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Abstract: Subsea wellheads and Christmas trees are commonly utilized in deepwater oil and gas
development. However, the special structure of subsea wellheads makes it difficult to monitor
casing–casing annular pressure buildup, which in turn poses a greater risk to the integrity of the
wellbore. In order to analyze the effect of changes in the casing-free section and the sealed section on
the variation in annulus volume, a new annular pressure buildup model of casing-cement sheath-
formation deformation was established and verified according to the elastic deformation theory.
Furthermore, the influence of casing deformation on annulus pressure buildup was analyzed. Results
indicate that the error of annulus pressure buildup predicted by the multi-string mechanical model
proposed in this paper that considers the deformation of the casing sealing section is approximately
13% lower than the one that does not consider this factor. This paper provides guidance for the design
of casing strings in deepwater oil and gas wells, ensuring safe production.

Keywords: deepwater oil and gas well; annular pressure buildup; casing sealing section deformation;
annulus volume change

1. Introduction

Annular pressure buildup is caused by fluid expansion due to temperature rise, which
in turn leads to an increase in pressure in the annular space between the layers of the
casing [1–3]. For onshore and shallow water wells, annular pressure buildup can be
reduced by wellhead pressure relief. However, for deepwater wells where the wellhead is
located underwater, the annular pressure cannot be released or reduced [4,5]. Therefore,
the accurate prediction of annular pressure buildup is crucial for the casing design and safe
production of deepwater oil and gas wells [6–8].

After several hours of production in Well A-2 of the Marlin Oilfield in the Gulf of
Mexico, the high-temperature fluid caused the annular pressure to rise, resulting in the
collapse of the production casing [9–12]. During the drilling of Well Pompano A-31 in
the Gulf of Mexico, the high circulating temperature of the drilling fluid caused the high
annular pressure, resulting in the collapse of the 16′′casing [13,14].

A. Adams [15] studied the design and strength analysis of multi-layer tubing-casing
and proposed the use of SLA (Service Life Analysis) based on the wellbore string sys-
tem to check the overall loading of wellbore strings. The method takes into account the
additional loads generated by the thermal expansion of annular fluid for the first time.
M.A. Goodman [16] applied the SLA casing design method to study and analyze the casing
strength of HPHT wells in the field. A.S. Halal and R.F. Mitchell [17] took into account
the fluid nonlinear PTV relationship and elastic deformation of the casing and performed
a rigorous mathematical derivation. Lubinski [18] proposed that the annular pressure
buildup is important to the wellbore. The thermal expansion of confined annulus fluid can
cause packer leakage, and a high wellbore profile temperature can cause tubing bending.
Klementich [19] and Adams [15], respectively, proposed that the annular fluids generate
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annular pressure buildup through being heated. Oudeman [20] proposed that the annular
pressure buildup is mainly caused by the thermal expansion/compression characteristics
of the fluid trapped in the annulus, the deformation of the casing, and the migration of the
fluid into the annulus, and established a calculation model for annular pressure buildup.
In previous studies, only the impact of casing-free section deformation on annular pressure
buildup was investigated. However, the impact of casing sealing section deformation
on annular pressure buildup has not been studied [21–25]. B. Moe [26] simplified the
calculation of casing deformation in the PVT equation and gave suggestions on how to
prevent annular pressure. In 2006, Deng Yuanzhou [27] proposed an iterative model to
predict annular pressure. Considering the coupling effect of annular pressure and volume,
the calculation result of the iterative method is 10% smaller than that of the traditional
method, mainly due to the influence of annular volume change. Huang Xiaolong et al. [28]
established a calculation model of annulus pressure by using the plane strain equation and
analyzed the influences of reservoir temperature, bottom-hole temperature, fluid properties,
production flow rate, and well mechanism on annulus pressure buildup model for the
wellbore–reservoir system. The annular temperature calculated by this model was more
accurate than that calculated by the traditional semistable method. In 2009 and 2010, A.R.
Hasan [23] proposed two models, semi-steady state and transient, to calculate the annular
pressure in the production process, in which the thermal expansion of the fluid and the
leakage effect of the fluid were strictly considered.

In order to illustrate the influence of casing sealing section deformation on annular
pressure buildup, in this paper, a coordination deformation model of casing-cement sheath-
formation was established, and then a new multi-string annular pressure buildup model
was proposed. The influence of casing sealing section deformation on annular pressure
was analyzed. The results show that the error of the annular pressure buildup model
established in this paper, which considers the deformation of the sealed casing, is about
13% lower than that predicted without considering this factor and is closer to the measured
value in the field. This study has important practical significance for guiding the casing
string design and safety production of deepwater oil and gas wells.

