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Abstract: The introduction of downhole safety valve performance envelope curves can effectively
prevent the failure of the downhole safety valves during field operations. The method of drawing the
performance envelope curve of high-temperature and pressure downhole safety value was proposed
based on the mechanical properties of the downhole safety valve. The numerical simulation method
was used for the mechanical performance of the downhole safety valve, and the stress change law of
the overall structure of the downhole safety valve under the ultimate load was obtained. The ultimate
bearing state and the failure threshold stress value of the key components of the downhole safety
valve were further determined. The performance envelope curve of the downhole safety valve was
finally completed. The results of the study show that the downhole safety value envelope curve can
be obtained by studying the mechanical properties of the downhole safety valve, and each section
of the envelope curve corresponded to the cause of failure of the downhole safety valve, giving the
theoretical calculation idea of the downhole safety valve performance envelope curve. This study
provides theoretical and methodological support for the study of the performance envelope curves of
the downhole safety valves, packers, and other complex working conditions of downhole tools and
their application in the field.

Keywords: high-temperature and pressure; downhole safety valve; mechanical properties; critical
load; envelope curve

1. Introduction

With the large-scale exploration and development of oilfields, oil and gas wells are
characterized by ultra-deep, ultra-high pressure, high-temperature, and high sulfur content.
Due to the special nature and complexity of the downhole environment, the safe and stable
operation of downhole equipment becomes crucial. As an important link in downhole
devices, the safety of the downhole safety valves not only affects the operation but is also
closely related to the safety of wells [1–3]. Therefore, downhole safety valve performance
envelope curve research is carried out to accurately characterize the application boundaries
of safety valves under different working conditions, and it provides an effective basis for
the application of the downhole safety valves in high-temperature, high pressure, high
sulfur content, and high production gas wells. The downhole safety valve performance
envelope curve can effectively guide the application of the downhole safety valves in the
field, which is of great significance for research regarding the downhole safety valves.

In order to ensure the safety and reliability of the downhole safety valves, numerous
studies have been conducted on the structural strength analysis and reliability of the
downhole safety valves. However, there is no direct literature on the subject of performance
envelope curves for downhole safety valves. Fan et al. [4] aimed at the internal leakage of
the sealing surface of the spring-type nuclear safety valve and studied the characteristics of
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the flow field and sound field when the leakage height between the disc and the sealing
surface of the valve seat is 0.5 mm. Based on the large eddy simulation (LES) and the
Morin acoustic simulation method, numerical simulations were carried out. Lu et al. [5]
established the instantaneous impact model and determined the load of the valve plate
according to the actual working conditions of the downhole safety valve. The strength
requirement of valve plate design and the necessity and applicable conditions of valve plate
buffer mechanism were obtained. Liu et al. [6] took the common tubing portable downhole
safety valve as the object and the key mechanical properties, such as working pressure,
ground control pressure, and full opening, and carried out measurements of full closing
pressure, maximum running depth, and self-balancing ability. Wang et al. [7] provided
a basis for the selection and treatment of the downhole safety valves by comparing the
structures of different types of the downhole safety valves. Gao et al. [8] introduced the
packer performance envelope curve and, by combining this curve with string mechanics,
effectively prevented packer failure during field construction. Cody Leeheng et al. [9]
not only put forward a new viewpoint on curvature properties but also on the transfer
properties between envelope curves embedded in rigid bodies. A kinematic model based
on instantaneous central motion is proposed to describe the point transfer rate. The detailed
curvature and transfer characteristics of the line envelope and the circle envelope are given.
A successful operating envelope for various elastomer seals exists in the energy industry.
Through the above investigation, it is found that there is no reliable theoretical basis for
drawing the performance envelope curve of the downhole safety valves at present. The
mechanism related to the plotting of the downhole safety valve performance envelope
curves is currently unknown.

Aiming to address the above needs, the research on the performance envelope curve
of the downhole safety valves is carried out. In this study, we will carry out research by
combining theory and simulation. Based on the principle of drawing the performance
envelope curve of the downhole safety valve, a numerical simulation method will be
adopted to simulate the mechanical performance of the downhole safety valve. The
mechanical distribution law of the downhole safety valve will be obtained by analyzing the
simulation results, and the ultimate bearing state of the key components of the downhole
safety valve will be determined. Furthermore, the performance envelope curve of the
downhole safety valve will be drawn. This study can provide data reference and theoretical
guidance for the design and application of subsequent downhole safety valves and other
downhole tools.

