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Abstract: The integrated injection-production string is the core tool used in thermal recovery wells
for heavy oil, the mechanical behavior of which is complex due to the coupling effect of downhole
temperature and pressure and the load induced by steam huff and puff operations. In this paper,
an analysis model that calculates the temperature and pressure field during steam huff and puff
operations has been established based on the basic principles of energy conservation and heat transfer.
Then, the force distribution and strength check of the integrated injection-production string were
analyzed. The fatigue damage of the string was evaluated by considering dynamic loads during
the injection process. The corrosion life of the string was predicted. Finally, the failure mechanism
of the integrated injection-production string in thermal recovery wells for heavy oil was illustrated.
The results showed that the strength of the string and vibration fatigue are not the main causes of
failure, but corrosion is the main reason for string failure. The residual strength of the corroded
string was greatly reduced, which is the fundamental reason for the failure of the string. This paper
is of guiding significance to the optimization of design and safety evaluations of the integrated
injection-production string in thermal recovery wells for heavy oil.

Keywords: heavy oil; thermal recovery well; integrated injection-production string; downhole
tubular mechanics; failure mechanism

1. Introduction

Currently, steam “huff and puff” technology has become the most commonly used
method for heavy oil reservoir exploitation due to its efficiency and flexibility, which
is achieved by injecting a large amount of high dry steam into a reservoir through an
integrated injection-production string. After a period, the viscosity of the heavy oil will be
greatly reduced, and the fluidity will be increased [1-3]. When compared with conventional
oil production, the integrated injection-production string is the main tool of steam injection,
which is subjected to high temperatures and high pressures (HTHPs) for long periods.
Besides, the operating load induced by the injection and production is also complex, which
frequently causes the failure of the string. Therefore, it is important to ensure the safety of
the string by analyzing the mechanical characteristics and revealing the failure mechanism.

So far, some scholars have carried out research on the mechanical behavior of the
integrated injection-production string. Cullender et al. [4] have obtained the well pres-
sure distribution under steady-state flow conditions by using average temperature and
deviation coefficients. Ramey [5] has analyzed the temperature through regarding the
incompressible liquid temperature and single-phase as a function of well depth and time.
Wang [6] has established the semi-analytical method of heat transfer and calculated the
well temperature through unsteady heat transfer. Mao et al. [7] have developed a coupled
temperature-pressure analysis model by considering the interaction operation. Zhang
et al. [8] have derived the iterative formula for the calculation of well pressure by using
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the average method. Shi et al. [9] established a coupled prediction model for temperature
and pressure distribution based on the conservation of momentum and energy and the
basic principles of mass and heat transfer. Cao et al. [10,11] proposed a model of tem-
perature profile variation in the production string by taking into account the influence of
flow friction and gas properties. Under the coupling effect of temperature and pressure,
a variety of mechanical effects will be generated in the integrated injection-production
string. Therefore, some scholars have conducted relevant studies on the mechanics of the
string. Johancsik et al. [12] established the drag-torque model of a downhole string, which
simplified the string into a rope without bending stiffness. Mitchell et al. [13] proposed
a rigid rod model by considering the contact position between the string and borehole.
Mayouf et al. [14] proposed a method for calculating the large deformation and torque
of a string based on the beam theory. Wang et al. [15] established a stress analysis model
of the test string of HTHPs in gas wells. A dynamic load will be induced in the HTHP
steam injection and production process, which will cause alternating stress and, eventually,
fatigue damage in the string. Therefore, some scholars have conducted studies on the
dynamic mechanical behavior and fatigue damage of strings under HTHP conditions.
C Semler et al. [16] established the nonlinear differential equation of a liquid-filled string
by considering the influence of a large curvature and transverse deflection. Ding [17]
conducted simulation experiments to study the vibration of a gas production string, which
found that the vibration of the string is related to the flow rate and velocity of the gas. In
terms of fatigue analysis, Manson et al. [18] obtained the Manson—Coffin equation through
a large number of experimental studies and established the bilinear fatigue cumulative
damage theory. Neuber [19] studied the fatigue life through the local stresses method and
proposed the Neuber criterion. Based on a large number of experimental studies on fatigue
damage, Miner formalized the linear cumulative damage theory proposed by Palmgren
and established the Palmgren—Miner linear cumulative damage criterion, which has be-
come one of the commonly used methods for a fatigue damage assessment at present [20].
Liu et al. [21] reviewed the application of the rain flow counting method for fatigue damage
evaluation. Liu et al. [22] predicted the fatigue life of an HTHP string by combining the
S5-N curve and linear cumulative damage theory. Song et al. [23] analyzed the internal
pressure strength of the corroded casing. Sun et al. [24] calculated the stress concentration
coefficient of a spherical pit in the corroded casing. JW et al. [25] calculated a strength check
using the finite element analysis method. Mu et al. [26] analyzed the relationship between
strength and corrosion depth and established a formula for calculating the service life of
a casing string. Yuan [27] obtained the residual extrusion and compressive strength of a
casing according to API-recommended practice. Xu et al. [28] analyzed the residual internal
pressure and extrusion strength of a casing after corrosion by using elastic-plastic theory.
At present, great progress has been achieved in the mechanical behavior analysis of
HPHT strings as well. However, the structural composition of an integrated injection-
production string in thermal recovery wells is complex. In addition, string failures caused
by temperature, pressure, and external loads occur from time to time. Therefore, it is
necessary to study the mechanical behavior of the string and reveal its failure mechanism.
For this purpose, the temperature and pressure field, the mechanical vibration properties,
and the strength check and corrosion life of the integrated injection-production string were
studied. Finally, the failure mechanism of the string has been clarified. This study is of
guiding significance to the design and control of integrated injection-production strings.

