

  coatings-12-00175




coatings-12-00175







Coatings 2022, 12(2), 175; doi:10.3390/coatings12020175




Article



A Method for Calculating the Reliability of Welded Metal Bellows for Mechanical Seals



Zhong Zhang, Chenbo Ma *, Jianjun Sun, Yuyan Zhang[image: Orcid] and Xingya Ni[image: Orcid]





College of Mechanical and Electronic Engineering, Nanjing Forestry University, Nanjing 210037, China









*



Correspondence: machenbo@njfu.edu.cn







Academic Editor: Joel Rech



Received: 13 December 2021 / Accepted: 26 January 2022 / Published: 29 January 2022



Abstract

:

Welded metal bellows are an elastic element widely used in the field of mechanical seals. The main objective of the present study was to investigate the reliability of welded metal bellows in mechanical seals under specified working conditions. To this end, a stress relaxation test bench was built to obtain the residual elastic force data of welded metal bellows under different compression loads in high-temperature environments. Then, the elastic force loss equation of the bellows was fitted. Moreover, a failure judgment form of welded metal bellows in the mechanical seal is proposed. According to the calculation relationship between the seal face pressure and the welded metal bellows’ elastic force, the elasticity force loss range of the bellows was 556–708 N. Finally, according to the elastic force loss equation, elastic force loss was determined. The maintenance time of the welded metal bellows, and the bellow’s failure limit state equation were determined, and the limit state equation was substituted into the center point method. The reliability of the welded metal bellows was 0.9958. The results show that the new failure criterion and the center point reliability calculation method proposed in this paper have certain practical value for the rapid reliability prediction of welded metal bellows.
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1. Introduction


A mechanical seal is an essential part of rotating machinery, and widely used to seal the fluid leakage from the contact point of the rotating shaft and stationary casing. Mechanical seals have been widely applied in diverse fields, including petroleum, chemical, and aerospace industries [1]. As a critical elastic element, the primary function of the welded metal bellows is to provide the closing force between the rotating part and the stationary end face [2], thereby preserving the seal face pressure within the designed range. When the bellows fail, this will increase the leakage of mechanical seal or aggravate the wear of the seal face, resulting in the seal’s failure [3]. In some chemical enterprises and nuclear energy applications, due to the high temperature of the medium, once the sealing failure occurs, it is easy to cause a major accident [4], so it is of great significance to study the reliability and life prediction of metal bellows.



With the operation of mechanical seals, the elasticity of the bellows gradually decreases [5]. This phenomenon, which mainly originates from stress relaxation, is called elastic force loss, and is significantly more pronounced in high-temperature environments. Studies show that elastic force loss is the main failure reason of welded metal bellows [6]. Accordingly, many investigations have been carried out on the phenomenon of elastic force loss. In this regard, An et al. [7] derived the elastic loss equation of welded metal bellows through performing the stress analysis of welded metal bellows combined with the Bailey–Norton constitutive relation of materials [8]. Then, the elastic force loss of bellows at high temperatures was obtained, and the proposed elastic force loss equation was verified through high-temperature stress relaxation tests. Based on the elastic thin shell theory, strain displacement relationship, and stress relaxation theory, Ma et al. [9] derived mechanical seals with welded metal bellows under actual conditions of the elastic force loss equation. The obtained results through the finite element analysis verified that the elastic thin shell theory could be applied to establish the elastic force loss equation.



Further investigations showed that when the elastic force loss of bellows reaches 18%–20%, the entire bellow’s mechanical seal will leak, resulting in mechanical seal failure [10]. However, this empirical range value has no accurate theoretical basis, and the applicability of the elastic force loss required by the failure of welded metal bellows in mechanical seals under different working conditions remains unclear.



