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Abstract. The operation of gas storage reservoir is characterized by alternating
loads and cyclic reciprocation, which puts the tubular column in a complex stress
state for a long time. At the same time, the corrosive environment downhole also
threatens the service life of the tubing column, and it is of great significance to
carry out the residual strength evaluation and residual strength prediction of the
tubing column in gas storage reservoirs for the safe and smooth operation of the
reservoirs. At present, the main object of casing safety evaluation for gas reser-
voir casing is casing column, and the content of injection and extraction tubing
column is less reported. This paper proposes the safety evaluation method of gas
storage reservoir injection and mining pipe column on the basis of SY/T 7370
and SY/T 7633, establishes the residual strength model and residual life predic-
tion model of injection and mining pipe column based on the mechanical and
wall thickness inspection data of the pipe column, specifies the internal pressure,
external extrusion and tensile (compression) strength of the injection and mining
pipe column and the safety inspection cycle of the pipe column, and explains the
axial force law of the pipe column based on the six effects of the packer-column,
which is important for the safe and smooth operation of gas storage reservoirs. It
also illustrates the axial force law of the column according to the six effects of
the packer-column, which provides methodological and technical support for the
safety evaluation of gas storage reservoir injection and extraction columns. The
model is applied to the injection and extraction tubular column of a gas reservoir
well in an oil field.

Keywords: gas storage reservoir; injection molding column; tube and column
strength; safety evaluation

1 Introduction

The total number of underground gas storage facilities built worldwide exceeds 700,
with a total storage capacity of 4100 x 108m>. As of the end of 2022, China has built a
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total of 24 gas storage facilities, with a working gas volume of 190 x 108m’[1]. The
working gas volume of gas storage facilities continues to rise, accounting for approxi-
mately[2][3] of natural gas consumption. Underground gas storage facilities play an
important role in China's natural gas peak shaving, valley filling, safe operation, emer-
gency regulation, and large-scale reserves[4][5][6]. The injection production string is a
safe channel to ensure gas injection and extraction. During the operation of the well-
bore, it is affected by multiple factors such as casing corrosion, equipment sealing fail-
ure, poor cementing quality, misoperation, third-party damage, and earthquakes[7][8].
According to the standard design of gas storage facilities, it is necessary to ensure the
safety of steady-state injection and production of gas in the pipeline for a period of 30
years or longer. The high-speed circulation of natural gas causes the pipe string to be
in a complex stress state with periodic changes for a long time. The corrosive environ-
ment underground also threatens the service life of the pipe string, which can easily
lead to insufficient resistance to internal pressure, external compression, axial tension
or compression, and pipe wall corrosion, resulting in failure. Furthermore, there is sig-
nificant safety significance in evaluating the stress load, strength verification, and pre-
dicting the remaining life of injection production pipe columns.

At present, the safety evaluation methods for conventional oil and gas wells both do-
mestically and internationally are mostly found in numerical methods, analytical meth-
ods, experimental methods, and finite element methods. The influencing factors of the
force and deformation of the pipe column not only include gravity, buoyancy, fluid pres-
sure inside and outside the pipe, fluid flow viscosity, temperature, top hook load, con-
straint method at the bottom packer, operation sequence and other conventional external
factors, but also need to consider the characteristics of non-linear distribution of wellbore
pressure and temperature[9][10], injection production alternating load[11][12], temper-
ature and corrosion on the strength of the pipe column[13]. Overall, the injection pro-
duction string is mainly subjected to three types of forces inside the well: internal pres-
sure, external extrusion pressure, and axial force. The injection and production tubing
columns are all inside the production casing, and the external extrusion pressure and
internal pressure can be converted into axial force through expansion effect or piston
effect. The paper based on SY/T 7370 and SY/T 7633, calculates the scenarios under
gas injection and gas extraction conditions, with the selected parameters as shown in
Table 1.