2. Mechanical Analysis
2.1. Temperature and Pressure

The composition of an integrated injection-production string in a thermal recovery
well for heavy oil is shown in Figure 1. As shown in Figure 1, the string mainly includes a
thermal insulation string, a high-temperature-resistant packer, a jet pump barrel, a blowout
preventer valve, a Y-type crossing device, a high-temperature thermal recovery packer, and
a top packer.
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13-3/8" High temperature resistant packer 170 m
Surface casing
x398.16m

4-1/2""Heat insulating tubing

I
Jet pump barrel 2000 m
Failure location Fit Y-type crossing device 2002 m
9.5/8" 0 X High temperature thermal recovery packer 2037 m
Technical casing Baker top packer 2057 m
x2123.45m X —

Artificial bottom hole 2430 m

Figure 1. Schematic diagram of integrated injection-production string.

In order to simplify the mathematical derivation, the following assumptions are
adopted in the analysis:

1. The fluid flow in the wellbore is regarded as stable flow, and all parameters of the
fluid in the same plane are the same.

2. The heat transfer in the axial direction is in a stable state, while the heat transfer in the
radial direction is in a transient state.

The constructed co-ordinate system is shown in Figure 2. Take a segment of the
microelement as the object of study: the length of the microelement is dx. The flow,
pressure, and rate at dx are p, Q, and v, while the above parameters at x + dx are p + dp
are Q + dQ and v + dv, respectively.

Figure 2. Analysis model of temperature and pressure.

According to the energy conservation and momentum theory [9], one obtains:
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where p is the fluid density, kg/ m3; v is the fluid velocity, m/s; x is the well depth, m; p is
pressure, Pa; g is the acceleration of gravity, m/s?; @ is the angle between the axial direction
and the horizontal direction of the string, (°); f is the friction coefficient, dimensionless; d is
the inner diameter of the string, m; w is the mass flow rate of fluid, kg/s; H is the specific
enthalpy, ] /kg; Qp, is the heat loss per unit length, J /(m-s).

The enthalpy change equation [29] can be expressed as

dH  dT dp
E = CPE CPCIE (2)

The heat loss of gas during flow can be expressed as [30]:

Qne = wep(T — Tyi)Lr 3)

where T; is the original formation temperature, K; T is the fluid temperature of the insulated
string, K; ¢, is the specific heat capacity of the fluid, J/(kg-K); Lg is the relaxation distance

— 2m (_reoliKe
parameter, Lr = (Kg+rmU[gTD

ZUCP
Tt is the outer radius of the string, m; Uy, is the total heat transfer coefficient, ] / (s-m?-K);
Tp is a dimensionless time function; ¢ J is the Joule-Thompson coefficient, MPa/K; p is the
pressure in the string, MPa.

