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Abstract: In high-temperature wells, annular pressure buildup (APB) caused by temperature increase
is a widespread phenomenon in production, especially in offshore thermal recovery wells. It increases
the load on the tubing and casing and consequently threatens the wellbore integrity. Hence, research
on casing safety evaluation and APB management has great significance for field production. In this
paper, the tubing and casing safety evaluation and APB limit determination methods are presented
considering the effect of thermal stress and APB. Based on the case study of an offshore thermal
recovery well, an APB-management chart and the recommended optimal range of APB are provided.
Finally, an analysis of three commonly used mitigation methods is presented. The effect and the
recommended parameters of these mitigation methods are further discussed. The research results
show that the thermal stress and APB phenomena affect the stress distribution of the casing and may
bring great danger to the wellbore integrity. Maintaining the APB in the safety range is necessary
for field production. It is recommended that the annular pressure be kept below the critical value
given in this paper. Injecting nitrogen in annulus A and installing rupture disks are both effective
methods to improve casing safety. In the case study, the APB decrease percentage is more than 75%
when nitrogen is injected in annulus A. However, the nitrogen pressure, the rupture pressure and the
installation depth of the rupture disk need to be determined via casing safety evaluation. The effect
of optimizing the steel grade and thickness of the tubing and casing is not significant. They can be
used as assistance methods when other mitigation methods are adopted.

Keywords: high-temperature well; casing safety; annular pressure buildup; offshore thermal recovery
well; pressure management

1. Introduction

With the increase in drilling depth and the exploitation of offshore oil and gas, the
problem of high-temperature well production is becoming more and more prominent. As an
unconventional fossil resource produced by high-temperature wells, heavy oil is considered
to be a significant source of world oil and gas growth [1]. In Bohai Bay, China, 50.4% of
total offshore oil reserves are heavy oil [2]. Most of the offshore heavy oil reservoirs are
exploited via the thermal recovery method [3] (mostly is steam or thermal fluid injection).
In the later process of steam injection, wellbore temperature reaches the maximum, leading
to the riskiest situation [4]. The temperature increase of strings and annulus fluid is caused
by heat transfer and it may increase the annular pressure, which is known as the annular
pressure buildup (APB) phenomenon [5]. The annuli between the casings are defined
as “A”, “B” and “C” from the inside out. The wellbore structure is shown in Figure 1.
APB is a serious problem in high-temperature well production and has been widespread
internationally. It may cause casing failure or destroy wellbore integrity, and further lead
to significant safety accidents and economic loss [4,5]. The casing collapsed due to APB
in the well Pompano A-31 in the Gulf of Mexico [6]. APB also resulted in a casing failure
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in the Marlin A-2 well [7,8]. APB in the A annulus can be released through the surface
equipment in most onshore and offshore wells. However, the release may not be possible
in outer annuli in subsea wells because of the wellhead limits [9]. Therefore, research on
casing safety evaluation and APB limit determination has great engineering significance
and is favorable for maintaining wellbore integrity and ensuring the efficient development
of the heavy oil [10].
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Mudline
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Conductor
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Surface casing
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Production casing
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Production tubing
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Figure 1. The conventional wellbore structure of offshore wells.