Currently, most investigations in this area focus on the elastic force loss phenomenon of welded metal bellows in mechanical seals at high temperatures. There is not enough data on the reliability of bellows under elastic force loss failure. The existing reliability analysis methods for non-welded metal bellows may provide a reference in this regard. Zeng et al. [11] used ABAQUS finite element software. They studied the performance of EPMB metal bellows and corrugated metal pipes subjected to the limited bending stress distribution in a repeating process. Then, the fatigue failure and the influence of structural parameters on the waveform were analyzed. Cao et al. [12] performed finite element analyses using ANSYS software and calculated the local strain amplitude of U-shaped bellows subjected to failure loads, estimated the bellows’ lives utilizing the correlation between strain and life, and analyzed the reliability of the bellows during their life cycle. According to the stress intensity interference theory, Xie et al. [13] defined the limit state function. They studied the strength reliability of the bellows using the Monte Carlo probability sampling method, considering the statistical randomness of parameters of the metal bellows, including the size, material, and load.



Through the above method of solving the reliability of non-welded metal bellows, it was found that the reliability of bellows nowadays is mostly analyzed from the aspect of fatigue life and structural strength, which requires a large number of data samples. However, in mechanical seals, elastic force loss is the main cause of failure of welded metal bellows. At present, the empirical failure criterion of bellows is the failure of bellows when elastic force loss reaches 18–20%, but this failure criterion is not applicable to mechanical seal bellows under different working conditions. Aiming at the above problems, the failure criterion of bellows under different working conditions is determined by using the relation between the mechanical seal face pressure and the elasticity of the bellows, and the reliability calculation method of center point is used to calculate the reliability of the welded metal bellows in the mechanical seal.



In the present study, a stress relaxation test rig was built to simulate the environment of welded metal bellows of mechanical seals in high-temperature media. The main objective was to obtain residual elastic force data of welded metal bellows under different compression amounts in a high-temperature medium environment, and fit the loss of elastic force equation. Moreover, the relation between the seal face pressure and the elastic force of welded metal bellows was used to determine the range of elastic force loss of welded metal bellows in mechanical seals. Finally, the limit state equation was determined based on the elastic force loss equation, elasticity force loss range, and the welded metal bellows’ maintenance time. The reliability of the welded metal bellows with few samples was calculated using the central point method, and the feasibility of the approach was analyzed.




2. Material and Methods


2.1. Stress Relaxation Tests


To test the stress of bellows [14], they are generally placed in a high-temperature box. However, by this method the influence of the medium on the relaxation performance of bellows is not considered. Aiming at resolving the limitations of conventional testbeds, a stress relaxation test system was built to study welded metal bellows [15]. Figure 1a is a schematic diagram test rig. Figure 1b shows the physical diagram of the stress relaxation test rig.



The stress relaxation test was carried out at a high temperature. The test bench had a sealed chamber; equipped with a PID control system to adjust the medium temperature with an accuracy of ±1 °C. The initial displacement load was applied to the welded bellows using a servo-electric cylinder adjustment device. The pressure sensor (Bengbu Gaojing Sensor Company, Bengbu, China) was used to measure the load change during the test, and the displacement change was detected using a displacement sensor (Panasonic, Shanghai, China). Labview programming language compiled the experimental control interface and experimental storage requirements. The test device ensured a constant shrinkage during the test. It had a real-time monitoring function to achieve a continuous dynamic, simple operation, and stability of the test requirements to obtain accurate test data.



The stress relaxation test of welded metal bellows was carried out in a setup test rig to observe the variation of elastic force under different loads in a constant-temperature environment [16]. The bellows were loaded with different displacements based on the stress relaxation theory. During the experiment, the pressure plate and bellows were initially in contact with a pressure sensor value of approximately 10 N, and the medium was preheated. When the test temperature reached a specific value, it was maintained at this temperature for 90 min. It is worth noting that the actual temperature of the bellows should be consistent with the temperature of the test chamber. Finally, the stress relaxation test of the welded metal bellows should be realized by positioning the shift loading. The stress relaxation curves were obtained under different initial displacement loads and load loss curves with time.



According to the literature [7], the elastic force loss equation of welded metal bellows at specified temperature can be written as follows:


  F = B ∗  t n  + P  



(1)




where F is the residual elastic force, B is the relation of initial pressure, t is time, and P denotes the initial elastic force. Moreover, n is a real constant.