) ; K, is the formation thermal conductivity, W/ (m-K);

2
dp _ pgsin 0 + fo

4T 27rUrgK, o e AP | % dP 2 (4)
T, . . .

oy = — W(T — Teio + ggzsin 0) +cpey g + 5 +foq — gsin
where, eT,; = T,jo — ggzsin 6, ¢ = ggsin 6+ ¢ — gsci;ﬁ and y = —c; 2L + —’C’p &, ¢ is the

geothermal gradient, K/m.

2.2. Stress and Deformation
2.2.1. Basic Effects

During the gas injection process, the following three effects will occur due to the
influence of the coupling effect of temperature and pressure.

1. DPiston effect

The axial force of the string will change suddenly due to the change of cross-sectional
area, which will cause the piston effect, as shown in Figure 3.

Figure 3. Schematic diagram of piston effect.

As shown in Figure 3, the axial force F; acting on the string induced by the piston
effect can be expressed as [31]

Fi=po(Ap = Ao) = pi(Ap — 4i) ®)
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where p, is the external pressure, Pa; p; is the internal pressure, Pa; A, is the external
cross-sectional area of the packer, m?2; A; is the cross-sectional area of the string, m2; A, is
the cross-sectional area outside the string, m?.

The axial deformation of the string caused by piston effect AL; can be expressed as [31]

L
AL = —— [Apg(Ap - Ao) — Ap; (Ap - Ai)] (6)
EA;.
where L is the total length of the string, m; E is the elastic modulus; Pa; Ay is the cross-
sectional area of the string, m?.

2. Expansion effect

During gas injection, the gas pressure inside and outside the heat-insulation string is
different, which will cause an expansion effect and lead to radial expansion or compression
of the string insulated, as shown in Figure 4a, the pressure acting on the wall of the tubing
will reduce the diameter of the tubing string, when the external pressure is greater than the
internal pressure. Conversely, if the internal pressure is greater than the external pressure,
the diameter of the tubing string will increase in Figure 4b.

(@) (b)

Figure 4. Diagram of the expansion effect.

If the external pressure of the string above the packer is greater than the internal
pressure, the radial diameter of the string will decrease, and the string length will increase,
as shown in Figure 4a. Conversely, the radial diameter of the string will increase, and the
string length will shorten, as shown in Figure 4b.

According to the theory of elasticity, the axial deformation caused by the expansion
effect of the string AL, can be expressed as [32]
 Boi — RApy — 6552 2 2 Bpi —R2Ap,

ALz =—F 21 E  &2-1

@)

where y is the Poisson’s ratio, dimensionless; Ap; is the change of gas density in the string,
kg/m3; Ap, is the change of gas density outside the string, kg/m?; ¢ is the ratio between
the outer diameter and the inner diameter of the string, non-dimensional; J is the pressure
drop per unit length of the string, Pa/m; Ap; is the internal pressure change, Pa; Ap, is the
change of the external pressure, Pa.

Therefore, the axial force F, of the string caused by the expansion effect can be ex-
pressed as [32]:
&2Apo — Ap;

FZ = 2]4Atc Rz 1

®)

3.  Temperature effect

Due to the temperature difference between the formation and the string, the tem-
perature of the string will change until it reaches the equilibrium, which is called the
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temperature effect. The axial deformation of the string caused by temperature effect ALz
can be expressed as [32]
ALy = BL(T; — To) ©)

where f is the thermal expansion coefficient, 1/°C; T; is the average temperature of the
string, °C; T, is the formation temperature, °C.
Therefore, the axial force F; acting on the string due to the temperature effect can be
expressed as [33]
B = E,BAtc(Ti - To) (10)

2.2.2. Strength Check

In this paper, the following assumptions are adopted during the mechanical behavior
and strength check.

(1) The cross-sectional area of the string is a circle;

(2) The axis of the string is the same as the axis of the well;

(3) The internal pressure, external pressure, and friction resistance of the string are
distributed uniformly.

According to the above assumptions, the mechanical model of axial stress and defor-
mation of the string is shown in Figure 5.