Table 1. Selection of Gas Injection and Extraction Parameters

Standard

Calculated Result Parameter L.
Criteria

Compressive Strength In-

side Diameter, Wall Thickness, Minimum Yield Strength

Collapse Resistance Out-

side Diameter, Wall Thickness, Minimum Yield Strength | SY/T 7633

Maximum Operating Limit of Gas Storage, Diameter,

Safety Detection Cycl . . .. .
atety Letection Lycle Diameter, Wall Thickness, Minimum Yield Strength
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Upper and Lower Limits of Gas Storage Operation, Di-
ameter, Diameter, Wall Thickness, Changes in Annular
Pressure Before and After Gas Injection and Production,
Temperature Changes Before and After Gas Injection
and Production, Annular Pressure Changes of Packer,
Basic Parameters of Tubing String

Tensile Strength SY/T 7370

2 Safety Evaluation Model for Injection Production Pipe
Column

2.1  Residual Strength Model

2.1.1 Internal Pressure Strength Verification.
Internal pressure value of injection production string:

/ e1.11548x10*‘ G(H-hy)

pi =psmax (1)

Among them, psmax is the upper limit of operating pressure, MPa; G is the specific
gravity of natural gas, taken as 0.5548; A, vertical depth of casing calculation point, m;
H, vertical depth of casing insertion, m.

Internal pressure resistance strength of casing:

Zktfrmntcmin
I cmax (2)

Among them, [p;] is the strength against internal pressure, MPa; k; casing wall thick-
ness deviation coefficient, taken as 0.875; fymn is the minimum yield strength of casing
material, MPa; femin is the measured minimum wall thickness, mm; Dcmax is the measured
maximum outer diameter, mm.

Safety factor against internal pressure:

S;=1p:1/p, (3)
Among them, Siis the safety factor against internal pressure, dimensionless.
2.1.2 Anti Extrusion Strength Verification.
Absolute external extrusion pressure value of casing:
P, =P, +0.00981p, 4, 4)

Among them, Pon is the annulus pressure outside the casing, MPa; For the cementing
section, pm is the outer layer water density of the casing, g/cm?; Ay is the vertical depth
of the casing calculation point, m.

Effective external pressure:
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The pressure inside the pipeline is calculated based on the minimum operating pres-
sure of the gas storage tank for the entire well

/ 61.11548><10’4G(Hv—hv)

pi = psmin (5)

pi Minimum tube pressure, MPa, psmin
storage facility, MPa.
Effective external pressure calculation:

Minimum operating pressure of gas

poezpo_pi (6)

Poe Effective external extrusion pressure, MPa
Anti extrusion strength of injection production pipeline:

pyp = 2f:w,,,, [Dcmax / tcmm - 1] / [(Dcmax / tcmin )2]
p=fI14/®D, /'t )-B]-C,

cmax cmin

B =f [F /D, /1,)-G.]

cmax cmin

P, =46.95x10° /[(D._

(7

[t )I(D. It —1)"]x0.00689476

ax cmin

Among them, py,, pp, pr, pE are yield crush strength, plastic crush strength, transition
crush strength, and elastic crush strength, respectively.

When Demax/femin<(Demax/femin)yp, it 18 yield collapse;

When (Demax/temin)yp < Demax/femin <(Demax/temin)pt, it 1S plastic extrusion failure; When
(Demax/temin )pt << Demax/temin << (Decmax/femin t)ee, it 1S a transitional collapse;

When Demax/femin>(Demax/femin)te, it 1S elastic collapse.

Among them,

D, /1), =4 -2 +8B+C/ £, )" HA-2}/[2B+C f,,)]
@, 11,),), =l (A =F)IC+],, (B-GID, /1)), =[2+B/A)/[XB /A

4 =2.8762+0.15489x10° 1 +044809x10° 1 * ~0.16211x10” 1 * 8)

F=3237x10[GB / 4)/@+B./ AN 11/, [3B./ A)/2+B./ A)~B./ A1~(B./ 4)/ (2+B./ A )T’}
G=FB/4

Anti extrusion safety factor:

S, = [po ] /po )

Among them, S, is the anti extrusion safety factor, dimensionless; [po] is the strength
of the casing against external compression.
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2.1.3 Tensile (Compressive) Strength Verification.

2.1.3.1 Gravity Effect.

The depth of the well completion string is generally several hundred to several thou-
sand meters, so gravity elongation is an important factor. The axial force caused by self
weight gradually increases from bottom to top, and the axial tension is the highest at
the wellhead. The completion string and mechanical model corresponding to the gravity
effect are based on the basic condition that the completion string is produced when it
enters the well.