Many scholars have researched APB prediction and casing failure. Considering the
coupling effect of pressure and volume, a mathematical model for calculating APB was
derived by Oudeman et al. [11,12]. Liu et al. [13] developed an APB prediction model that
could be used for offshore wells. Yin et al. [14] further optimized the model by taking the
variance of the physical parameters into account. Hasan et al. proposed a semi-steady state
temperature prediction method of the wellbore and annulus fluid [15]. A higher production
rate will cause higher APB [16]. Wang et al. proposed a novel prediction model to predict
the APB in an annulus with gas and liquid. They also conducted physical experiments
to further analyze the effect of the dissolved gas and cement on APB [17,18]. Xu et al.
analyzed the causes of the casing damage that occurred in Du 84. The effect of several
prevention measures was also discussed in their work [19]. Liu et al. analyzed the casing
fatigue in thermal recovery wells through numerical simulations. Then four fatigue life
models were adopted to analyze the casing fatigue life based on a field case [20]. Gao
considered the effect of temperature on casing properties and the triaxial thermal stresses
in the casing were calculated [21]. Liang analyzed the casing thermal stress and wellhead
growth phenomenon. The cement level was further optimized to reduce the casing thermal
stress [22]. Ferreira et al. evaluated the application of vacuum insulated tubing (VIT) and
its effect on APB. The optimal installation length and position of the VIT are also given in
their paper [23].

Scholars have also researched the mitigation of APB [24], including the following;:

e  Well structure: make the top of cement (TOC) below the previous casing shoe; full

cementing; liner cementing [25];
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e  String materials: casing covered with compressible material [26]; optimization of
casing size and steel grade [27]; vacuum insulated tubing [23];
Equipment: rupture disk [28]; unidirectional pressure control tool;
Technological measures: injecting N, or compressible liquid into annuli [29]; adopting
foam spacer.

However, each of the above methods has its limits and application range. Design-
ing appropriate operating parameters for these methods is an important job. Safety and
economy must both be considered. The casing safety evaluation and the APB limit deter-
mination are prerequisites and essential for the design of mitigation methods. However,
there is a lack of research on tubing and casing safety evaluation under high-temperature
conditions. APB limit determination and management are also important topics that need
to be studied urgently.

In this work, considering the thermal stress, the safety of the casing under APB
is evaluated based on APB prediction. Then a method of APB limit determination is
proposed through a case study of an actual offshore well and APB-management charts
and the recommended range are provided. Furthermore, three commonly used mitigation
methods are analyzed and operation parameters are also recommended in this work. It is
hoped that this work could provide help for the engineering design of APB management
and mitigation.

2. APB-Prediction Model

According to the equation of state, fluid pressure is the function of volume, tempera-
ture and mass. Therefore, the relationship of the pressure change, the temperature change
and the volume change of the annular fluid is established to achieve the APB value. When
the annulus is sealed, the equation is expressed as follows [17,18]:

T in p in V 1
/ ! Ajsopd T — / ! Kisotd P = 11‘1(&?7) (1)
- Tini Pini mi
where
Viin = Vini + AVs
AVf = AVisop + AVisot ()
AVaun = AV

The isobaric thermal expansion coefficient and isothermal compression coefficient
vary with the temperature and pressure of the fluid. Hence, they can be rewritten as:

Aisob = f(Pr T)
kisot = g(P, T) ©)

The function can be fitted with experimental data or calculated with the equation of
state [23,28]. In this work, the function is obtained from experimental data fitting [30]. The
equations are shown in Equations (4) and (5).

p11 + p12aT + p13T? + p1aT® + p1sP + p1eP?

4
1+ p17T + p1gP @)

Risop =

pa1 + pT + psT? + poaP
1+ posT + pagP + porP?

From Equation (2), the volume change of the annular fluid includes two parts. The
first part is the volume change caused by isobaric thermal expansion. The second is the
volume change caused by isothermal compression. When the annulus is sealed, the volume
change of the annular fluid is equal to the annular volume change. The annular volume
change can be obtained as follows [29].

©)

isot —
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(1) Radial displacement of the casing caused by thermal expansion [31]:
ur = (14 2p)arAT, 6)
(2) Radial displacement of the casing caused by internal and external pressures [31]:

14+pu
E(7—77)

i

2.2
it (P —
r

up:

P:
2 +(1—-2p) (Piriz - PD;%)r} (7)
The volume change of the annulus is:

L
AV = n/o [(ro Fuptup)’ — (rup+up)’ — (r§ —r?)]dz ®)

The fluid mostly consists of liquid and gas. The volume change of the liquid can be
obtained from Equation (1) and the volume change of the gas can be obtained from the
equation of state as follows [32]:

RT a.a

P = s o

©)

where )
a=[1+m(1-T>)]" a.=0457235R*T? /P,
m = 0.374640 + 1.54226w — 0.26992w? b = 0.077796RT,/P.