Figure 5. Mechanical model of the string.
The governing equation of the mechanical behavior can be written as [9]

Pu K, pgsina — pg cosa
ds? B E

(11)

The initial conditions and boundary conditions of Equation (11) can be expressed as

u(0) =0
{EAtcgg(L) =—F, (12)

where u is the axial displacement, m; Kj is the buoyancy coefficient, dimensionless; A is
the friction coefficient which is 0.25 in this paper; « is the well inclination angle, (°); F; is
the setting force of the packer, N.

Combined Equations (11) and (12), the axial deformation of the string can be obtained.
Then, according to Equation (13), the axial force caused by the axial deformation can be
obtained, which is
ou
s

Therefore, the total axial force F, on the string can be expressed as [33]

F, = EAy (13)

FE=h+E+FKE+FE (14)
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Considering the bending moment, the maximum axial stress ¢; on the outer wall of
the string can be expressed as
Fa 2nE Atcrto [07]
=t 15
Oa A + L ( )
where 1y, is the outer diameter of the string, m; & is the dogleg angle of the well hole,
°/30 m; L; is the length of the string, m.
According to elastic theory, the strength check of the string can be expressed as [33]

{ineld}

. (16)

05 = ?\/(Uu —09)" + (09 — 07)> + (07 — 00)” <

where ¢; and oy are the radial stress and circumferential stress which can be calculated by
the Lamme equation of elasticity, MPa. [ineld} is the yield strength of the string, MPa; n is
the safety factor.

2.3. Fatigue Damage

During steam huff and puff operations, vibration will occur due to the influence of tem-
perature difference, nonuniform internal and external pressure, axial force and nonuniform
steam injection, and other factors, which will generate fatigue damage to the string.

Therefore, fatigue damage prediction of integrated injection and production string
is of great significance to ensure the safe operation of the pipe string. In this paper, the
finite element method is used to establish the physical model of the integrated injection-
production string. The loads such as temperature, pressure, axial force, and gas injection
condition are applied to the string to obtain the mechanical vibration response. Then,
according to the finite element analysis results, the equivalent stress time history of the
critical position is extracted. The stress time history is sorted out according to the rain-flow
counting method [34,35], and the average stress is modified by the Goodman curve [36,37].
Finally, the fatigue damage is calculated by S-N curve and the Palmgren—-Miner linear
fatigue cumulative damage theory [36,37].

According to published results [38], the S-N curve of fatigue damage analysis can be
expressed as

1S = 1gK — migN (17)

where S is the stress value, MPa; N is the number of load cycles; IgK is —0.0585; m is 2.7202
in this paper.

The cumulative fatigue damage of the string is calculated by the Palmgren—Miner
linear cumulative damage theory, where it is assumed that at any given stress level, the
cumulative damage rate is independent of the previous loading process, and the loading
order does not affect the calculated value of fatigue damage. The Palmgren—Miner linear
cumulative damage calculation formula can be expressed as

1 (18)

where 7; is the actual cycle number of the load; N; is the allowable cycle number of the
load, and D; is the fatigue damage of the string under a certain working condition; p; is the
proportion of the total working time of the certain condition; D is fatigue damage of the
string under different working conditions.
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_ x| Bilri+ h)* — Pyr? L (P Po)(ri+ h*2 1 _ g bt h)* + Pr2 — 2P,r2

2.4. Life Prediction after Corrosion

Corrosion can reduce the bearing capacity and shorten its service life significantly.
Therefore, the service life prediction of a corroded string and the timely detection of string
failure can avoid unnecessary economic losses.

The following assumptions were made during the modeling process in this paper.

1. The string is assumed to be thick-walled and under the three-dimensional stress state
of internal pressure, external pressure, and axial tension;

2. The uniform corrosion occurs only on the inner wall of the string;

The mechanical action on the string only affects the corrosion rate of the string;

4. The circumferential stress on the inner wall of the string without corrosion can be
obtained from Lamme’s formula, which is

@

1 Pi(r?+r3) —2Pr;
2 _ 42 72 2 _ 2
r5—r T vy — 1

1

Pir? — Por2  (P;— P,)r?r2 '
2

i

(19)

0w =
rZ—r

where oy is the circumferential stress, MPa; P; is the internal pressure, MPa; P, is the
external pressure, MPa; r; is the inner diameter, mm; r, is the outer diameter, mm.

