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Abstract. Safety valve is an important guarantee for nuclear power plant system. Its working environment 
is harsh, and medium is high-temperature corrosive. It is important to study the dynamic characteristics of 
nuclear safety valve under unsteady condition to improve the stability and safety of nuclear power plant 
piping system. Using the finite element method, mass simplification and Rayleigh method, the frequency 
response analysis of the safety valve and the spring is predicted to predict the seismic capacity under the 
earthquake load. Based on the verification of the dynamic characteristics of the valve body, the stress and 
strain analysis of the spring is carried out. To explore the failure condition of the safety valve spring, the 
lateral deviation linearity of the spring was tested and analyzed by setting up the offset test bench. The 
results show that the safety valve with the above analysis method can meet the working requirements under 
the shaking condition. The research results provide an important theoretical basis for the design and analysis 
of nuclear safety valves. 

1 Preface 
The safety valve is one of the most basic components in 
the nuclear power plant piping system and is mainly 
used to control the pressure, flow and flow of the fluid [1, 
2]. Safety valve is an important guarantee for nuclear 
power plant safety system. Its working environment is 
harsh, and its medium has high temperature and 
corrosiveness. It is important to study the dynamic 
characteristics of nuclear safety valve under unsteady 
condition to improve the stability and safety of nuclear 
power plant piping system significance. 

With the frequent occurrence of earthquake disasters, 
if the designed safety valve does not meet the seismic 
requirements, the earthquake will lead to nuclear valve 
nuclear leakage, which not only causes environmental 
pollution but also causes huge losses to human beings. 
Therefore, it is very necessary to analyze the seismic 
characteristics of the safety valve. Design safety valves 
not only for seismic analysis of safety valves, but also 
for failure prediction analysis of key spring components. 
This paper analyzes the spring failure prediction of key 
components of safety valves. The spring is a key 
component of the safety valve. The spring plays an 
important role in the stability and reliability of the safety 
valve. Due to the special working environment of the 
safety valve, the spring is required to have high 
temperature resistance and corrosion resistance as well 
as good fatigue resistance. Under the normal working 
condition of the safety valve, it is in a compressed state 
for a long time, so it is necessary to predict the failure 
before designing the spring, and then optimize the design. 
At present, spring-loaded safety valves are widely used 

in the industrial field, and both petrochemical and 
nuclear power plants play an important role. Spring 
functions mainly include storage energy, buffer pressure, 
control return, balance device and other functions [3-5]. 
The spring acts as the elastic part of the safety valve, and 
the calculation of the natural frequency of the safety 
valve spring is an important factor for the natural 
frequency of the safety valve [6-9].  

In this paper, the safety valve will be studied and 
analyzed from the following two aspects: one is the 
seismic characteristics of the safety valve; the other is 
the spring failure prediction analysis. Perform frequency 
response analysis on the entire safety valve and key 
component springs, and stress and strain analysis on key 
spring components. By constructing a spring lateral 
offset test bench, the lateral deviation linearity of the 
spring in the safety valve is detected and analyzed. 
Analyze the experimental results and summarize the 
seismic capacity of the safety valve. 

2 Safety valve natural frequency 
analysis 
The research object of this paper is a spring direct load 
type safety valve. Its working principle uses the load to 
be applied to the valve disc. The main parts include 
valve body, valve seat, spring, valve flap, etc. The 
structure diagram is shown in Fig. 1. The valve two-
dimensional model is shown in Fig. 2. 
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Fig. 1. Schematic diagram 
of safety valve structure. 

Fig. 2. Two-dimensional 
model of safety valve 

The purpose of safety valve stress analysis is to 
verify its structure to meet the needs of production work. 
Apply a certain load on the valve body and other key 
components to analysis of the valve body deformation 
and stress conditions[2]. In the main parts of the safety 
valve, the allowable stress value of the valve body is the 
minimum[3]. Taking the valve body as an example, the 
structural stress analysis process is analyzed, and the 
other parts and components are analyzed emphatically. 