2. Source and Formation Mechanism of Annular Pressure
2.1. Thermally Induced Annular Pressure

At present, the sources that cause the increase in annular pressure between casing
mainly include the following three categories:

(1) Sustained Casing Pressure

Sustained casing pressure refers to the pressure phenomenon that persists in the
casing annulus after the wellhead is relieved through the blowout valve. According to
the statistics of the U.S. Department of Mines, sustained casing pressure mainly exists in
the jacket annulus, which is mainly caused by casing leakage, packer failure, and poor
cementing quality. Once sustained casing pressure is created, it is usually necessary to
replace the oil casing to eliminate that part of the annular pressure;

(2) Operator-Imposed Pressure

The annulus pressure rise caused by operation and construction mainly comes from
special production processes, such as gas lifting, heavy oil thermal recovery, and annulus
pressure monitoring and pressure test measures. Therefore, the management of this part
of annulus pressure needs to select appropriate process technology and manage it in
accordance with relevant company standards;

(3) Thermally Induced Pressure

Due to the relatively high temperature of the oil and gas extracted from the formation,
the high-temperature laminar flow will continue to lose heat to the low-temperature
medium around the wellbore during the upward migration along the wellbore, which
causes the thermal expansion of the closed fluid medium in the casing and forms the
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trap pressure. This part of pressure is common in the development of deep-water, high-
temperature oil and gas fields. Because pressure relief cannot be achieved through the
wellhead, casing collapse accidents caused by annular thermal effect are prone to occur in
the initial stage of production, threatening wellbore safety and integrity. In this paper, the
annular pressure caused by the thermal effect is studied and analyzed.

2.2. Formation Mechanism of Annular Pressure

For the study of the formation mechanism of annular pressure buildup caused by the
thermal effect, it can first be reduced to a simple physical model; in a closed structural space
filled with fluid, how much pressure will be generated in the container after the annulus
fluid is heated? As can be seen from Figure 1, due to the limitation of the rigid structure
volume, the annulus fluid cannot expand freely after heating, so a certain force will be
generated on the inner wall of the container, which the annulus pressure buildup required
to be solved. According to Newton’s third law, the inner wall of the container will also
exert the same amount of reaction force on the annular fluid; that is, when the volume of
the annular fluid expands, it is also affected by the volume compression effect, and the two
are coupled. Therefore, on the premise that the integrity of the container structure is not
damaged, the annular pressure rise problem in the confined space is mainly related to the
thermal expansion performance of the fluid itself and the change of the annulus volume.
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Figure 1. Schematic of single sealed annular pressure buildup.

3. Wellbore Annulus Volume Model

As shown in Figure 2, the cementing operation is carried out after the casing is run in
the wellbore, but the cement does not return to the wellhead. In the process of displacement
change, all parts of the medium at the first and second cementation planes are always
tightly cemented. According to the cement return height outside the casing, the casing can
be divided into a free section and a sealed section. The free section of the casing is subjected
to internal and external liquid pressure. The sealing section of the casing is subjected to
internal and external hydraulic pressure as well as cement ring pressure. The change in
wellbore annulus volume takes into account the deformation of the free section of the
casing and the deformation of the sealing section [29–32]. After the cementing operation,
due to the cementing effect of cement slurry, the casing, cement ring, and formation in the
sealing section become a tightly connected elastic body, which forms the outer surface of
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the wellbore formation system and plays the role of sealing formation fluid and preventing
gas channeling. Under the coupling of temperature and pressure, the medium in each part
of the wellbore formation system will change. The elastomer composed of casing, cement
ring, and formation in the sealing section will produce elastic deformation under the effect
of thermal stress and inner annular pressure and expand outward in the radial direction of
the wellbore.
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3.1. Deformation of Casing-Free Section

The deformation of the casing-free section consists of two parts: one is caused by
thermal expansion, and the other is caused by stress. Assuming the total radial strain of
the free section of casing is εr, then the strain due to the stress part is εr − αT. Therefore,
the following occurs: 

εr − αT = 1
E [σr − ν(σθ + σz)]

εθ − αT = 1
E [σθ − ν(σz + σr)]

εz − αT = 1
E [σz − ν(σr + σθ)]

(1)

under planar conditions, εz = 0;
Where σr is radial stress, MPa; σθ is circumferential stress, MPa; σz is axial stress, MPa;

εr is the radial strain, m; εθ is circumferential stress, m; εz is the axial stress, m; E is the
elastic modulus of elastomer, MPa; ν is Poisson’s ratio of an elastic body, dimensionless;
α is the expansion coefficient of the elastomer, ◦C−1; T is the temperature change, ◦C.