Combined with the experimental data, calculations were performed in the MATLAB environment to fit the relevant data. Accordingly, an expression was established to obtain the elastic force loss of the welded metal bellows.




2.2. Reliability Calculation


2.2.1. Determination of Elastic Force Loss Range of Welded Metal Bellows


Studies have shown that the pressure of the seal face affects the performance of the whole mechanical seal [17]. The seal face pressure can be obtained by balancing the axial forces [18]. Figure 2 shows the schematic configuration of the rotating ring and the imposed loads in a mechanical seal, where    D 1    and    D 2    are the inner and outer diameters of the seal ring contact face, respectively. Moreover,    d 0    is the axle diameter, and    P a    and    P b    denote the applied pressure on bellows and medium pressure.



Pressing force:


   F a  =  P a  ×  π 4   (   D 2 2  −  D 1 2   )   



(2)






   F b  =  P b  ×  π 4   (   D 2 2  −  d 0 2   )   



(3)




push force:


  R =    λ P   b  ×  π 4   (   D 2 2  −  D 1 2   )   



(4)




where    F a    is the elastic force of bellows,    F b    is medium force, R is the liquid film push force, and λ is a real constant,   λ = R  (  A × P × b  )    [19].



Since friction on the auxiliary sealing ring is very small, it is generally ignored in the calculations. Accordingly, the resultant force on the rotating ring is    F  =  F a  +  F b  − R  . Meanwhile, the seal face pressure    P C    can be expressed in the form below:


   P c  =  F A  =    F a  +  F b  − R    π 4   (   D 2 2  −  D 1 2   )     



(5)







Reduction:


   P c  =  P a  +  P b   (     D 2 2  −  d 0 2     D 2 2  −  D 1 2    − λ  )   



(6)







Equation (6) indicates that when the medium pressure is constant, Pa determines the pressure on the seal face. When Pa falls in a reasonable range, it can provide the required closing force of the end face so that the mechanical seal does not fail. On the other hand, the mechanical seal fails when Pa is beyond the reasonable limit. The initial elastic force range of the welded metal bellows can be calculated according to the working and structural parameters of mechanical seals and Equation (6).




2.2.2. Reliability Calculation Based on the Central Point Method


Freudenthal [20] proposed an innovative method to calculate reliability using the central point method. Since then, this method, which requires few samples and has a simple calculation, has been widely applied to calculate the structural reliability of mechanical seals [21]. Accordingly, this method was used in the present study to estimate the reliability of welded metal bellows. The calculation process of the central point method is as follows [22].



Firstly, it is assumed that the initial elastic force of welded metal bellows is P. Since the initial elastic force of the bellows is applied artificially, P has certain randomness. Assume that the service time of bellows is t, and manual detection is required at time t. If the elastic force of the bellows can no longer support the seal face pressure, the bellows should be replaced. Moreover, the detection time t has certain randomness. Since the error caused by the operator has uncertainties, the two random variables, P and t are assumed to follow the normal distribution to simplify the calculations. In all analyses, expectation and standard deviation of P and t are marked    μ P  ,    μ t   , and    σ P  ,    σ t   , respectively.



Assume that the elastic force function of bellows is:


  Z = g  (  P , t  )  .  



(7)







In this case, the corresponding limit state equation can be expressed as follows:


  Z = g  (  P , t  )  = 0 .  



(8)







Performing the Taylor series expansion at mean point (   μ P  ,    μ t   ) and retaining the linear terms results in the following expression:


  Z ≈ g  (   μ P  ,  μ t   )  +   ∂ g   ∂ P     ∂ g   ∂ P    |   μ P     (  P −  μ P   )  +   ∂ g   ∂ t    |   μ t     (  t −  μ t   )  .  



(9)







After linearization, the limit state equation can be rewritten in the form below:


  Z ≈ g  (   μ P  ,  μ t   )  +   ∂ g   ∂ P    |   μ P     (  P −  μ P   )  +   ∂ g   ∂ t    |   μ t     ( t  −  μ t  ) = 0 .  