2.1 Establish a safety valve model 

The finite element and mass simplification method is 
used to analyze the seismic characteristics of the safety 
valve. The seismic performance of the safety valve is 
generally related to its own natural frequency. The first-
order natural frequency value of the designed safety 
valve is required to be greater than 33 Hz. To improve 
the analysis efficiency of the safety valve under the 
premise of ensuring the calculation accuracy, the model 
can be simplified as appropriate, and the spring, the 
upper spring seat and the lower spring seat are regarded 
as a whole, and the removed mass is added to the valve 
seat, and the spring is applied to the upper and lower 
spring seats. The force can be seen as the force of a 
particle on the spring seat, which makes the calculated 
natural frequency value more accurate. 

2.2 Safety valve modal analysis pretreatment 

Create a three-dimensional model of the safety valve, 
including the valve body assembly, valve seat, valve flap 
and other structures.  

The safety valve model does not include the spring, 
the upper spring seat, and the lower spring seat. Instead, 
the mass equivalent of this part of the removal is added 
to the adjustment screw to ensure that the overall quality 
of the safety valve remains unchanged. This not only 
reduces the analysis difficulty of the safety valve, but 
also improves the analysis efficiency of the safety valve. 

2.3 Safety valve natural frequency calculation 
result  

The whole safety valve is imported into the finite 
element in x-t format, and parameters are set, meshed 
and restrained. Finally, the first four-order modal 
analysis results of the safety valve are obtained, as 
shown in Fig. 3-Fig. 6. 

  

Fig.3. First-order mode 
shape 

Fig.4. Second-order 
mode shape 

  

Fig.5. Third-order mode 
shape 

Fig.6. Fourth-order 
mode shape 

It is shown in the above figures that the first-order 
mode shape of the safety valve belongs to the bending 
mode. From Fig. 3, the first-order natural frequency of 
the safety valve is 117.29 Hz. The first-order natural 
frequency of the safety valve is designed to be greater 
than 33 Hz, which meets the design conditions and 
therefore meets the safety requirements and valve 
seismic requirements. 

3 Calculation and analysis of natural 
frequency of spring  
In this paper, the Rayleigh method is used to calculate 
the kinetic energy of the spring's distributed mass into 
the total kinetic energy of the system, and the single-
degree-of-freedom system is used to find the natural 
frequency [10]. A mathematical model is established for 
the spring, as shown in Fig. 7, assuming that each mass 
of the spring is fixed to one end of a straight elastic rod, 
and the other end is the same as the static deformation of 
each section under the axial force. 

 
Fig.7. Spring Mathematical Model 

According to Hooke's law, the deformation of each 
section of the spring is linearly related to the distance of 
the fixed end. 

The kinetic energy of the entire system of the spring 
model is: 

𝑇𝑆 = 1
2
𝑚𝑒𝑥2                     (1) 

The displacement 𝜉
𝑙
𝑥 from the left end is ξ, and the 

kinetic energy of the 𝑑𝜉 spring is 

𝑑𝑇𝑆 = 1
2
𝑚𝑠
𝑙
𝑑𝜁 �𝜁

𝑙
�
2
                 (2) 

The total kinetic energy of the spring is 

Upper spring seat 
Lower spring seat 

Simplified model 
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𝑇𝑆 = ∫ 𝑑𝑇𝑆
1
0 = 1

2
𝑚𝑠
3
𝑥2            (3) 

By combining the above formulas, you can get: 
𝑚𝑒 = 1

3
𝑚𝑠                     (4) 

It can be seen that the equivalent mass of the spring 
is one-third of the mass of the effective number of 
springs, and the total kinetic energy of the system is : 

T = 1
2
𝑚𝑥̇2 = 1

2
�𝑚 + 𝑚𝑠

3
� 𝑥̇2           (5) 

The potential energy of the system is 
𝑉 = 1

2
𝑘𝑥2                        (6) 

Let 𝑥 = 𝐴 𝑐𝑜𝑠(𝑤𝑡 − 𝜑)  be calculated from the 
conservation of energy: 𝑇𝑚𝑎𝑥 = 𝑇𝑚𝑖𝑛 