Hence, the annular pressure can be found through the process shown in Figure 2.

Get the initial pressure and temperature
of the annular fluid

y

Assume the initial APB(AP) and get
the temperature increase

y

Calculated the volume change of the
annulus by equation (6)-(8)

y

Calculate the volume change of the
annular gas by equation (9)

(AP=AP’)

h 4

Calculate the APB(AP’) by equation(1)

No

|AP—AP’|<¢

Yes

APB is obtained

Figure 2. The APB-calculation process.
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3. Tubing and Casing Safety Evaluation
3.1. Tubing and Casing Safety Evaluation

To determine the limit of APB, it is necessary to first conduct a safety evaluation of
the tubing and casing. Due to the high temperature and the constraint of the wellhead, the
thermal stress caused by temperature has a great effect on the casing stress distribution.
Hence, the casing stress consists of the thermal stress and the stress caused by internal and
external pressure. The casing stress is shown in Figure 3.

o0
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o
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Gas
Cement
Liquid )
Casing
Heat

Figure 3. The casing stress.

According to the elastic mechanics, the stress caused by pressure and temperature can
be obtained as follows [33]:

Pir?—Pyr? 12r2(Po—D;
O-r — 1 12 20 [ + 120(20 21)
1517 r grufri)
Pir?—P,r2  12r2(Py—P;)

o = DIL=Rors 1t (10)
0 3—r2 r2(r3—12)

F-G

0z = Ay + u(op +o0v)

ot — EaATy (1-InK, K2+1
0= 20w \ "k T K
t _ EaATy, (_ InK, | Ki—1

O = 30—\ " WK T k21 (11
t_ EaAT, (1-2InK, _ 2"\ _

Uz = 2(0-p) " InK 1<2—1> aEATy

The pressure on the casing can be calculated with the following equations.

P; = AP; + ngH p; cos Bdz

12
Py =AP,+g¢ fOH 0o cos 0dz (12)

Hence, the total casing stress can be written as:
Oy = O—rp + UrT
op =0} +07 (13)
o, =0f +of

The von Mises criterion is used in this work to conduct the casing stress check and
evaluate casing safety [31]. The von Mises stress equation is shown in Equation (14). The



Processes 2023, 11, 1915

6 of 19

safety factor is shown in Equation (15). When the total stress on the casing exceeds the
yield strength, casing failure may occur.

V2
v = 52\ (0 = 00 + (@9 — 022+ (0 — )2 < Yy (14)
OMises
= l
S Y, (15)

Once the temperature distribution of the wellbore and the APB in annuli are obtained,
the casing stress can be calculated via Equations (10) and (11). Then the safety factor of the
casing at different depths can be found with Equation (15).

3.2. APB Limit Determination

The APB limit is the maximum or minimum allowable APB that does not cause casing
damage. Therefore, the APB limit can be determined by combining the casing safety-
evaluation method and the APB-prediction model. The key is to determine the minimum
pressure difference when casing collapse or burst occurs. The process of the determination
of the APB limit is shown in Figure 4.

Get the wellbore structure and the
temperature distribution of the well

b

Predict the APB and conduct the safety
evaluation of each casing

Select the mitigation measure and its
initial operation parameters

!

Predict the APB and conduct the safety Optimize the ope_ta_tior_l
evaluation of each casing parameters of the mitigation
e of select another
measure

Fy

4% Get the internal pressure on the casing

¥

Get the maximuom annular pressure Get the minimum annular pressure
when the casing collapses when the casing bursts
(upper APB limit) (lower APB limit)

‘ Get the allowable APB range

Figure 4. The process of the determination of the APB limit.