Gravity of completion string in air:

Ev - VVS X L (10)

In the formula,

F,,—Gravity of the pipe column in the air, N; L—Column length, m; W,—~Unit length
column weight, N/m.

Gravity of the completion string inside the well:

Due to the buoyancy effect of the liquid in the well on the completion string, the
gravity of the completion string in the well should be equal to the gravity in the air minus
the buoyancy.

F,=F,~F, (11)

_ _ -3
F,=pgV=pxgxA,xLx10 (12)
In the formula,
F,—Gravity of the column in the well, N; ¥—Column volume, cm®; g—Gravity ac-
celeration, g2=9.801N/kg; A—Cross sectional area of pipe column, mm?; p—Density of
liquid in the well, g/cm?.

2.1.3.2 Piston Effect.

There is a packer under the oil and gas well, and when the packer is set to seal the
annulus, there is a pressure area difference, which creates the condition of plug effect.
For the insertion tube packer, the piston force acts on the sealing tube in the packer
sealing chamber, applying compressive or tensile force to the column. The force gen-
erated by the piston effect is calculated using equation (12).

Fy = ~((4,-4)Ap, —(4,-4,)Ap,) (13)

In the formula, Fr—represents the force generated by the piston effect, N; Ap, —

represents the change in column pressure at the packer, MPa Ap —Changes in annular

pressure at the packer, MPa; A,—Internal cross-sectional area of the packer (sealing
chamber cross-sectional area), mm?.g—Gravity acceleration, g=9.801N/kg; A—Cross
sectional area of pipe column, mm?;
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2.1.3.3 Ballooning Effect.

If the internal pressure of the pipe column is greater than the external pressure, the
horizontal pressure acting on the inner wall of the pipe column will increase the diameter
of the pipe column, shorten the length of the pipe column, and generate axial pressure.
This bulging effect is usually called positive bulging effect. On the contrary, if the an-
nular pressure of the pipe column is greater than the internal pressure, the diameter of
the pipe column will decrease, the length of the pipe column will increase, and axial
tension will be generated. The force generated by the bulging effect is calculated using
equation (13).

F, =-0.6x(Ap, 4~ Ap, A,) (14)

In the formula, Fe— represents the force generated by the bulging effect, N; Ap. —
represents the change in average pressure inside the column, MPa Ap_ —Change in av-
erage annular pressure, MPa; 4 —Internal cross-sectional area of the pipe column, mm?,

A —External cross-sectional area of the pipe column, mm?.

2.1.3.4 Temperature Effect.

The basic condition for the temperature effect to occur is that the average temperature
of the completion string changes, causing changes in length or force, regardless of pres-
sure changes. The force generated by temperature effect is calculated using equation
(14).

F, =-aEAAT (1)

In the formula, Fr—force generated by temperature effect, N; 4 —cross-sectional

area of the pipe column; A7 —the average temperature of the pipe column during in-
jection and production operations; E—elastic modulus; a—ULinear coefficient of thermal
expansion.

Due to the non-linear distribution of wellbore temperature during fluid flow in the
wellbore, and the temperature effect occurring throughout the entire length of the pipe
string, the pipe string should be divided into micro element segments when calculating
the temperature effect, and the average temperature change AT of each segment of the

pipe string should be used for calculation, as shown in formula (15).

AT =T; -T, (16)
T,+T, T, +T,
Among them, T, = “‘2 & T = “fz @“

In the formula,
T, —initial temperature at the top of the micro element column, °C; T —initial tem-

perature at the bottom of the micro element column, °C;7,; —final temperature at the
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top of the micro element column, °C; T;; —final temperature at the bottom of the micro
element column, °C.

2.1.3.5 Bending Effect.

The buckling effect of the pipe column is relatively small, but the main significance
of pipe column buckling is that the bent pipe column will exert a significant force on the
wellbore, leading to a large frictional resistance between the pipe column and the well-
bore, and even causing the pipe column to self lock. The axial force generated by the
bending effect during the insertion (extraction) process of the injection production string
is calculated using equation (16).

F,, =%0.060156D,, (D —21)4, (17

In the formula, F\,—is the force generated by the bending temperature effect, N;

D

leg —dogleg degree (°/30m); [ —Nominal outer diameter of the pipe column; /—

Wall thickness of the pipe column; 4—mnominal outer diameter of the pipe body.