2. Downhole Safety Valve Performance Envelope Plotting Method
2.1. Drawing Principles

The envelope curve of a downhole safety valve can provide operators with a safe
working area and failure area of the downhole safety valve [10–12]. The theoretical envelope
curve of the tubing-retrievable safety valve (TRSV) is shown in Figure 1. Specifically, the
envelope curve of a downhole safety valve is a closed, two-dimensional curve of the
downhole safety valve under the limited state of the internal pressure, external pressure,
tensile load, and compression load. The envelope curve of the downhole safety valve
includes four quadrants. The first quadrant is tensile load and internal pressure. The
second quadrant is internal pressure and compression load. The third quadrant is external
pressure and compressive load. The fourth quadrant is tensile load and external pressure.

The downhole safety valve envelope curve is a good tool for grasping and predicting
downhole safety valve performance and the possible causes of failure. This information can
be used to compare product parameters and facilitate the rational selection of the downhole
safety valves for application in the field.
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Figure 1. Theoretical envelope curve of the downhole safety valve.

2.2. Drawing Steps

The study of common failure forms of the downhole safety valves is the basis for
analyzing, calculating and drawing the performance envelope curve of the downhole safety
valves. Downhole safety valve performance envelope curve drawing needs at least six
steps [13–15]. The drawing process is shown in Figure 2.
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Figure 2. Schematic drawing of the downhole safety valve envelope curve.

(a) Determining the work environment

The key to drawing the performance envelope curve of the downhole safety valves is
the failure point of different components under combined loads. The key to determining
the failure point lies in the loads that different components are subjected to, so the oper-
ating conditions of the downhole safety valves must be clarified. This study focuses on
downhole safety valves under high-temperature, high-pressure, high sulfur content, and
high production gas well operating environments.

(b) Failure modes, effects, and criticality analysis (FMECA)

FMECA is carried out to determine the failure points of critical components. By
determining the operating environment of a downhole safety valve, different critical
components can be simulated and analyzed. The loads that can be sustained under different
load combinations and extreme operating conditions can be obtained and the failure point
of each critical component can be determined.

(c) 3D modelling and material determination

In establishing the three-dimensional model of the downhole safety valve, the first
thing to consider is the exact size of each component, as well as the material properties
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required to manufacture each component. As the downhole safety valve performance
envelope curve is drawn, the aim is to determine the failure point of each component
under different combinations of loads. Therefore, it is essential to determine the exact
dimensions of the downhole safety valve and the mechanical properties of the materials
used to manufacture it.

(d) Material performance test

Standard tensile or compression specimens are prepared using high-temperature and
pressure downhole safety valve upper joints, lower joints, connecting cylinders, and other
constituent materials, as well as high-temperature tensile and compression tests on the
constituent materials. According to the results of the tensile and compression test, calculate
the elastic modulus and elastic tensile strength of the downhole safety valve materials.

(e) Mechanical analysis of the whole machine

A full-size finite element simulation model of the working behavior of the downhole
safety valve is established to simulate and analyze the mechanical behavior of the downhole
safety valve in the working process. Obtain the stress distribution of the downhole safety
valve system and key components under the action of limit load. Provide the theoretical
basis for the subsequent research on the performance envelope curve of the downhole
safety valve.

(f) Envelope curve plotting

Through mechanical and simulation analyses, the critical failure points of key com-
ponents in the system are calculated under the extreme loading conditions simulated by
the combined loads. The performance envelope curve of the downhole safety valve can
be obtained by connecting the failure points of the corresponding components with a
folding line.