If the corrosion depth is #, the circumferential stress on the inner wall of the string is

2 — (ri+h)? R2—(ri+h)?  (n+h)?] 22— (ri+h)?

(20)

where 0; is the circumferential stress, MPa; h is the corrosion depth of the string, mm; K is
the stress concentration coefficient.
Therefore, the change rate of the circumferential stress of the string is

doy _ (01 +Kpi)* /oy + K(2po — pi) dh 1)
dt Krio(pi — po) dt

According to the published results, one obtains [39]

dh Vo, t
2 -t 22
i = e () 22)
where V is the molar volume of the string material, mm?3/mol; R is the general constant of
gas, ]/ (mol-K); T is the absolute temperature, K; vy is the corrosion rate, mm/a.

Substituting Equation (22) into Equation (23), the corrosion life of the string can be
written as

U—tf

_ Krio(pi = po) dot
tl = p 3/2 Vo (23)
0 Go (0r + Kpy) \/(Tt + K(2po — Pi)exp<ﬁ>

3. Case Study
3.1. Calculation Data

Taking Well X as an example to analyze the temperature and pressure distribution,
the well structure is shown in Figure 6. From the results of the engineering site, it was
found that the outer layer of the string had been disconnected from the lower part of the
4-1/2” string. The outer layer of the string broke at the body connection of the Y-shaped
crossing device. Besides, it was found that serious corrosion occurred at the fracture of
the string. After physical and chemical analysis, it was found that the main corrosion
products were Fe3O4 and SiO, and a small amount of chlorine elements from the water.
The preliminary judgment is that the corrosion of the string is caused by oxygen corrosion
under the environment of high-temperature water steam. The other calculation parameters
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of the well are shown in Table 1, and the chemical composition of the steel of the string is

shown in Table 2.

sea level
25m
mudline
High temperature resistant packer
13-3/8" 17'5 m pex P
Surface casing
%x398.16 m . 2 .
17-1/2" 4-1/2"Heat insulating tubing
Well bore
%*398.16 m
Baker top packer
2057 m
4-1/2"Heat insulating tubing 2-7/8" tubing

High temperature thermal recovery %gl_;er
m

Y-type crossing device

Jet pump barrel
2000

8-1/2"
Well bore
%2430.00 m

A

9-5/8" 12-1/4"
Technical casing| Well bore
%x2123.45m %x2123.45m
Figure 6. Well structure for Well X.
Table 1. Basic operating parameters.
Parameter Value Parameter Value
Well Depth (m) 2430 Wellhead Pressure (MPa) 14.6
Formation Diffusion coefficient (m?2/s) 5.7 x 1078 Injection temperature (°C) 340
Outer Diameter of the String (m) 0.1143 Geothermal gradient (°C/100 m) 2.7
Inner Diameter of the String (m) 0.1005 Bottomhole Pressure (MPa) 1.65
Inner Diameter of Casing (m) 0.2237 Bottomhole Temperature (°C) 340
Formation Thermal Conductivity W/(m-°C) 1.74 Gas Injection Speed (m3/d) 300
L . Cement Thermal Conductivity
Gas-Liquid Ratio 51/1 W/ (m-°C) 1.2
Corrosion Rate (mm/a) 0.15 Molar Volume (mm? /mol) 7
Table 2. The chemical composition of the string material.
Element w/% Element w/%
C 0.290 Si 0.240
Mn 1.310 P 0.014
S 0.003 Ni 0.030
Cr 0.100 Cu 0.060
Mo 0.010 Fe -
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3.2. Results
3.2.1. Model Verification

In order to verify the correctness of the mathematical model and solution method
established in this study, model validation was conducted. Table 3 shows the parameters
for the model validation [6].

Table 3. Calculation data for model validation.

