcat and the
full-dynamic multiphase flow simulation calculation software OLGA, were used for sim-
ulation analysis. Taking the wellhead temperature at the initial stage of production as
an example, the temperature analysis results were 98.2 °C and 98 °C, respectively. The
wellbore temperature profile for subsequent annular pressure analysis is shown in Figure 6.

Wellbore Temperatures - Early

750

o\ﬁ__h__. ,< xﬁ—\+\\ + Casing1 Annulus

1 T J __________ o L\ » Casing2
1500 : “‘*m ' ' ; 5 ; |+ Undisturbed

22504

30004

3750

MD ()

45004

52504
e s S S ot S

£ TRt CEELLEERE R

--------------------------------------------------------------------

7500 f f f f f f f f f f
0 15 30 45 60 75 90 105 120 135 150 165
Temperature ("C}

Figure 6. Analysis results of wellbore temperature field in well X-1.
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5.3. Influence Analysis of PVT Characteristics of Annular Isolation Fluid

The PVT characteristics of annular isolation fluid are crucial for an accurate analysis
of annular pressure [31]. Sensitivity analysis is carried out in two cases: one considers the
expansion coefficient/pressure number coefficient of annular isolation fluid as a constant
value; and the other considers the change in the expansion coefficient/pressure number
coefficient of annular isolation fluid with PVT, as shown in Figure 7. The analysis results
are shown in Table 3. Considering that the change in the expansion coefficient/pressure
number coefficient of the annular isolation fluid with PVT has a great influence on the
annular pressure, the difference between the two analysis results is about 20 MPa. Therefore,
the influence of the PVT characteristics of the annular isolation fluid must be considered in
the subsequent analysis of the annular pressure.
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Figure 7. PVT characteristics of annular spacer in well X-1.

Table 3. Influence analysis on PVT characteristics of annular isolator in well X-1.

Expansion Expansion
Annulus Coefficient/Compression Coefficient/Compression
String Coefficient is Constant Coefficient Varies with PVT
Top Depth Bottom Depth Trap Fluid Trap Fluid
m Pressure Volume Pressure Volume
MPa m3 MPa m3
339 mm casing 1966 9.51 453 9.51 451
(C annulus)
245 mm casing 4400 57.87 429 37.58 43
(B annulus)
114 mm tubing 4920 70.32 2.01 66.08 1.99

(A annulus)

As can be seen from Table 3, when the expansion coefficient/compression coefficient
of annulus isolation fluid changes with PVT, the annulus pressure changes significantly.
Compared with the constant expansion coefficient/compression coefficient, the difference
between the two annulus pressure results is about 20 MPa. Therefore, the subsequent
analysis of annulus pressure must consider the influence of the PVT characteristics of the
annulus isolation fluid.
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This is mainly because the thermal expansion coefficient of the annulus fluid is the
dominant factor in generating fluid thermal expansion pressure. Under the same tem-
perature change, the larger the thermal expansion coefficient is, the higher the volume
expansion rate is, and the larger the annulus pressure is generated. Therefore, reducing the
thermal expansion coefficient of the annulus fluid can better control the annulus pressure
rise. Under the same pressure change, the larger the isothermal compression coefficient
is, the higher the volume compression ratio is, and the smaller the annular pressure is
generated. Therefore, increasing the isothermal compression coefficient of annulus fluid
can better control the rise in annulus pressure.

5.4. Analysis of Annular Pressure and Control Method

According to the situation of well X-1, annular pressure formation relief technology can
be used to control annular pressure in the C annulus, and annular pressure relief/recharge
technology can be used to control annular pressure in the B annulus. Annular pressure
analysis can be carried out in three working conditions at different stages of production:
initial, middle, and late stage. The analysis results are shown in Table 4. The analysis
shows that the selected casing strength can meet the production safety requirements under
the pressure control of the A annulus, that is, the absolute pressure control range of the
A annulus is 25-35 MPa. At the same time, in order to ensure the safety of annulus B, the
annulus compressible volume technology can be assisted. According to Section 4.3 of this
paper, the compressible foam method is recommended.

Table 4. Analysis of annular pressure and control mode in well X-1.

Annulus Initial Production Medium Production Late Production
Working String Top Bottom Trap fluid Trap fluid Trap Fluid
Condition Depth Depth Pressure = Volume  Pressure Volume  Pressure  Volume
m m MPa m3 MPa m3 MPa m3
339 mm
A annular Casing 957.7 1966 9.51 451 9.51 2.83 9.51 2.12
pressure not C annulus
managed 245 mm
casing 957.7 4400 37.58 43 25.66 2.8 21.1 2.26
B annulus
114 mm
tubing 957.7 4920 66.08 1.99 46.08 1.35 38.41 1.12
A annulus
339 mm
A annular Casing 957.7 1966 9.51 451 9.51 2.83 9.51 2.12
pressure C annulus
management 245 mm
(APB =15 MPa) casing 957.7 4400 33.34 4.3 23.07 2.8 19.13 2.26
B annulus
114 mm
tubing 957.7 4920 15 1.99 15 1.35 15 1.12
A annulus
339 mm
A annular Casing 957.7 1966 9.51 451 9.51 2.83 9.51 2.12
pressure C annulus
management 245 mm
(APB =25 MPa) casing 957.7 4400 34.16 43 239 2.8 19.97 2.25
B annulus
114 mm
tubing 957.7 4920 25 1.99 25 1.35 25 1.12

A annulus
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A compressible foam material is installed outside the casing to reduce the additional
casing load caused by temperature. A certain amount of compressible foam material is
installed on the inner casing. When the annular pressure increases to a certain extent, the
compressible foam material begins to deform, creating a certain space for fluid expansion,
which reduces the annular pressure. The compressible foam material is installed on the
inner casing in a modular manner. Considering the convenience of running the casing, the
compressible foam module is only installed on the casing body and not on the casing joint.

6. Conclusions and Suggestions

This paper introduces deepwater high-pressure oil and gas well annular pressure
analysis and control technology and achieves the following main conclusions and recom-
mendations:

The causes of annulus pressure in deep water oil and gas wells are analyzed. Annulus
pressure is caused by the redistribution of the temperature field in oil and gas wells. The
contradiction between the limited volume of enclosed annulus and the thermal expansion
of annulus liquid is the fundamental cause of annulus pressure rise. Two basic conditions
are required for its generation: one is the heat source of the annular temperature field
change; the second is the closed space containing liquid. According to the characteristics
of complex well structures and multiple annulus layers in deepwater oil and gas wells,
a suitable annulus pressure analysis method is established according to the principle of
volume compatibility.

The advantages and disadvantages of different annulus pressure management meth-
ods are systematically analyzed, and the annulus pressure management methods suitable
for deepwater high-pressure oil and gas wells are presented. Combined with the spe-
cific analysis and research of well X-1, the compressible foam volume method is recom-
mended, the annulus pressure management technology of annulus pressure formation
is adopted for annulus pressure management in the C annulus, and the annulus pres-
sure relief/supplementary technology of the A annulus is adopted for annulus pressure
management in the B annulus.
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