3. Finite Element Simulation Analysis
3.1. Building Simulation Models

The simulation analysis of the mechanical behavior of the downhole safety valve is
mainly to analyze the stress relationship and distribution law of each component under
different loads in the process of downhole operation. In the simulation calculation process,
in order to more accurately carry out the effective load transfer between the various
components of the downhole safety valve and obtain the reliable stress distribution of each
component [16,17]. In order to better match the simulation results with the actual results,
full-size, 3D, solid modeling is adopted. The overall model is shown in Figure 3, which
mainly includes the upper connector, lower connector, connecting cylinder, center tube,
valve plate, valve seat, and plunger.
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Considering the difficulty and accuracy of the simulation calculation, some parts of
the downhole safety valve will be simplified accordingly. When setting the boundary
conditions and constraints, the downhole safety valve working principle will be combined
with the simplified parts to make corrections. The downhole safety valve is a homogeneous
rotary structure, and most of its components, such as the central tube, upper joint, lower
joint, and connecting cylinder, are axisymmetric structures.
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The imported 3D model was meshed by the mechanics’ simulation software to control
the mesh density and position, and the entity was meshed by default with the correspond-
ing algorithm [18]. The entire downhole safety valve was meshed into tetrahedral cells and
hexahedral cells. The specific meshing is shown in Figure 4. The material performance pa-
rameters obtained according to the MTS mechanical testing machine are shown in Figure 5
and Table 1. MTS data acquisition system and mechanical testing machine can collect and
record the data in real time. The system can collect and test the mechanical properties of
samples, such as strength, stiffness and toughness. This allows for a more comprehensive
understanding of the properties of materials and provides support for engineering design
and control applications. The material performance parameters of downhole safety valve
are shown in Table 2.
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Table 1. MTS mechanical testing machine basic parameters.

Product
Model Specification Maximum Test

Speed (mm/min)
Minimum Test Speed

(mm/min) Weight (Kg)

E45.505 6 × 105 N 254 0.001 3500

Table 2. Material performance parameters.

Type of
Material

Young’s
Modulus/MPa Poisson’s Ratio Yield

Strength/MPa
Friction

Coefficient

Alloy 718 165,000 0.3 861.875 0.05
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3.2. Ultimate Load Analysis

The analysis of the simulation results of key components of the downhole safety valve
mainly focuses on the upper joint, connecting cylinder, lower joint, and other components.
Based on the finite element numerical simulation results of the downhole safety valve
system under ultimate load, the mechanical distribution law of the downhole safety valve
system under ultimate load is analyzed [19]. The ultimate loading state of the key compo-
nents of the downhole safety valve is determined, and the calculation basis is provided for
the study of the performance envelope curve of the downhole safety valve. Considering the
strength calibration of the connection threads of the safety valve body, 1.8 × 106 N (tensile
load of the connection threads) was, therefore, determined to calibrate the strength of the
safety valve body. Binding constraints were placed on the upper joint, lower joint, valve
seat and connection barrel to simulate their connection threads, and frictional constraints
were placed on the central tube and upper joint, connection barrel, valve seat, and valve
plate, and on the connection rod and valve seat. Setting steps in the simulation software
to solve the limit load of downhole safety valve under the condition of less than or equal
to yield strength under single load. Under the combined load, the limit load is applied
by setting and controlling one of the quantities so that it remains unchanged. The other
variable is solved by assignment control to obtain the limit load.

In order to analyze the von Mises stress distribution inside the downhole safety valve
under ultimate load, a path was set up axially along the central axis, starting at point A
and ending at point B. The distribution pattern of von Mises stress along path A→B was
obtained.

3.2.1. Individual Load Analysis

According to the load setting of the whole set of safety valve simulations, the boundary
conditions under tensile or compressive load are determined as fixed constraints at the
lower end of the lower joint and coupling constraint at the upper end of the upper joint.
Because the yield strength of threads of the downhole safety valve is less than that of
downhole safety valve body, the simulation of the downhole safety valve adopts tension and
pressure resistance of threads. The tensile load is set to 1.08 × 106 N, and the compression
load is set to 1.08 × 106 N. The boundary conditions under internal pressure or external
pressure are fixed constraints at the upper and lower joints. The internal pressure is set to
209 MPa, and the external pressure is set to 144 MPa.