Through the process in Figure 4, the APB upper and lower limit values could be
determined. Keeping the annular pressure in the allowable range could ensure the safe
production of high-temperature wells with APB and avoid unnecessary economical loss.
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4. Application and Discussion
4.1. Case Study

The case study is based on the parameters of a field offshore vertical well. Wellbore
structure is demonstrated in Figure 1. The mudline depth is 148 m and the well depth is
1850 m. The depth of the packer is 1712 m. To reduce heat loss, vacuum insulated tubing
(VIT) is used. The casing program parameters are shown in Table 1. The input data used
for calculation are shown in Table 2.

Table 1. Casing program parameters.

Casing Program Outer Diameter (mm)  Thickness (mm) Depth (m) TOC (m)

Conductor 914.4 38.1 218 -
Surface casing 508.0 12.7 867 0
Intermediate casing 339.7 12.3 1263 651
Production casing 244.5 11.9 1850 1050
Production tubing 88.9 6.5 1850 -

Table 2. List of input data for modeling.

Parameters (Units) Values

Geothermal gradient (°C/m) 0.03

Steam temperature at wellhead (°C) 250
Mudline temperature (°C) 4

Steam injection rate (t/d) 110

Steam injection time (d) 10

Tubing thermal conductivity (W/(m-°C)) 0.1
Casing thermal conductivity (W/(m-°C)) 40

Elasticity modulus of casing (GPa) 210
Poisson’s ratio of tubing and casing 0.3

Poisson’s ratio of cement 0.15

Isobaric expansion coefficient of tubing and casing (cc 0.000012
Isobaric expansion coefficient of cement (°ch 0.00001

In this case, the wellbore temperature distribution was calculated with the semi-steady
state temperature prediction model [15], which is commonly used in wellbore temperature
prediction. The temperature distribution of this well is shown in Figure 5.

Radius(m)
-1.5 -1.0  -05 0.0 0.5 1.0 1.5 Temperature(°C)
0 250.0
Mudline
350 —_—
200.8
400
176.2
600
— 151.6
g
= 800
S 127.0
a,
7
A 1000 1024

1200 77.80

53.20
1400

28.60
1600

4.000

Figure 5. The wellbore temperature distribution.
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From Figure 5, the heat transfers from the tubing to the outside and it increases the
temperature around the wellbore. This is the essential cause of the APB problem and
the thermal stress of the casing. The temperature of the steam is also decreased by heat
dissipation when it arrives at the bottom of the well. In this well, the steam temperature
decreases from 250 °C to 176 °C, while 29.6% of the heat is lost. Hence, control of the heat
dissipation in the thermal recovery well is of great importance. Using high-quality vacuum
insulated tubing (VIT) or heat-insulated spacer fluid can not only ensure the efficiency of
heavy oil recovery but also reduce the risk of APB.

The APB in three annuli is calculated under the temperature distribution. The casing
safety evaluation is conducted and the APB limit is also determined accordingly. The APB
results are shown in Table 3.

Table 3. APB calculation results.

Annulus Average Temperature Increment (°C) APB (MPa)
A 105.12 140.88
B 77.42 63.23
C 61.65 28.37

The casing safety evaluation results are shown in Figure 6.

Safety factor
0 0.3 0.6 0.9 1.2 1.5 1.8
0 T T T O T >
L Mudline
200 r \
400 r
600
800
g
S 1000 r
=3
O
a
1200
Dangerous point
1400
1600 | \
1 800 1 1 1 1 i §
400 600 800 1000 1200 1400 1600
Von-Mises stress(MPa)
—O—Safety factor of oil tubing —O—Safety factor of production casing
—O—Safety factor of intermediate casing ——Von-Mises stress of oil tubing
—Von-Mises stress of production casing —Von-Mises stress of intermediate casing

Figure 6. The safety evaluation results of tubing and casing.
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Figure 6 presents the casing stress and safety factors. The safety factors of tubing and
production casing are less than 1.0, which means damage risk. The dangerous point of the
tubing is at the bottom. This is because the external pressure increases with the increasing
depth. However, the dangerous point of the production and intermediate casing is around
the mudline. This is due to the great temperature difference between the heated fluid and
the surrounding environment.