Parameter Value Parameter Value
Well Depth (m) 4500 Bottom Hole Pressure (MPa) 57.3
Bottom Hole Formation Temperature (°C) 123.4 Gas Production (m3/d) 50 x 10*

Thermal Diffusion Coefficient of

-6
Formation (m?2/s) 1.21 x 10

outer diameter of tubing (mm) 88.9

Inner Diameter of Tubing (mm) 76.0

As shown in Figure 7, temperature 1 and pressure 1 are the calculated results from the
published results [6], and temperature 2 and pressure 2 are the results calculated by this
work. The results calculated according to the model in this study are in good agreement
with the published results, which indicates the accuracy of the model and solution method
established in this study.

Pressure(MPa)
20 40 60 80 100 120 140
0 1 1 1 I
1000 4
8
= 2000 .
=
]
=
= 3000 - -
Temperaturel
Temperature2
Pressurel
4000 + -
Pressure2
5000 1 1 1 1 L
20 40 60 80 100 120 140
Temperature(°C)

Figure 7. Model verification results.

3.2.2. Temperature and Pressure Distribution

According to the analysis model established in this paper, the temperature and pres-
sure distribution of the whole well section is shown in Figures 8 and 9.
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0
Tubing internal temperature
Annulus temperature
L T ...
_
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o [ e T R e
N
=
]
=
C)
B 1500 -
2000 -
2500 | s 1 " | s | N 1 :
0 100 150 200 250 300 350

Temperature(°C)

Figure 8. Temperature distribution of the integrated injection-production string.

0

500 +
£
N’
= 1000 |
=%
2]
=
G
= 1500 |

2000 |- Tubing internal pressure

Tubing external pressure
2500 : ' : ' : ! :
0 5 10 15 20
Pressure(MPa)

Figure 9. Pressure distribution of the integrated injection-production string.

As shown in Figure 8, the temperature inside the string decreases from 340 °C at the
wellhead to 322.7 °C at the bottom of the well, and the annular temperature decreases from
55 °C at the wellhead to 38.5 °C (well depth 474 m) and, subsequently, increases to 60.7 °C
at the bottom of the well.

As shown in Figure 9, the pressure inside and outside the string decreases with well
depth. The pressure inside the string decreases from 14.6 MPa to 11.7 MPa, and the annular
pressure decreases from 15.9 MPa at the wellhead to 12.0 MPa at the bottom of the well.

3.2.3. Strength Check Analysis

According to the above model, the calculated axial force distribution and strength
check results of the string are shown in Figures 10 and 11, respectively.
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Figure 10. Axial force distribution of integrated injection-production string.
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Y -type crossing device
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2500 L i L 1 1 1 L i L
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Figure 11. The von-Mises stress distribution of integrated injection-production string.

Mises stress(MPa)

As shown in Figure 10, the axial force on the string gradually decreases from 304.1 KN
to 25.1 KN (well depth of 1968 m), and then decreases to 0 KN (bottom hole). Due to the
temperature effect caused by the temperature difference between the inside and outside of
the string, the theoretical elongation of the string is 8.02 m. According to the compensation
distance of the packer, the actual elongation of the string is 5.02 m.

As shown in Figure 11, the von-Mises stress of the outer layer of the string decreases
from 182.5 MPa at the wellhead to 95.5 MPa (the upper part of the Y-type device). The
von-Mises stress of the inner layer of the string decreases from 81.6 MPa to 75.5 MPa (the
upper part of the Y-type device). When considering the failure of the inner tubing, the
von-Mises stress at the wellhead increased to 228.9 MPa. The initial yield strength of the
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string is 758.4 MPa. It could be concluded that the von-Mises stress did not achieve the
yield strength. Therefore, the string does not fail due to strength issues.

3.2.4. Fatigue Damage

According to the above model, the calculated fatigue damage distribution of the
integrated injection-production string is shown in Figure 12.

0

500
E
< 1000 - Outer tubing
2, .
= Inner tubing
S
= 1500 |-

2000 r

2500 " 1 L 1 L 1 L 1 L 1
0

Fatigue damage ( 10)

Figure 12. Fatigue damage distribution of the string.

As shown in Figure 11, with an increase in well depth, the fatigue damage of the string
decreases. The maximum fatigue damage of the outer layer of the string is 9.9 x 107° at
the wellhead. The maximum fatigue damage of the inner layer of the string is 4.2 x 107°
near the Y-shaped device. However, the fatigue damage of the whole string is small, about
107. Thus, the probability of the pure mechanical fatigue failure of the string is low under
the gas injection condition.