When an axial tensile or compressive load of 1.08 × 106 N is applied, the maximum
von Mises stress in the body of the safety valve is 766.9 MPa, which occurs at the threaded
connection. As shown in Figure 6a, the von Mises stress is much less than the material
tensile strength of 861.875 MPa, which indicates that the body of the safety valve meets
the ultimate load requirements. When the internal pressure of 209 MPa is applied, the
maximum von Mises stress in the body of the safety valve is 857.6 MPa, which occurs at
the part of the valve plate cavity that is inside the connection barrel and is subjected to oil
and gas pressure. As shown in Figure 6b, at this point, the von Mises stress reaches the
yield strength of the material, and the safety valve connection barrel fails. When external
pressure of 144 MPa is applied, the maximum von Mises stress in the body of the safety
valve is 854.6 MPa, which occurs at the hydraulic passage of the upper joint. As shown in
Figure 6c, at this point, the von Mises stress reaches the yield strength of the material, and
the upper joint of the safety valve fails. Therefore, considering the tensile strength of the
safety valve connection thread, the ultimate tensile load and ultimate compressive load of
the safety valve were determined to be 1.08 × 106 N, with an ultimate internal pressure of
209 MPa and an ultimate external pressure of 144 MPa.
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3.2.2. Combined Load Analysis

(1) Tensile load (ultimate load) + internal pressure/external pressure

The tensile load is 1.08 × 106 N in the ultimate load state. The boundary conditions
for the limit load analysis of the downhole safety valve under internal or external pressure
are fixed constraints on the lower joint end face and coupling constraints on the upper-end
face. A total of 209 MPa is applied under internal pressure, and 46 MPa is applied under
external pressure.

At an ultimate tensile load of 1.08 × 106 N and an internal pressure of 209 MPa, the
maximum von Mises stress in the body of the safety valve is 858.2 MPa, which occurs at the
valve plate cavity inside the connection barrel, which is subjected to oil and gas. As shown
in Figure 7a, at this time, the von Mises stress reaches the yield strength of the material, and
the connection barrel of the safety valve fails. At an ultimate tensile load of 1.08 × 106 N,
the external pressure applied is 46 MPa, and the maximum von Mises stress in the body
of the safety valve is 846.2 MPa, which occurs in the upper joint hydraulic passage area.
As shown in Figure 7b, at this time, the von Mises stress reaches the yield strength of the
material, and the upper joint of the safety valve fails. Therefore, the ultimate tensile load
of the safety valve was determined to be 209 MPa for the internal pressure limit load and
46 MPa for the external pressure limit load.
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(2) Compression load (ultimate load) + internal pressure/external pressure

The limit loads of the downhole safety valve are analyzed in terms of internal or
external pressure with the compression load in the limit state of 1.08× 106 N. The boundary
conditions are fixed constraints on the lower joint face and coupling constraints on the
upper face. The compressive ultimate load is 1.08 × 106 N, 103.4 MPa under internal
pressure and 144 MPa under external pressure.

At an ultimate compression load of 1.08× 106 N and an internal pressure of 103.4 MPa,
the maximum von Mises stress in the body of the safety valve is 852.6 MPa, which occurs
at the lower end of the lower joint where oil and gas pressure is applied internally. As
shown in Figure 8a, at this point, the von Mises stress reaches the yield strength of the
material, and the lower joint of the safety valve fails. Under the ultimate compressive load
of 1.08 × 106 N, the maximum von Mises stress in the body of the safety valve is 821.8 MPa,
which occurs in the hydraulic passage of the upper joint. As shown in Figure 8b, at this
point, the von Mises stress reaches the yield strength of the material, and the upper joint of
the safety valve fails. Therefore, the ultimate internal pressure of the safety valve under
the ultimate compressive load was determined to be 103.4 MPa, and the ultimate external
pressure was 144 MPa.
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and distribution pattern of von Mises stress along path A→B (a) Compression load (ultimate
load) + internal pressure (b) Compression load (ultimate load) + external pressure.
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(3) Internal pressure (ultimate load) + tensile load/compression load

The ultimate load of a downhole safety valve under tensile or compressive loading is
analyzed in the limit state with an internal pressure of 209 MPa. The boundary conditions
are fixed constraints on the lower joint end face and coupling constraints on the upper-end
face. The tensile load is 1.08 × 106 N, and the compressive load is 0.6 × 106 N.