In accordance with the safety-evaluation method of tubing and casing, the APB limits
can be obtained as shown in Figure 7.
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Figure 7. The APB limit-management chart.
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In Figure 7, the green shaded area is the safety zone; it can be seen that keeping
the annular pressure in this range could ensure the safety of the casing and the wellbore
integrity. The upper and lower limit value is the maximum and minimum allowable
annular pressure. It may bring a great risk of damage to the casing if the annular pressure is
in the dangerous zone. Hence, maintaining the pressure in the safety zone is necessary and
the pressure beyond the upper limit or below the lower limit value is strictly prohibited in
field production.

To provide better guidance for APB management, the recommended optimal range of
annular pressure is given in Figure 8 in accordance with the APB limit analysis. The lower
limit value is set as 0 MPa, which makes the critical value lower than the upper limit value.
This is more appropriate for field pressure management and the casing safety is more fully
guaranteed. When the pressure is beyond the critical value, it may bring damage to the
casing on one side but this is not inevitable. The more the pressure exceeds the critical
value, the greater the probability of casing failure.

60.6MPa

Annulus C ///////////////%[

Safety zone A\ Critical value
66.8MPa

— T e

Safety zone ) Critical value
76.0MPa

Wsidewting | 8 )

Safety zone g\ Critical value

0 20 40 60 80 100 120 140 160 180 200
Pressure(MPa)

Figure 8. The recommended optimal range of annular pressure.

It is important to note that the critical value of APB in annulus B is lower compared to
other annuli. Hence, the management of APB in annulus B is more important considering
that pressure release in annulus B is more difficult.

In the field operation of this well, the annular pressure should be kept below the critical
value in Figure 8. If the pressure of an annulus exceeds the critical value in some cases, the
adjacent annular pressure should be controlled strictly according to the management chart
in Figure 7.

4.2. Analysis of the Mitigation Methods
4.2.1. Nitrogen or Foam Injection

In some thermal recovery wells, nitrogen is injected into annulus A for thermal
insulation and to reduce heat loss [34]. In the well in the case study, the fluid in annulus A
is fully replaced by nitrogen with 20 MPa. The temperature distribution when the annulus
A is filled with nitrogen is shown in Figure 9.
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Figure 9. The temperature distribution of the wellbore with nitrogen in annulus A.
The average temperature increment and APB in each annulus are presented in Table 4.

Table 4. APB calculation results when annulus A is filled with nitrogen.

Annulus Average Temperature Increment (°C) APB (MPa) APB Decrease Percentage
A 111.54 32.71 76.78%
B 16.95 5.97 90.56%
C 13.06 2.59 90.87%

When annulus A is filled with nitrogen, the temperature of the steam at the bottom
increases from 176 °C to 234 °C. This means 78.38% of the heat loss is avoided. The average
temperature increment in annulus A increases from 105.12 °C to 111.54 °C, while that
in annulus B and C decreases to 16.95 °C and 13.06 °C. The heat insulation property of
nitrogen ensures the high temperature of the steam. Meanwhile, the APB in each annulus
undergoes a large decrease and the decrease percentages are all more than 75% because of
the good compression property of the nitrogen.

The casing safety evaluation results are shown in Figure 10.

In Figure 10, the safety factors of tubing and casing increase significantly with the
nitrogen in annulus A. The dangerous point of production casing changes to the bottom
and that of tubing changes to the wellhead. This is because the external pressure on the
tubing and the thermal stress of the casing decrease. According to the management chart in
Figures 7 and 8, the APB in each annulus is all in the safety zone and the wellbore integrity
is guaranteed. It is concluded that injecting nitrogen into annulus A is an effective method
to improve casing safety.