2.1.3.6 Friction Effect.

For the injection and production pipe columns in gas storage wells, the frictional ef-
fect mainly comes from the frictional force generated by the gas flow on the pipe wall
during the gas injection or production process. However, due to the complexity of the
gas flow state, the frictional force generated by gas flow is rarely considered in the ex-
isting calculation and analysis process, and is generally considered from the perspective
of increasing the safety factor. The gas flow generates frictional resistance on the inner
wall of the injection production pipe column, and the direction of frictional resistance is
consistent with the flow direction. The magnitude of frictional resistance is calculated
according to equation (17).

F,=Zd:ap,
4 (18)
In the formula, F~—represents the force generated by the frictional effect, N; di—
represents the inner diameter of the pipe column, and AP —represents the frictional pres-

sure drop inside the pipe column, Pa.
in the gas storage facility, based on the stress state and wall thickness detection.

2.2 Remaining Life Prediction Model

According to SY/T 7633, the calculation method for the safe service life of casing. The
critical wall thickness for safe service of injection production pipelines under active
working conditions is calculated according to formula (18).
i = [&]KOEBD +B
2k Jypm (19)
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Among them, [Si]—rated internal pressure resistance coefficient; K—Overpressure
coefficient during casing pressure testing, generally taken as 1.1; pi—effective internal
pressure, MPa; D—standard outer diameter of casing, mm; fym—minimum yield
strength of steel, MPa; k—deviation coefficient of casing wall thickness, generally taken
as 0.875; f —Attenuation correction value at the thread of the casing.

Calculate the average corrosion rate based on the wall thickness/time lost due to cor-
rosion:

Vavg = (standard wall thickness - average minimum remaining wall thickness) / age

Vmax = (standard wall thickness - minimum remaining wall thickness) / age

The remaining lifespan can be expressed as:

Lemin L

T=-cmin__er

Y (20)

3 Safety Evaluation of Injection Production String

In terms of model validation and applicability, we conducted an analysis of geometric
dimensions, internal pressure resistance, external collapse resistance, tensile strength
verification, and prediction of safety detection cycles for injection-production string
based on a study of 12 injection-production wells in a domestic gas storage facility.
Additionally, a case study was performed on a specific injection-production well. Tak-
ing a certain injection production well as an example, the maximum operating pressure
of the gas reservoir is 31.35MPa, the minimum operating pressure is 14.0MPa, and the
relative density of the natural gas stored in the reservoir is 0.6173. The average ground
temperature gradient is calculated to be 3.07 °C/100m, and the basic data is shown in
Table 2. The production casing cement is raised to the surface.

Table 2. Performance of a certain well casing string

External diameter | Wall thickness Inner diameter Line quality
Steel grade | Buckle type
(mm) (mm) (mm) (kg/m)
L80 BGT1 114.3 6.88 100.54 18.21
Internal pressure strength Collapsing strength Tensile strength
(MPa) (MPa) (kN)
58.1 51.7 1280.9
Outer diameter range Wall thickness range
113.7285~115.443 >6.02
(mm) (mm)

Regarding the temperature effect in the model, this paper, based on the nonlinear heat
transfer model of the injection-production tubing-casing-formation system, employs the
concept of infinitesimalization and iteratively calculates the temperature changes in the
wellbore before and after gas injection and production. The corrosion data is sourced
from real field logging scenarios, where the reduction in wall thickness of the injection-
production tubing is due to corrosion, leading to a decrease in the strength of the tubing
string.
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According to SY/T 7370 and SY/T 7633, the model calculation of the internal pres-
sure resistance, extrusion resistance, and tensile strength of the pipe column is carried
out to predict the remaining life of the pipe column and provide the safety inspection
cycle of the pipe column. Taking a certain injection production well as an example, Fig-
ure 1 shows the basic information and inspection cycle of the injection production pipe
column.

Diameter (mm) out-of-roundness OV

96 98 100 102 104 106 108 110 112 114 116 118
-

0 1 2

Depth " —_—

of the .y

well(m)
.