3.2.5. Corrosion Mechanism Analysis

The corrosion products are Fe3O4-dominated iron oxide and SiO; silt, and there is
also a small amount of chlorine from water. Therefore, the corrosion type of the string
is determined to be oxygen corrosion in a high-temperature and high-pressure water
vapor environment.

3.2.6. Life Prediction after Corrosion

According to the corrosion standard [40], since the integrated injection-production
string is in a complex environment, such as HTHP, for a long time, the corrosion grade is set
as C5, and the sensitivity analysis of the corrosion rate is carried out. According to the above
model, the calculated corrosion life distribution of the integrated injection-production string
is shown in Figures 13 and 14.
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Figure 13. Corrosion life distribution of insulated tubing under uniform corrosion.
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Figure 14. Corrosion life distribution of the string.

As shown in Figure 13, the corrosion life of the inner and outer layers of the string
increases with well depth. The inner layer of the string increases from 12 years to 13.2 years.
Since the length of the string is only 2000 m, there is a small length of single-layer string
connected to the lower end of the outer layer of the string from 2000 m to 2430 m. Therefore,
the corrosion life of the outer layer of the string increases from 17.8 years to 20.4 years, and
then there is a sudden increase to 25.3 years. Finally, the corrosion life gradually decreases
to 24.8 years due to the increase in internal and external pressure. The lowest corrosion life
of the inner and outer layers of the string appears at the wellhead.

As shown in Figure 14, the corrosion life of the inner and outer layers of the string
under local corrosion increases with well depth. The corrosion life of the inner layer of the
string increases from 7.3 years to 8.7 years, and the corrosion life of the outer layer of the
string increases from 9 years to 11.7 years; then, there is a sudden increase to 20.6 years.
Finally, the corrosion life gradually decreases to 20.1 years. The lowest corrosion life for the
inner and outer layers of the string appears at the wellhead.
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3.2.7. Influence of Stress Concentration Coefficient

Sensitivity analysis of stress concentration coefficient under local corrosion was carried
out, and the results are shown in Figures 14 and 15.
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1500
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0
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Figure 15. Influence of the stress concentration coefficient on the corrosion life of the inner layer of
the string.

As shown in Figures 15 and 16, the lowest corrosion life of the string is located at
the wellhead. When K = 1 to 4, the inner layer of the string decreases from 11.9 years to
2.6 years, and the outer layer of the string decreases from 17.8 years to 0.9 years. So, a
conclusion can be drawn that the corrosion life of the string will decrease with an increase
in the stress concentration coefficient.
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Figure 16. Influence of the stress concentration coefficient on the corrosion life of the outer layer of
the string.

3.2.8. Influence of Corrosion Rate

The influence of corrosion rate on the service life is shown in Figures 17 and 18.
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Figure 17. Influence of corrosion rate on the corrosion life of the inner layer of the string.
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Figure 18. Influence of corrosion rate on the corrosion life of the outer layer of the string.

As shown in Figures 17 and 18, the smallest corrosion life for the string is also located
at the wellhead. When the corrosion rate of the inner string is 0.05-0.20 mm/a and that of
the outer string is 0.04-0.16 mm/a, the service life of the inner string reduces from 8.7 years
to 5.3 years, while the same for the outer string reduces from 13.5 years to 5.4 years. As can
be seen from Figures 12-17, the lowest corrosion life is located at the wellhead. Thus, the
corrosion-resistant strings should be used in this section.

4. Conclusions

1. Inthis paper, the temperature, pressure, and strength check of an integrated injection-
production string were analyzed. It is concluded that the von-Mises stress did not
achieve the required yield strength, which means that the string does not fail due to

strength issues;
2. Vibration fatigue is not the main reason for the failure of the string under the gas

injection condition;
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3. The oxygen-based corrosion of the string under the condition of hot steam is the main
reason leading to the corrosion of the integrated injection-production string. After
corrosion, the strength of the string decreases, and strength failure will occur under
the action of an external load.
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