To maintain tubing and casing safety, the nitrogen injection pressure is optimized. The
optimization results are shown in Figure 11.



Processes 2023, 11, 1915 12 of 19
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Figure 10. The safety evaluation results of tubing and casing with nitrogen in annulus A.
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Figure 11. The maximum stress and minimum safety factor of tubing and casing under different
nitrogen pressures.
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With the increase in nitrogen pressure, the tubing and casing stress increases and
the safety factor decreases. Failure may occur on tubing and production casing when the
nitrogen pressure is more than 52 MPa and 65 MPa, respectively. Hence, the nitrogen
pressure should be kept below 52 MPa and as low as possible.

4.2.2. Selection of the Rupture Disk

The rupture disk is a device that ruptures under a certain pressure difference. It is
often installed on the casing string. When it ruptures, the adjacent annuli are connected
and fluid mass exchange occurs. The pressure difference on the casing is eliminated and
the external and internal pressure become equal. In this work, the selection of rupture
pressure of the rupture disk and its maximum installation depth are both analyzed. The
rupture pressure of the disk is as follows:

Casing failure mainly involves collapse and burst. To avoid both accidents, the safe
pressure in Equation (16) is the minimum pressure difference when the casing collapses
and bursts. The minimum allowable pressure difference of the casing is shown in Figure 12.

Pyork < Prup < Psafe (16)
250
=
.
& angerous zone
1] -
: R Al
g o rewe O
f v pressure
£ 100 :
“ :
E :
7 ¢ X “x
g 0 R
P L
LSRR 52588
0 R RHRRRRHRKS 0%
0 50 100 150

Pressure in annulus A(MPa)

(a) production casing

Maximum
rupture
pressure

Pressubre in annulus C(MPa)

)

A TLHKK)
R

B RN

0 50 100 150
Pressure in annulus B(MPa)

(b) intermediate casing

Figure 12. The maximum rupture pressure.

To avoid casing failure, the rupture pressure is set at 80% of the minimum allowable
pressure difference of the casing. The maximum rupture pressure of the disk for the
different casing is shown in Table 5.
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Table 5. Maximum rupture pressure of the disk.

Casing

Maximum Allowable Pressure Difference Maximum Rupture Pressure of the Disk (MPa)

of the Casing (MPa)
Production casing 66.8 53.4
Intermediate casing 48.9 39.1

In the production of the well in the case study, the maximum work pressure is 20 MPa
and the design safety coefficient of the minimum rupture pressure is 1.2. The rupture
pressure of the disk should be 24 MPa-53.4 MPa for the production casing and 24 MPa-
39.1 MPa for the intermediate casing. For this well, a rupture disk with 27.6 MPa (4000 psi)
or 34.5 MPa (5000 psi) rupture pressure is appropriate.

The maximum installation depth of the rupture disk can be calculated as follows:

Prup - Cspwork

Hrup = |Apl-g

(17)

The maximum installation depth of the rupture disk is shown in Figure 13.

12,000

—— Rupture pressure 34.5MPa
10,000

—— Rupture pressure 27.6MPa

8000 |

6000

1066.3m

4000

2000

Maximum installation depth(m)

0 Il 1 (] 1 L 1 Il Il
100 200 300 400 500 600 700 800 900 1000

Density difference(kg-m)

Figure 13. The maximum installation depth of rupture disk.

With an increase in the density difference between the fluid in adjacent annuli, the
maximum installation depth of the rupture disk decreases. When the density of the annular
fluid is 1000 kg/m3 and one of the annuli is fully empty, the maximum installation depth is
only 363.3 m for 27.6 MPa rupture disk and 1066.3 m for 34.5 MPa rupture disk. Hence, the
34.5 MPa rupture disk is recommended in this well.