Due to the difference between the subsea wellhead and the land wellhead, the deforma-
tion ability of the deepwater casing in the longitudinal direction is limited after cementing.
According to the theory of thermoelasticity, the wellbore formation system can be regarded
as the two-dimensional plane strain problem of a multi-layer composite thick-walled barrel
for displacement and stress analysis and solution. The geometric equation of the plane
strain problem in polar coordinates is as follows:

εr =
∂v
∂r

εθ = v
r +

1
r

∂v
∂θ

εz =
1
r

∂v
∂θ

+ ∂v
∂r
− v

r

(2)
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The wellbore formation system belongs to the axisymmetric plane strain problem,
which only considers the deformation along the radial direction, so the geometric equation
is simplified as follows: 

εr =
d∂v
dr

εθ = v
r

εz = 0

(3)

In polar coordinates, the physical equation of plane strain considering temperature
change is as follows:  εr =

1+v
E [(1 − v)σr − vσθ ] + (1 + v)αT

εθ = 1+v
E [(1 − v)σrθ − vσr] + (1 + v)αT

(4)

Therefore, the state equation of stress and strain derived from the formula is as follows:σr =
E

(1+ν)(1−2ν) [(1 − ν)εr + νεθ − (1 + ν)αT]

σθ = E
(1+ν)(1−2ν) [(1 − ν)εr + νεr − (1 + ν)αT]

(5)

Because the wellbore formation system belongs to axisymmetric plane strain problem,
the influence of physical force can be ignored. At the same time, the tangential stress is
zero, and the magnitude of the circumferential stress is independent of the rotation Angle,
so the formula can be simplified as follows:

The plane stress satisfies the equilibrium equation:

dσr

dr
+

σr − σθ

r
= 0 (6)

The boundary conditions are as follows:{
σr(a) = −q1

σr(b) = q2
(7)

Substituting the constitutive equation expressed by stress into the equilibrium
Equation (6):

d2u
dr2 +

1
r

du
dr

− u
r2 =

1 + ν

1 − ν
α

dT
dr

(8)

According to the boundary Equation (7), the radial displacement formula of the
casing-free section can be obtained:

u(r) = uq(r) + uT(r) (9)

In the formula, uq(r) is the change in displacement due to stress, m and uT(r) is the
change in displacement of the elastomer due to temperature, m.

Substituting r = a and r = b into Equation (9), respectively, the displacements of the
inner and outer boundaries can be obtained:u1u(a) = c11q1 + c12q2 + uT(a)

u(b) = c21q1 + c22q2 + uT(b)
(10)
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The expression of each coefficient is as follows:

c11 = b2+(1−2ν)a2

b2−a2
(1+ν)a

E

c12 = 2(1−ν)b2

b2−a2
(1+ν)a

E

c21 = 2(1−ν)ab
b2−a2

(1+ν)a
E

c22 = (1−2ν)b2+a2

b2−a2
b
a
(1+ν)a

E

(11)

3.2. Deformation of Casing Sealing Section

The deformation of the casing sealing section must consider the deformation of the
external cement sheath and the formation under the influence of thermal expansion and
stress. As shown in Figure 3, assuming that the cement sheath and the formation are
regarded as a stressed whole, the cement sheath formation can be divided into a hot area
affected by temperature and a cold area not affected by temperature according to the
temperature influence range. The inner radius of the casing is r0, with an outer radius of r1.
The outer radius of the cement ring is r2. The area where the formation is affected by the
temperature is the hot area with a radius of b, and the region where the temperature cannot
be swept is the cold area with a radius of c.
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For casing deformation, Equation (10) can also be used for its calculation. The pressure
in the casing is q0, the pressure at the cementation surface of the casing and cement sheath
is q1, the pressure at the cementation surface of the cement sheath and the formation hot
zone is q2, and the pressure at the interface of the hot and cold areas is q3.