Under the ultimate internal pressure of 209 MPa, the tensile load of 1.08 × 106 N is
applied to the upper-end face, and the maximum von Mises stress in the body of the safety
valve is 860 MPa, which occurs in the valve plate cavity inside the connection barrel, which
is subjected to oil and gas pressure. As shown in Figure 9a, at this point, the von Mises
stress reaches the yield strength of the material, and the connection barrel of the safety
valve fails. At the ultimate internal pressure of 209 MPa, a compressive load of 0.6 × 106 N
is applied to the upper face, and the maximum von Mises stress of 861 MPa is applied to
the body of the safety valve, which occurs at the lower end of the lower joint, where it
is subjected to oil and gas pressure. As shown in Figure 9b, at this point, the von Mises
stress reaches the yield strength of the material, and the lower joint of the safety valve fails.
Therefore, the tensile load is determined to be 1.08 × 106 N at the ultimate internal pressure
of the safety valve, and the compressive ultimate load is 0.6 × 106 N.
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distribution pattern of von Mises stress along path A→B (a) Internal pressure (ultimate load) + tensile
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(4) External pressure (ultimate load) + tensile load/compression load

When the external pressure is 144 MPa in the limit state, analyze the limit state of the
downhole safety valve under tensile or compressive load. The boundary conditions are set
as fixed constraints on the lower joint end face and coupling constraints on the upper-end
face. The tensile load is set to 0.35 × 106 N, and the compressive load is set to 0.49 × 106 N.

At the ultimate external pressure of 144 MPa, the maximum von Mises stress in the
body of the safety valve was 852.2 MPa when a tensile load of 0.35 × 106 N was applied to
the upper-end face, which occurred in the hydraulic passage of the upper joint. As shown
in Figure 10a, at this point, the von Mises stress reached the yield strength of the material,
and the upper joint of the safety valve failed. Under the ultimate external pressure of
144 MPa, the compression load of 0.49 × 106 N is applied to the upper-end face, and the
maximum von Mises stress in the body of the safety valve is 847.8 MPa, which occurs in the
hydraulic passage of the upper joint. As shown in Figure 10b, at this time, the von Mises
stress reaches the yield strength of the material, and the upper joint of the safety valve
fails. Therefore, the ultimate tensile load of the safety valve under the ultimate external
pressure load was determined to be 0.35 × 106 N, and the ultimate compressive load was
0.49 × 106 N.
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4. Envelope Curve Plotting

The failure modes of the upper joint, lower joint, and connecting barrel were obtained
as shown in Table 3. The preliminary FMECA analysis and the failure results obtained
through the simulation analysis were in good agreement with both FMECA analysis table
results, verifying the correctness of the simulation results under the ultimate load of the
downhole safety valve [20]. Through the simulation analysis of the downhole safety valve
limit working condition, the downhole safety valve limit load can be determined, as shown
in Table 4.

Table 3. Downhole safety valve FMECA analysis.

Name Failure Modes Cause of Failure Severity
Rating

Probability
Rating

Risk
Assessment

Upper
connector

Downhole safety valve
disconnected from

upper tubing

Substandard mechanical properties
or loads exceeding the permissible

stress of the joint
Class II E 15

Connection failure
Deformation due to failure of the
threaded teeth or misclasping due

to excessive fastening speed
Class IV D 19

Connection
barrel

Disconnection
Substandard mechanical properties

or loads exceeding the required
stress of the joint

Class I E 12

Connection failure
Deformation due to failure of the
threaded teeth or misclasping due

to excessive fastening speed
Class III E 17

Lower
connector

Disconnection
Substandard mechanical properties
or loads exceeding the permissible

stress of the joint
Class I E 12

Connection failure

Because the speed of fastening is
too fast, the striated teeth fail, or the

wrong fastening leads
to deformation

Class III E 17

Table 4. Limit load of the downhole safety valve (the meaning of symbol “/” is no such combined
load form).

Load Tensile Load Compressive Load Internal Pressure External Pressure

Tensile load 1.08 × 106 N
(Thread failure)

/
1.08 × 106 N, 209 MPa

(Failure of lower
joint body)

1.08 × 106 N, 46 MPa
(Failure of lower

joint body)

Compressive load / 1.08 × 106 N
(Thread failure)

1.08 × 106 N, 103.4 MPa
(Failure of lower

joint body)

1.08 × 106 N, 144 MPa
(Upper Joint Hydraulic

Channel Failure)

Internal pressure 209 MPa, 1.08 × 106 N
209 MPa, 0.62 × 106 N

(Failure of lower
joint body)

209 MPa
(Failure of lower

joint body)
/

External pressure
209 MPa, 0.35 × 106 N

(Failure of lower
joint body)