ω = �
𝑘

𝑚+𝑚𝑠
3

             (7) 

𝑓 = 𝜔
2𝜋

= 1
2𝜋 �

𝑘
𝑚+𝑚𝑠

3
           (8) 

Where:𝑚𝑒 is the equivalent mass of the spring; m_s 
is the mass of the effective number of springs; m is the 
mass of the moving parts; for the safety valve, including 
the mass of the valve disc, the valve stem, the lower 
spring seat, and the number of invalid turns of the spring; 
The free length of the effective number of turns of the 
spring. 

Modal analysis of the safety valve spring is carried 
out. The modal analysis is a numerical technique for 
calculating the vibration characteristics of the structure. 
The structural vibration characteristics include the 
natural frequency and the vibration mode [11-12]. 

In this paper, the first-order natural frequency value 
of the safety valve is obtained, and the result meets the 
seismic requirements. Then the natural frequency of the 
spring is analyzed to see if it meets the seismic 
requirements. The results are shown in Fig. 8-Fig. 11. 

  
Fig.8. Spring first-order 

mode shape 
Fig.9. Spring second-order 

mode shape 

  
Fig. 10. Spring third-order 

mode shape 
Fig. 11. Spring fourth-order 

mode shape 
From the above simulation results, the following 

conclusions can be drawn: the first-order mode mode 
and the second-order mode shape of the spring and the 
fourth-order mode shape belong to the bending mode, 
and the spring array is orthogonal. 

4 Safety valve spring stress analysis  

4.1 Spring strain analysis 

Due to the working principle of the safety valve, the two 
sides of the spring are subjected to the set pressure, and 
the spring is subjected to the axial pressure, assuming 
that the spring cross section is in the same plane as the 
spring axis. The internal forces of the spring section 
include the shear force Q and the torque MT, which are 
obtained according to the equilibrium relationship: 

�
𝑄 = 𝐹

𝑀𝑇 = 1
2
𝐹𝐷                     (9) 

Where: D is the diameter of the coil and F is the axial 
pressure to which the spring is subjected. 

It is assumed that the shear stress caused by the shear 
force Q is evenly distributed in the cross section, as 
shown in Fig. 12, the shear stress caused by the shear 
force Q is : 

𝜏𝑄 = 4𝐹
𝜋𝑑2

                       (10) 
According to the linear elastic circular axis torsion 

theory, the distribution of shear stress caused by the 
torque T in the linear elastic range is shown in the figure. 
The maximum shear stress is: 

𝜏𝑚𝑎𝑥 = 8𝐹𝐷
𝜋𝑑3

                    (11) 
𝜏𝑄

𝜏𝑚𝑎𝑥
= 𝑑

2𝐷
                      (12) 

        
Fig. 12. spring shear stress 

distribution 
Fig. 13. Spring shear 

strain distribution 
It can be obtained from the above formula that when 

the spring cross-sectional diameter d is much smaller 
than the average diameter D of the coil, the shear strain 
distribution on the cross-section is negligible, and the 
strain distribution on the spring cross-section is as shown 
in Fig.12. and Fig.13. According to the principle of 
variable performance, the relationship between the axial 
compression amount λ  of the spring and the axial 
pressure F can be obtained by using the formula. 

F = 𝐺𝑑4

8𝐷3𝑁
𝜆                        (13) 

Where N is the total number of turns of the spring. 
Through the above theoretical analysis, the shape 
variable and the shear stress are inversely proportional to 
the spring diameter under the axial or radial load of the 
safety valve spring. 

4.2 Spring strain analysis 

A mathematical model is established for the safety valve 
spring, the upper spring seat and the lower spring seat, 
and the stress and strain analysis is performed by using 
the finite element, and the results are shown in Fig. 14-
Fig. 17. 
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Fig. 14. Spring finite 

element model 
Fig. 15. Spring strain 

analysis results 

  
Fig. 16. Spring stress 

analysis results  
Fig. 17. Total spring 

deformation 
From the simulation analysis results, it can be seen 

that the total deformation of the spring strain analysis is 
0.05mm, and the stress analysis and strain analysis 
amount are relatively small, negligible, and meet the 
spring design requirements. 