When r = r0, the q = q0, r = r1, q = −q1, the radial deformation of the casing is
as follows:  u1i = c1

1iq0 − c2
1iq1 + uT1i

u1o = c1
1oq0 − c2

1oq1 + uT1o

(12)

When r = r1, the q = q1, r = r2, q = −q2, the radial deformation of the cement sheath
is as follows:  u2i = c1

2iq1 − c2
2iq2 + uT2i

u2o = c1
2oq1 − c2

2oq2 + uT2o

(13)
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When r = r2, the q = q2, r = b, q = −q3, the radial deformation of the formation hot
area is as follows:  u3i = c1

3iq2 − c2
3iq3 + uT3i

u3o = c1
3oq2 − c2

3oq3 + uT3o

(14)

When r = b, the σ1 = q3, considering the assumption that the formation is infinite, the
radial deformation of the formation’s cold area is as follows:

u4i =
q3

kb
(15)

where

kb =
(1 − 2v)

(
c2

b2

)
+ 1

(1 − 2v)
[(

c2

b2

)
− 1

] E
(1 + v)b

(16)

According to the principle of coordinated deformation, when r = a or r = b, the
deformation at the junction of the hot and cold zone meets Equations (14) and (15) at the
same time, and the deformation of the casing sealing section can be obtained by combining
Equation (12) with Equation (16).

4. Multi-String Annular Pressure Buildup Model

The annulus pressure buildup is the increase in fluid expansion pressure in the sealed
annulus between each layer of casing due to temperature rise. The typical calculation
model is as follows:

∆p = (
∂p
∂T

)
m,V

·∆T +

(
∂p

∂Vann

)
m,T

·∆Vann + (
∂p
∂m

)
V,T

·∆m (17)

The first term on the right side of the equation represents the pressure due to the
thermal expansion effect, and the second term represents the pressure due to the annular
deformation caused by the thermal effect or load of the casing. The third term is the
pressure due to annular fluid leakage or reservoir fluid overflow into the annulus.

In the typical three-annulus well structure, the tubing and production casing form
the A annulus, the production casing and intermediate casing form the B annulus, and
the intermediate casing and surface casing form the C annulus. When the production
parameters of oil and gas wells and the annular drilling fluid system are determined,
according to the calculation formula of annular pressure buildup, the main factor affecting
annular pressure buildup is the change of annular volume. The annular pressure buildup
is affected by the pressure of the adjacent annulus; therefore, the casing annulus pressure
buildup values are solved as a system.

Taking the A annulus as an example, the changes of annulus volume mainly include
the following: 1⃝ radial deformation of tubing; 2⃝ the radial deformation of the casing-
free section (related to the B annulus pressure); 3⃝ the radial deformation of the casing
sealing section.

The volume change caused by the radial deformation of the tubing is as follows:

∆V1 =
∫ Lt

0
π
(
(rTo + uc(rTo))

2 − r2
To

)
dx (18)

The volume change caused by the radial deformation of the casing-free section (related
to the B annulus pressure) is as follows:

∆V2 =
∫ Lps

0
π
((

rp1i + us(rp1i)
)2 − r2

p1i

)
dx (19)
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The volume change caused by the radial deformation of the casing sealing section is
as follows:

∆V3 =
∫ Lpc

0
π
((

rp1i + uc(rp1i)
)2 − r2

p1i

)
dx (20)

In the process of calculating the change of the A annulus volume, the influence of the
B annular pressure on the A annulus volume needs to be considered.

The deformation of annulus B and C can be obtained using the same method. The
change of the B annulus volume is affected by the pressure of annulus A and C, and the
change of the C annulus volume is affected by the B annulus pressure.

5. Solution

A, B, and C annular pressure buildup is affected by each other and needs to be solved
iteratively by using multiple strings. The three annular pressure buildup calculation
formulas are transformed to form a set of ternary quadratic equations:

f1 = f (P2
1 , P2

2 )

f2 = f (P2
1 , P2

2 , P2
3 )

f3 = f (P2
2 , P2

3 )

(21)

where P1 is the A annular pressure, MPa, P2 is the B annular pressure, MPa, and P3 is the C
annular pressure, MPa.

The ternary quadratic equations are solved by Newton’s iterative method. The solution
of f (Pn) is obtained by establishing the equation f (Pn), taking the derivative f ′(Pn) of the
equation, and then, according to Newton’s iteration principle.