200

100
100 Measured |.D. Out-of-roundness

Equivalent |.D. Out-of-roundness

———
=
Depth S
—— —
APl Inner Diameter 600 % f— AP Out-of-roundness
e _— ov=5%
——

of the 600
well(m)
800 Measured Minimum
Inner Diameter $00
Measured maximum
Inner diameter
Average inner 000 ——

1000

1200

1400 Diameter 1400 =

API Maximum 1600

i

——
. Gutsde Diameter —_— 1
— .

1600

Fig. 1. Basic information of injection production string (taking a certain injection production
well as an example)

3.1 Remaining Strength Evaluation

3.1.1 Evaluation of Internal Pressure Strength.

As shown in Figure 2 and Figure 3, the internal pressure resistance strength of the
tubing string in the well section of 19.45m~2992.680m indicates that at the maximum
operating pressure of 31.35MPa in the gas reservoir, the effective internal pressure of
the tubing string in the well section of 19.45m~2992.680m is lower than the actual
internal pressure resistance strength, and the internal pressure safety factor is greater
than 1.15.

Pressure(MPa)
° 10 poi 30 0 S0 60
Depth _° ' . . . -
of the
well(m) 4

800
1000

1200

internal pressure

external pressure

effective external pressure

Actual internal compressive strength
Rated internal pressure strength

1400

1600
1800
2000
2200
2400

2600

2800

Fig. 2. 19.45m~2992.680m internal pressure resistance strength (taking a certain injection and
production well as an example)
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Coefficient of internal pressure resistance

0 2 4 6 8 10 12
Depth 20
of the 40
600
well(m) .
= Actual internal pressure
1000 = Rated internal pressure coefficient

1200
1400
1600
1800
2000
2200
2400
2600

Fig. 3. 19.45m~2992.680m safety factor against internal pressure

3.1.2 Evaluation of External Squeezing Strength.

The actual anti extrusion strength, effective external pressure, and anti extrusion
safety factor of the tubing string are calculated based on parameters such as the filling
of the protective fluid in the annulus and the absence of pressure in the annulus, as

shown in Figure 4 and 5.

Pressure(MPa)
g S 10 15 20 25 30 35 40 45 S0 55
Depth / =
of the
600
We”(m) 800
1000
1200
1400
1600
1800 Internal pressure
2000 === External pressure
2200 == Effective external pressure
2400 - Actual resistance to external extrusion
2600 . = Rated extrusion strength
2800

Fig. 4. Analysis of Squeezing Strength of 19.45m~2992.680m Injection Production Pipe Col-
umn

Coefficient of resistance to extrusion

10 20 30 40 S50 60 70 80 90 100

Depth of 0

the well(m) .

2200 e Actual coefficient of resistance to extrusion
2400 - Rated coefficient of resistance to extrusion

Fig. 5. 19.45m~2992.680m injection production pipe column anti extrusion safety factor



Residual Strength Evaluation and Life Prediction Method for Gas 129

The results indicate that considering measurement errors, the anti extrusion safety
factor of the tubing string in the 19.45m~2992.680m section of well Hua 2-4 is greater
than 1.10.

3.1.3 Tensile (Compressive) Strength Evaluation.

(1) Condition 1: Axial load only considers the self weight of the pipe column, without
considering buoyancy. Calculate the actual tensile strength, effective axial force, and
tensile/compressive safety factor of the pipe column.

(2) Condition 2: Gas injection into the pipe column. Before gas injection, the pressure
in the A annulus is 26.5MPa, and after gas injection, the pressure in the A annulus is
27.8MPa. The internal pressure is calculated based on the minimum operating pressure
of the gas reservoir of 14.0MPa, the maximum daily gas injection volume from 2022 to
2023 of 575000 cubic meters, the highest gas injection temperature of 76.8 °C, and the
natural gas relative density of 0.6261. The actual tensile strength, effective axial force,
and tensile/compressive safety factor of the pipe column are calculated (Figure 6 and
Figure 7). Axial loads consider additional axial loads, mainly including temperature ef-
fects, bulging effects, piston effects, and axial loads caused by airflow friction.