5 Comparison of theoretical analysis 
and simulation analysis results 
Comparing the results of theoretical stress analysis and 
finite element stress analysis of spring, under the applied 
load, it can be seen that the amount of spring 
deformation is small and meets the requirements of 
seismic characteristics. 

Comparing the natural frequency modal analysis and 
finite element analysis results of the spring, the interface 
definition safety valve spring setting material is analyzed 
on the finite element: the density is 7850Kg/m3, and the 
elastic modulus is 2.0392 × 1011Pa, Poisson's ratio is 
0.33. The result f = 30 Hz can be calculated from the 
above formula. The analysis result is 28.46 Hz, and the 
theoretical calculation result is 30 Hz. Deviation 
calculation: 

δ =
30 − 28.46

30
× 100% = 4.6% 

6 Safety valve spring lateral 
displacement experiment 
Considering the test requirements comprehensively, it is 
proposed to use the hammer method for modal test, the 
piezoelectric acceleration sensor is used for data 
acquisition of the safety valve, and the piezoelectric 
hammer is used for excitation. The one-way sensor 
measuring point layout is shown in Fig. 18, and three 
measuring points are arranged in each direction, for a 
total of six measuring points. Among them, measuring 
points 1 can test the natural frequency and bending mode 
of the Y direction, and the measuring points 2 can test 
the natural frequency and bending mode of the X 
direction. The two measuring points correspond to the 
first six channels of the dynamic signal processing 
system, and the third channel is the hammer channel. 

The specific test scheme of artificial random 
excitation is: single input, multiple output, analysis 
frequency 500Hz, sampling frequency 1280Hz, 
points/frame: 8192, collecting 20 frames of data, 
cumulative sampling time 128 seconds. Random tapping, 
hard disk acquisition, a total of 4 tests, respectively, 
different directions for different directions of excitation, 
of which one-way sensor layout program 2 times. 

    
Fig. 18. Safety valve to be tested 

The time domain curve measured by the hammer 
excitation at the position of the measuring point 3 is as 
shown in Fig. 19. According to the exciting direction, the 
natural frequency and the bending mode of the structure 
along the Y direction can be measured. According to the 
power spectral density function, the natural frequency of 
the structure along the Y direction can be identified. 
According to the imaginary part of the frequency 
response function (component analysis method), the 
natural frequency and the bending mode of the structure 
along the Y direction can be identified.  

 
(a) 

 
(b) 

 
(c) 

Fig. 19. Time domain waveform 
The natural frequency of the safety valve measured 

in this test has little difference between different 
excitation modes and different modal parameter 
identification methods, and the results are more accurate. 
The Y-direction and the X-direction natural frequency 
are relatively close, mainly because the structure is a 
quasi-circumferential symmetrical structure. Compared 
with the finite element calculation results, the deviation 
is within 10%, which is acceptable within the allowable 
range of engineering error. Comparing the corresponding 
mode shape results with the finite element results, the 
test test mode is consistent with the finite element 
calculation mode. 

Sensor position 
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7 Conclusion 
1) Propose a method of quality simplification. The 
method ensures that the overall quality of the safety 
valve is unchanged, and the finite element analysis mode 
diagram is obtained, and the natural frequency value is 
greater than 33 Hz, which satisfies the requirements of 
seismic working conditions. 
2) The Rayleigh method is used to calculate the natural 
frequency of the spring. And combining theory and 
analysis to obtain the fourth-order natural frequency 
value of the spring, the first-order modal shape and the 
second-order modal shape and the fourth-order modal 
shape spring shape are obtained. 
3) Perform stress and strain analysis on the key 
components of the spring to obtain the condition of 
failure of the safety valve spring. Under the axial or 
radial load, the deformation and shear stress are 
inversely proportional to the spring diameter. 
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