Pn+1 = Pn −
f (Pn)

f ′(Pn)
(22)

D f =


d f1
dP1

d f1
dP2

d f1
dP3

d f2
dP1

d f2
dP2

d f2
dP3

d f3
dP1

d f3
dP2

d f3
dP3

 (23)

Therefore, the calculation steps of annular pressure buildup of multi-string are
as follows:

(1) Based on the wellbore structure and the production parameters, the temperature
profile of the well is solved, and then the temperature change of the fluid in the sealed
section, the free section, and the annulus of each layer of the case is obtained;

(2) Obtain ∆V of the annular volume change according to the wellbore structure;
(3) Establish a set of equations for calculating the annular pressure buildup;
(4) Setting an initial pressure matrix;
(5) Calculate the derivative matrix DF of the pressure equation;
(6) Obtain the annular pressure buildup matrix according to Newton’s iteration principle;
(7) Comparing the pressure obtained in step (6) with the initial value and repeating

steps (4) to (6) if the error is not within the range;
(8) Obtain the annular pressure buildup value of each annular space.

6. Model Validation

To verify the model established in the paper, an example well was selected. The
wellbore structure of the example well is shown in Table 1 and Figure 4 The high-precision
temperature and pressure sensors were placed on the outer wall of the 9 5/8′′ casing at
a depth of 190 m. The casing was properly cemented, and the cement was returned to
2438 m. This well was further drilled to a depth of 3627 m, and a 7′′ tailpipe was installed.
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Table 1. Well structure.

Name OD (in) Line Weight (lbm/ft) Depth (ft) TOC (ft)

Conductor 30 200 377
Surface casing 20 133 3025 374

Intermediate casing 13 3/8 72 8258 3525
Productor casing 9 5/8 53.5 10,456 8000

Liner 7 38 11,900
Tubing 3 1/2 9.2 11,000
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6.1. Well Structure

After the test was completed, the well was abandoned, and the 9 5/8′′ casing with
sensors was retrieved. The three testing processes clearly demonstrated the changes in
temperature and pressure data during well flushing, flow testing, and pressure rise.

As the temperature rose from 17 ◦C to 65 ◦C, the pressure increased from 1.2 MPa
to 25 MPa. The internal pressure resistance strength of the 13 3/8′′ P110 72 lbs/ft casing
was 51 MPa, and the external compression resistance strength of the 9 5/8′′ P110 72 lbs/ft
casing was 54.7 MPa. The density of the drilling fluid was 1.3 g/cm3. Due to the pressure
of the liquid column, the pressure increased by 26 MPa from the sensor position to the mud
return position at 2328 m.

6.2. Annular Pressure Buildup Calculation

According to casing and annulus fluid temperature changes, annular pressure buildup
was iteratively solved for the well, and annular pressure buildup simulation analysis was
carried out in three cases:

(1) Only the expansion and compression effect of the liquid is considered;
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(2) Considering the expansion and compression effect of liquid and the deformation
of the casing-free section;

(3) Consider the expansion and compression effect of the liquid, the deformation of
the casing-free section, and the sealing section.

The annular pressure buildup values are shown in Figure 5.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 21 
 

(3) Consider the expansion and compression effect of the liquid, the deformation of 
the casing-free section, and the sealing section. 

The annular pressure buildup values are shown in Figure 5. 

 
Figure 5. Annular pressure buildup comparison diagram. 

As can be seen from Figure 5, for annulus A and B, C1 and C2 were basically equal 
because there was little difference in deformation of the free section of the casing in the 
inner and outer layers and little change in annulus volume. 

For the C annulus, only the inner casing had a free section of pressure, and the annu-
lus volume was reduced; therefore, C2 was greater than C1. 

If the deformation of the sealed section is considered, it can be seen from the figure 
that the C3 values were all lower than the C1 and C2 values, and the predicted value of 
the trap pressure was smaller than that without considering the deformation of the sealing 
section. 

Due to the different annular cement return heights, the sealing section had different 
influences on the trap pressure of A, B, and C and had the greatest influence on the C 
annular pressure buildup and the least influence on the A annular pressure buildup. 

Specifically, the annular trap pressure predicted by the case of B annulus C3 was 
better than that predicted by the case of C1 and C2, which decreased by 14.9% and 13.6%, 
respectively. The predicted annular trap pressure of the C annulus C3 was 13.2% and 
14.8%, which was lower than that of C1 and C2, respectively. 

6.3. Wellbore Temperature Profile 
The average temperature and average temperature changes in the annulus when the 

temperature sensor reached 30 °C are shown in Figures 6 and 7. 