Axial loads(KN)

-600 -400 -200 0 200 400 600 800 1000 1200 1400

Depth of 0
the well(m)>®
400

600
800
1000
1200

1400 = Rated coefficient of resistance to extrusion

1600 —— Actual tensile strength
1800 e Gravity

2000 Gas injection process
2200 Gas extraction process
2400
2600
2800

Fig. 6. Tensile Strength Analysis of Pipe Columns in the 19.45m~2992.680m Well Section

Tensile safety coefficient

Depth of o
the well(m) 400

- Rated tensile safety coefficient

2000 == Gravity tensile safety factor
2200 === Gas extraction tensile safety factor
2400 Tensile safety factor for gas injection

Fig. 7. 19.45m~2992.680m well section pipe column tension/compression safety factor (+rep-
resents tension, - represents compression)

Condition 3: Gas production using a string. Before gas production, the pressure at the
annulus wellhead is 26.5MPa, and after gas production, the pressure at the annulus



130 K. Xu

wellhead is 30.8MPa. The internal pressure is calculated based on parameters such as
the maximum operating pressure of the gas reservoir at 31.35MPa, the maximum daily
gas production from 2022 to 2023 at 539000 cubic meters, and the relative density of
natural gas at 0.6261. The actual tensile strength, effective axial force, and tensile/com-
pressive safety factor of the string are calculated. Axial loads consider additional axial
loads, mainly including temperature effects, piston effects, bulging effects, and axial
loads generated by airflow friction.

The results indicate that considering measurement errors, the anti extrusion safety
factor of the tubing string in the 19.45m~2992.680m section of well Hua 2-4 is greater
than 1.10.The results show that the tensile/compressive coefficients of the pipe column
at 20.92m~2809.639m in the injection and production well are all greater than 1.30,
which meets the requirements of the "Recommended Practice for Selection and Design
of Injection and Production Pipe Columns in Underground Gas Storage" (SY/T 7370-
2017).

3.2  Residual Life Prediction

According to the SY/T 7633 standard, the safety inspection period for injection pro-
duction pipe columns is equal to the allowable reduction in remaining wall thickness
divided by the annual corrosion rate, where the allowable reduction in remaining wall
thickness is equal to the measured wall thickness minus the critical wall thickness.

According to the evaluation of the internal pressure resistance of the tubing string (the
pressure inside the tubing is filled with natural gas and the maximum operating pressure
of the gas reservoir is 31.35MPa, and the external pressure of the tubing is based on the
density of the annulus protection fluid of 1.0g/cm3), the remaining life of the tubing
string at different well depths is calculated as shown in Figure 8. Except for the safety
valve section, the minimum remaining life of the tubing at a depth of 568.18m in other
sections is 2-3 years. (Figure 8)

The Column Safety Testing Cycle/a

20 10 60 80 100

Depth of the ¢
well(m) B

a Safgty tfasting cycleSafety testing cycles
(taking into account measurement errors)
== "=~ Safety test cycle (measured wall thickness)

Fig. 8. 19.45m~2992.680m well section oil pipe safety inspection cycle

4 Conclusion

This paper focuses on the evaluation of residual strength and prediction of residual life
of injection production pipe columns under complex stress states with periodic changes
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over a long period of time. The internal pressure, external extrusion force, and axial
tension of the injection production pipe columns are verified, and the detection cycle
of the injection production pipe columns is given based on wall thickness detection
data. We have established models for the packer column piston effect and bulging ef-
fect, and introduced the concept of modularization to calculate temperature and friction
effects. On the basis of existing standards, a safety evaluation method for gas storage
injection and production pipelines has been proposed, providing technical support for
the safe operation of gas storage facilities.

Taking the injection production pipe column of a certain gas storage reservoir as the
application object, the force analysis of the pipe column during the injection and pro-
duction cycle was carried out based on the model. The results showed that the internal
pressure resistance, external compression resistance, tensile or compressive strength of
the injection production pipeline met the selection and design requirements of the gas
storage reservoir pipe column. Except for the safety valve well section, the minimum
remaining life of the oil pipe at a depth of 568.18m was 2-3 years.

This paper primarily predicts the minimum remaining life of the pipeline segment
based on a theoretical model, with results conforming to standards and the potential for
widespread application. With the increasing availability of field logging data, correlation
analysis and statistics based on big data technology can be applied to life prediction
models, which will be the focus of our next research direction.
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