144 MPa, 1.08 × 106 N
(Upper Joint Hydraulic

Channel Failure)
/

144 MPa
(Upper Joint Hydraulic

Channel Failure)

According to the simulation results, different line segments of the downhole safety
valve envelope curve represent the bearing limit of different parts under various load
combinations, and the intersection point of line segments is the failure point of each part
under extreme working conditions. As shown in Figure 11, the performance envelope
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curve of high-temperature and pressure downhole safety valves can be seen. The inside of
the envelope curve belongs to the safe operating area of high-temperature and pressure
downhole safety valves, and the outside of the envelope curve belongs to the unsafe
operating area of high-temperature and pressure downhole safety valves.
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Figure 11. Envelope curve plotting (a) Limit load curve under tensile or compressive load (b) Limit
load curve under external or internal pressure load (c) Limit load curve under combined internal
pressure and tensile or compressive load (d) Limit load curve under combined tensile and external
pressure load. 1: Failure of threaded connection; 2: Lower joint body failure; 3: Failure of valve plate
cavity of connecting cylinder; 4: Failure of threaded connection; 5: Failure of hydraulic channel of
upper joint; 6: Upper Joint Hydraulic Channel Failure.

When the tensile load or compressive load reaches 1.08 × 106 N, the threaded con-
nection failure of the upper and lower joints of the downhole safety valve occurs, and
the bearing capacity curve is drawn as shown in Figure 11a. When the internal pressure
reaches 209 MPa, the valve plate cavity of the downhole safety valve connection cylinder
fails; when the external pressure reaches 144 MPa, the hydraulic channel of the upper joint
of the downhole safety valve fails, and its bearing capacity curve is drawn as shown in
Figure 11b. When the compressive load reaches 1.08 × 106 N and the internal pressure
reaches 103.4 MPa, the lower joint body of the downhole safety valve will fail. When the
internal pressure reaches 209 MPa and the tensile load reaches 0.62 × 106 N, the down-
hole safety valve will fail at the lower joint body. Its bearing capacity curve is shown in
Figure 11c. When the tensile load reaches 1.08 × 106 N and the external pressure reaches
46 MPa, the hydraulic channel of the upper joint of the downhole safety valve will fail.
When the external pressure reaches 144 MPa and the tensile load reaches 0.35 × 106 N,
the hydraulic channel of the upper joint will appear in the downhole safety valve. An
illustration of its bearing capacity curve is shown in Figure 11d.

5. Conclusions

Based on the principle of drawing the performance envelope curve of the downhole
safety valve, the mechanical performance of the downhole safety valve was simulated
by numerical simulation. Through the simulation results, the mechanical distribution
law of the downhole safety valve under limiting load was carried out. Finally, this study
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determined the limit-bearing state of the key components of the downhole safety valve and
drew the performance envelope curve of the downhole safety valve, from which could be
drawn the following conclusions.

Using full-size, 3D solid modeling allows for a more accurate representation of the
physical structure, enabling better simulation and analysis of complex engineering prob-
lems. It provides a comprehensive understanding of the behavior of the system under
different loading conditions, ensuring reliable results and precise predictions. Additionally,
full-size 3D solid modeling facilitates effective visualization and communication of the
analysis findings to stakeholders, promoting better decision-making in engineering design
and optimization processes.

Based on the field operation conditions of the downhole safety valve, it has been
determined that the maximum tensile or compressive load is 1.08 × 106 N, while the limits
for internal and external pressures are 209 MPa and 144 MPa, respectively. These simulation
results serve as a crucial foundation for drawing the performance envelope curve of the
downhole safety valve.

The performance envelope curve of the downhole safety valve is a graphical repre-
sentation of the relationship between the failure forms of the valve and their operating
conditions. Which helps demonstrate the limits and capabilities of the safety valve during
practical operations, providing insights into potential failure modes and allowing for effec-
tive troubleshooting and preventive measures. The theoretical calculation idea involves
determining critical operating parameters, such as pressure, that can lead to valve failure.
This theoretical foundation applies not only to the study of downhole safety valves but
also to other downhole tools used in the oil and gas industry. Understanding the perfor-
mance limitations and failure modes of these tools is crucial for ensuring efficient and
safe operations.
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