Figure 5. Annular pressure buildup comparison diagram.

As can be seen from Figure 5, for annulus A and B, C1 and C2 were basically equal
because there was little difference in deformation of the free section of the casing in the
inner and outer layers and little change in annulus volume.

For the C annulus, only the inner casing had a free section of pressure, and the annulus
volume was reduced; therefore, C2 was greater than C1.

If the deformation of the sealed section is considered, it can be seen from the figure
that the C3 values were all lower than the C1 and C2 values, and the predicted value
of the trap pressure was smaller than that without considering the deformation of the
sealing section.

Due to the different annular cement return heights, the sealing section had different
influences on the trap pressure of A, B, and C and had the greatest influence on the C
annular pressure buildup and the least influence on the A annular pressure buildup.

Specifically, the annular trap pressure predicted by the case of B annulus C3 was
better than that predicted by the case of C1 and C2, which decreased by 14.9% and 13.6%,
respectively. The predicted annular trap pressure of the C annulus C3 was 13.2% and 14.8%,
which was lower than that of C1 and C2, respectively.

6.3. Wellbore Temperature Profile

The average temperature and average temperature changes in the annulus when the
temperature sensor reached 30 ◦C are shown in Figures 6 and 7.
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The wellbore temperature profile and the average temperature and average temper-
ature changes in the annulus when the temperature sensor reached 40 ◦C are shown in
Figures 8 and 9.
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The wellbore temperature profile and the average temperature and average temper-
ature changes in the annulus when the temperature sensor reached 50 ◦C are shown in
Figures 10 and 11.
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6.4. Comparison Between Calculated and Measured Values

Based on the average temperature and temperature changes of the annulus at tem-
perature points of 30 ◦C, 40 ◦C, and 50 ◦C, combined with the experimentally measured
thermal and physical parameters of the annulus fluid, the annulus pressure buildup at
each temperature point can be determined. As shown in Figure 12, Wellcat software (The
version is EDM5000.17.2 belonged to Schlumberger, USA) was also used to compare it with
the measured data and data calculated by the model in this paper.



Appl. Sci. 2024, 14, 9768 14 of 20
Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 21 
 

 
Figure 12. Comparison of measured pressure and temperature with those calculated by model in 
this paper. 

According to Table 2, the calculated values of Wellcat were larger than the measured 
values, with an error of 10–30%. By comparison, the error calculated using the model es-
tablished in this article was within 10%, which was smaller than that calculated by Wellcat, 
thus verifying the accuracy of the model. 

Table 2. Comparison between calculated and measured values. 

Temperature 
(°C) 

Measured 
Pressure 

(MPa) 

Wellcat Calculated 
Value 
(MPa) 

Error 
(%) 

The Calculated 
Values of This 
Model (MPa) 

Error 
(%) 

30 10.52 13.51 28.42 11.00 4.56 

40 17.98 23.7 31.81 19.07 6.06 

50 21.54 28.94 34.35 23.06 7.05 

7. Results and Discussion 
7.1. Wellbore Temperature 

In this section, the example well in Section 6.1 was used for analysis. The well param-
eters are described in Section 6.1. The average temperature of the annulus at different pro-
duction times was calculated and is shown in Figure 13. The increase in temperature is 
the main factor causing annulus pressure buildup, and the annulus pressure buildup in-
creases as the temperature rises. The temperature profile of the annular fluid is related to 
the production rate and production time of oil and gas wells. As shown in Figure 11, the 
temperature of the annular fluid increased rapidly in the early stage of production, then 
slowly increased and finally stabilized. The temperature of the annular fluid changed sig-
nificantly in the early stage of production. The temperature profile of the annular fluid 
slowly increased with the production of oil and gas wells, as shown in Figure 14. 

0

50

100

150

200

250

300

0

5

10

15

20

25

30

35

800 850 900 950 1000

Te
m

pe
ra

tu
re

/o C

Pr
es

su
re

/M
Pa

Time/h

Consider free section casing deformation
Consider free section and sealing section casing deformation
Measurement
Pressure
Temperature

Figure 12. Comparison of measured pressure and temperature with those calculated by model in
this paper.

According to Table 2, the calculated values of Wellcat were larger than the measured
values, with an error of 10–30%. By comparison, the error calculated using the model
established in this article was within 10%, which was smaller than that calculated by
Wellcat, thus verifying the accuracy of the model.