To conclude, the rupture disk should be selected according to the casing safety evalua-
tion and Equation (16). It is also necessary to install the rupture disk above the maximum
installation depth and as close to the wellhead as possible.

4.2.3. Optimization of the Casing Grade and Thickness

Adopting appropriate casing is also a convenient and economical method to protect
wellbore integrity. In this work, a safety evaluation of tubing and casing with different steel
grades and thicknesses is conducted.

The steel grade determines the yield strength of the tubing and casing and accordingly
affects the wellbore integrity. Thickness affects the stress distribution of the casing and its
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safety. Based on the well parameters in the case study, the safety evaluation results of the
tubing and casing of different steel grades and thicknesses are shown in Figure 14.

25
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(b) different thicknesses

Figure 14. The safety evaluation results of the tubing and casing of different steel grades and thicknesses.

As shown in Figure 14a, the casing steel grades with high yield strength have higher
safety factors. The safety factors of tubing and casing are all greater than 1 if the grade
TP155V is adopted. However, the safety factor of oil tubing is only 1.03, which means a
very small margin of safety is left. Hence, just optimizing the grade of tubing and casing is
not enough to ensure wellbore safety. It is necessary to adopt other mitigation methods.

From Figure 14b, the safety factor increases with the increase of the thickness. The
minimum thickness that could ensure the tubing safety is 12 mm. For production and
intermediate casing, it is 13 mm and 8 mm. This is because the pressure on the intermediate
casing is less than that on production casing and oil tubing, which means a thinner thickness
is enough to bear the load. Meanwhile, with the increase in the thickness, the increase in the
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safety factor becomes slower. This means the effect of increasing thickness on improving
tubing and casing safety decreases gradually. Hence, the thickness should be more than
13 mm if other mitigation methods are not implemented.

To conclude, optimizing the steel grade and thickness of the tubing and casing has a
weaker effect compared to other APB-mitigation methods. Selecting a thicker casing with
high steel grade could contribute to ensuring the safety of the wellbore. The priority of the
selection of these two parameters depends on the economic cost.

5. Conclusions and Suggestions

(1) Based on the APB-prediction model proposed, the casing safety evaluation and APB
limit determination methods of the high-temperature wells are presented in this work.
Research shows that the APB phenomena and the thermal stress caused by high
temperature affect the stress distribution of the casing and may bring great danger to
the wellbore integrity.

(2) The establishment method of the APB-management chart and the recommended
optimal range are given in the case study. Maintaining the annular pressure in the
safety zone is necessary in field production. The annular pressure should be kept
below the critical value recommended in this work. If the pressure in an annulus
exceeds the critical value, the adjacent annular pressure should be controlled strictly
according to the APB-management chart.

(3) Nitrogen injection in annulus A is an effective method to improve casing safety. The
heat insulation and compression properties of nitrogen ensure the high temperature
of the steam and reduce the APB in each annulus. The APB decrease percentage is
more than 75% in the case study. With the increase in the nitrogen pressure, the safety
factors of the tubing and casing decrease. The nitrogen pressure should be controlled
below the maximum allowable pressure obtained from casing safety evaluation.

(4) When the rupture disk is installed on the casing, its rupture pressure should be
between the maximum operating pressure and the minimum casing safety pressure,
and the safety margin is recommended because of the pressure surge. Its maximum
installation depth also needs to be determined according to the density of the annular
fluid. In the case study, the maximum installation depth of 27.6 MPa rupture disk is
only 363.3 m, so the 34.5 MPa rupture disk is recommended.