Table 2. Comparison between calculated and measured values.

Temperature
(◦C)

Measured Pressure
(MPa)

Wellcat Calculated Value
(MPa)

Error
(%)

The Calculated Values
of This Model (MPa)

Error
(%)

30 10.52 13.51 28.42 11.00 4.56
40 17.98 23.7 31.81 19.07 6.06
50 21.54 28.94 34.35 23.06 7.05

7. Results and Discussion
7.1. Wellbore Temperature

In this section, the example well in Section 6.1 was used for analysis. The well
parameters are described in Section 6.1. The average temperature of the annulus at different
production times was calculated and is shown in Figure 13. The increase in temperature
is the main factor causing annulus pressure buildup, and the annulus pressure buildup
increases as the temperature rises. The temperature profile of the annular fluid is related
to the production rate and production time of oil and gas wells. As shown in Figure 11,
the temperature of the annular fluid increased rapidly in the early stage of production,
then slowly increased and finally stabilized. The temperature of the annular fluid changed
significantly in the early stage of production. The temperature profile of the annular fluid
slowly increased with the production of oil and gas wells, as shown in Figure 14.
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Figure 14. Temperature profile of annulus at different production rates.

In the early stage of production, due to the unstable temperature distribution in the wellbore,
there were significant changes in annulus pressure buildup, as shown in Figure 15. Within the
first 20 days of production, the pressure in the B annulus was the highest. As the temperature
gradually stabilized due to the location of the C annulus fluid at the wellhead, the average
temperature of the annulus fluid changed greatly, and the C annulus pressure was the highest.
Although the fluid temperature in the A annulus was the highest, the temperature change in the
A annulus was minimal, resulting in the lowest pressure formed in the A annulus.
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With the increase in wellbore production, the annular pressure gradually increased.
Due to the maximum temperature change in the C annulus, the annular pressure was the
highest, while the temperature change in the A annulus was the smallest, and the annular
pressure was the smallest, as shown in Figure 16.
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7.2. Thermal Properties Parameters of Drilling Fluid

The expansion coefficient and compression coefficient of the annular fluid vary with
different temperatures. Table 3 shows the expansion coefficient and compression coefficient
of the annular fluid at different temperatures. As the temperature of the annular fluid
increased from 34.42 ◦C to 55.71 ◦C, both the expansion coefficient and compression
coefficient of the fluid increased with temperature, and the increase in the expansion
coefficient was greater than that of the compression coefficient. In the process of calculating
the pressure, the expansion coefficient and compression coefficient should be selected
according to different temperatures. Using a constant coefficient may lead to significant
errors. Figure 17 shows the annular pressure calculated using the expansion coefficient and
compression coefficient, which vary with temperature, as well as a constant coefficient. The
constant coefficient was used for the expansion coefficient and the compression coefficient
at 55.71 ◦C, and the maximum error of the annular pressure calculated using the constant
coefficient was 11.58%.

Table 3. Fluid expansion coefficient and compression coefficient at different temperatures.

Average Temperature of
the Annulus (◦C)

Annular Temperature Difference
(◦C)

Expansion Coefficient
(×10−6 ◦C−1)

Compression Coefficient
(×10−6 MPa−1)

34.42 16.08 355.15 451.03
45.72 27.38 397.12 460.75
48.94 30.6 409.09 463.52
52.39 34.05 421.90 466.49
54.57 36.23 430.00 468.36
55.71 37.37 434.24 469.34



Appl. Sci. 2024, 14, 9768 17 of 20

Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 21 
 

Table 3. Fluid expansion coefficient and compression coefficient at different temperatures. 

Average Temperature of the 
Annulus (°C) 

Annular Temperature Difference 
(°C) 

Expansion Coefficient 
(×10−6 °C−1) 

Compression Coefficient 
(×10−6 MPa−1) 

34.42 16.08 355.15 451.03 
45.72 27.38 397.12 460.75 
48.94 30.6 409.09 463.52 
52.39 34.05 421.90 466.49 
54.57 36.23 430.00 468.36 
55.71 37.37 434.24 469.34 

 
Figure 17. The influence of fluid expansion coefficient and compression coefficient on annular pres-
sure. 