(5) The effect of optimizing the steel grade and thickness of the tubing and casing is
not significant. They can be used as assistance methods when other mitigation
methods are adopted. Selecting a thicker casing with high steel grade could contribute
to ensuring the safety of the wellbore. The priority of the selection of these two
parameters depends on the economic cost.
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Nomenclature

Tini initial annular temperature (K)

Ttin final annular temperature (K)

Kisop isobaric thermal expansion coefficient of the annular fluid (1/K)
T annular fluid temperature (K)

Piyi initial annular pressure (MPa)

Priy final annular pressure (MPa)

Kisot isothermal compressibility of the annular fluid (1/MPa)
P annular fluid pressure (MPa)

Vin final volume of the annular fluid (m3)

Vini initial volume of the annular fluid (m?)

Vin volume change of the annular fluid (m3)

AV  volume change of the annular fluid caused by isobaric thermal expansion (m3)
AVist  volume change of the annular fluid caused by isothermal compression (m3)
AV sun volume change of the annulus (m3)

P11 fitting coefficient, py; = —2.4475 x 107>

P12 fitting coefficient, p1, = 8.3417 x 107©

P13 fitting coefficient, p13 = —3.9802 x 10~®

P14 fitting coefficient, p14 = 5.4896 x 10~

P15 fitting coefficient, py5 = 1.1241 x 1075

P16 fitting coefficient, p1g = —2.4564 x 10~%

P17 fitting coefficient, pyy = —3.1943 x 1073

P18 fitting coefficient, p1g = 9.1821 x 1073

p21 fitting coefficient, py; = 6.1393 x 10~*

P2 fitting coefficient, ppy = —4.6437 x 107

P23 fitting coefficient, po3 = 1.4114 x 1078

P24 fitting coefficient, py4 = 3.1346 x 10~6

pas fitting coefficient, pos = —2.6949 x 1073

P26 fitting coefficient, pys = —3.1586 x 1072

P27 fitting coefficient, poy = 1.9188 x 1074

Uy casing deformation caused by thermal expansion (m)
U Poisson’s ratio of the casing

o linear expansion coefficient of the casing (1/K)

r radius of calculation position (m)

AT, temperature change at the calculation position (°C)
Uy casing deformation caused by internal and external pressure (m)
E elastic modulus of the casing (MPa)

7 inner radius of the casing (m)

<
=1

outer radius of the casing (m)

inner pressure of the casing (MPa)

external pressure of the casing (MPa)

length of the annulus (m)

well depth (m)

gas constant (J-mol~1.K~1), R = 8.314 J-mol1.K~1
gas molar volume (m?)

reduced pressure, P, = P/P.

reduced temperature, T, = T/ T

critical pressure (MPa), P, = 3.394 MPa for nitrogen
critical temperature (K), T, = 126.15 K for nitrogen
Pitzer’s acentric factor, w = 0.045 for nitrogen
radial stress caused by pressure (MPa)
circumferential stress caused by pressure (MPa)
axial stress caused by pressure (MPa)

hanging force (107° N)

gravitational force (107 N)

radial thermal stress (MPa)

SHQ MN%C&Q\%E HoHg AN gy
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0'9T circumferential thermal stress (MPa)

af axial thermal stress (MPa)

K the ratio of the outer radius to the inner radius

K; the ratio of the outer radius to the radius of the calculation position
ATy the temperature difference between the inside and outside walls of the casing (°C)
AP; annular pressure buildup in the inner annulus (MPa)

AP, annular pressure buildup in the outer annulus (MPa)

0i density of inner annular fluid (kg/ m?)

Qo density of outer annular fluid (kg/ m?)

0 wellbore inclination angle (kg/m?)

o total radial stress (MPa)

oy total circumferential stress (MPa)

o total axial stress (MPa)

OMises von-Mises stress (MPa)

Y, yield strength of the casing (MPa)

S safety factor

Poork operation pressure in the production (MPa)

Prup rupture pressure (MPa)

Pafe the minimum casing safety pressure (MPa)

Cs design safety coefficient

Ap density difference between the fluid in the inner and outer annuli (kg/m3)
g gravitational acceleration (m/ s?)
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