7.3. Casing Parameters 
The elastic modulus of the casing varies with temperature, and different types of 

pipes experience varying changes in elastic modulus due to temperature fluctuations. 
These changes have an impact on the radial deformation of the casing and the volume 
change of the annulus, thereby affecting the annulus pressure. Table 4 shows the elastic 
modulus of three common types of pipes at different temperatures. Similarly, Poisson’s 
ratio and elastic modulus can also affect casing deformation and annulus pressure. 

Table 4. The elastic modulus of the casing varies with temperature. 

Type of Casing 20 °C 200 °C 250 °C 300 °C 350 °C 
N80 (MPa) 205.94 165.73 149.06 136.31 117.68 
P110 (MPa) 205.94 184.37 177.50 172.60 166.71 
TP90H (MPa) — 170.75 163.25 155.75 148.25 

As shown in Figure 18, annulus pressure increased linearly and rapidly with the in-
crease in casing elastic modulus. On the contrary, the higher the Poisson’s ratio, the lower 
the annular pressure, but the smaller the variation of annular pressure. 

Figure 17. The influence of fluid expansion coefficient and compression coefficient on annular pressure.

7.3. Casing Parameters

The elastic modulus of the casing varies with temperature, and different types of pipes
experience varying changes in elastic modulus due to temperature fluctuations. These
changes have an impact on the radial deformation of the casing and the volume change
of the annulus, thereby affecting the annulus pressure. Table 4 shows the elastic modulus
of three common types of pipes at different temperatures. Similarly, Poisson’s ratio and
elastic modulus can also affect casing deformation and annulus pressure.

Table 4. The elastic modulus of the casing varies with temperature.

Type of Casing 20 ◦C 200 ◦C 250 ◦C 300 ◦C 350 ◦C

N80 (MPa) 205.94 165.73 149.06 136.31 117.68
P110 (MPa) 205.94 184.37 177.50 172.60 166.71
TP90H (MPa) — 170.75 163.25 155.75 148.25

As shown in Figure 18, annulus pressure increased linearly and rapidly with the
increase in casing elastic modulus. On the contrary, the higher the Poisson’s ratio, the lower
the annular pressure, but the smaller the variation of annular pressure.
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7.4. Cement Sheath

As shown in Figure 19, the larger the elastic modulus of the cement sheath, the smaller
the radial displacement of the sealing section casing under compressive and thermal loads.
This results in a smaller change in annular volume, leading to a higher pressure. The
Poisson’s ratio of the cement sheath had a smaller impact on the annular pressure.
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7.5. Release of Annular Pressure

In deepwater oil and gas wells, the special structure of the wellhead device only
allows the A annulus pressure to be released through the wellhead pressure relief valve,
while the B and C annulus pressure buildup cannot be released through the wellhead.
Due to the mutual influence of A, B, and C annulus pressure buildup, when A annulus is
depressurized, the B and C annulus pressure buildup would be affected correspondingly.
Figure 20 shows the effect of the A annulus on the annulus pressure buildup of the B and
C annulus during pressure release. When the A annulus was depressurized, the annulus
pressure buildup in the B and C annulus decreased, and the annular pressure buildup in
the B annulus decreased faster.
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8. Conclusions

Based on elastic deformation theory, a new deformation model of the casing sealing
section is established, and a new prediction method for multi-string annular pressure
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buildup is developed. The annular pressure buildup predicted by considering the de-
formation of the casing sealing section is about 13% lower than that predicted by not
considering this factor, which is closer to the measured value. Based on the obtained results,
the following conclusions can be drawn.

(1) The annular pressure increases with the increase in the elastic modulus of the
casing while decreasing with the increase in Poisson’s ratio.

(2) Based on elastic deformation theory, the deformation model of the casing sealing
section is established, and the prediction method of multi-string annular pressure buildup
is improved. The predicted annular pressure buildup value considering casing sealing
section deformation is about 13% lower than that without considering this factor. This also
shows that the predicted annular pressure buildup value considering casing sealing section
deformation is lower than that without considering casing sealing section deformation and
is more consistent with reality.

(3) Temperature rise is the most important factor causing the annular pressure buildup,
and the annulus pressure buildup increases with the increase in temperature. The annular
fluid temperature profile is related to oil and gas well production and production time. The
annulus fluid temperature increases rapidly at the initial stage of production, then slowly
increases and finally becomes stable. The annular fluid temperature profile increases slowly
with the increase in oil and gas production.

(4) Reducing the pressure in the A annulus also releases the annulus pressure buildup in
the B and C annulus, while the annulus pressure buildup in the B annulus decreases faster.
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