(10)







The reliability index is expressed as:


  β =    μ Z     σ Z    =   Z  (   μ P  ,  μ t   )       [     (    ∂ Z   ∂ P    |   μ x     σ P   )   2  +    (    ∂ Z   ∂ t    |   μ x     σ t   )   2   ]     1 2       



(11)







Then, the reliability probability    P f    and failure probability    P r    can be expressed as:


   P f  = ∅   ( β )  



(12)






   P r  = 1 −  P f   



(13)




where ∅ is the standard normal distribution function.






3. Results and Discussion


This section is intended to calculate the reliability of 316 L welded metal bellows in a mechanical seal (Burgmann BGMFL85, Dandong, China). The total length of the bellows, the wall thickness, and the slice thickness were 35, 8.4, and 0.15 mm, respectively. Moreover, the outer and inner diameters were 114.3 and 97.6 mm, respectively. The wavenumber was 18, and the working environment was set to 250 °C. A bellow sample is shown in Figure 3. During the test, the bellows were subjected to a constant displacement; the test was carried out for 16 h. The measured initial elastic force under four different compression amounts is shown in Figure 4. Furthermore, the change of elastic force with loading time is shown in Figure 5.



Stress relaxation characteristics of welded metal bellows under different initial displacement loading conditions were tested on a test bench, the characteristic of Figure 5 illustrates that the stress relaxation had two stages: in the first stage, relaxation rate was faster, with a shorter duration; as time continued, there was slack in the second stage, a stage of relaxation rate slowdown from the first stage, where the duration was longer than the first stage. The load loss was the difference between the current value of the spring force and the initial spring force, denoted as ∆P. Figure 6 shows the variation relation of load loss quantity ∆P over time under different initial displacement loads. The change trend of load loss in Figure 6 can also verify the change of relaxation stage, and the stress relaxation failure degree becomes more and more obvious with the increase in initial displacement load. The load loss increased with time, but the increasing trend gradually decreased. It can also be seen from Figure 5 that the load loss rate of welded metal bellows increased with the increase in the initial displacement load in the test, as shown in Figure 7. Figure 7 reflects this relationship well. The load loss rate had an almost linear relationship with the increase in initial displacement load. The solid line is the actual point of load loss rate, and the dotted line is the trend line of the solid line. When the initial displacement load was 12 mm, the load loss rate was about 3%, and with the increase in the initial load, the load loss rate was 3.8%, 4.9% and 5.3%, respectively. According to the above rules referring to relevant data and test data [23], it can be concluded that the bellows’ elastic force loss data obtained by using the stress relaxation test bench of welded metal bellows in this paper were in accordance with the rules, and the test data can be used.



According to the stress relaxation test data under the different initial displacement loads above, the curve fitting toolbox in MATLAB software was used to fit Equation (1). The fitting results are shown in Table 1.



It can be seen from Table 1 that the value of n was concentrated around 0.06. To simplify the subsequent calculation, n = 0.06 is taken in this paper. Different initial loads correspond to a b value, and the b value is only related to the initial elastic force P-value. The curve fitting toolbox was used to fit the relationship between the B and P values. The B value is:


  B = − 27.14  e  −    (    P − 650.7   248    )   2    .  



(14)







Moreover, the residual elastic force equation of the welded metal bellows at 250 celsius is:


  F = − 27.14  e  −    (    P − 650.7   248    )   2    ×  t  0.06   + P .  



(15)







Applying 10 mm constant compression displacement to the welded metal bellows, the diagram of residual elastic force under 10 mm compression was obtained. The initial elastic force of 10 mm compression was substituted into Equation (15) to obtain the corresponding curve of the actual predicted value and the real measured and controlled value, as shown in Figure 8.



Comparing the fitted and measured values revealed that the calculated values agreed with the experiment. The theoretical formula reflected the elastic force loss of the welded metal bellows at high temperatures.



In the performed analyses, the pressure of the mechanical seal face varied from 0.54 to 0.6 MPa, and the selected medium pressure was 0.4 MPa [24]. The inner and outer diameters of the contact end face of the sealing ring were 100 and 115 mm, respectively, and the diameter of the shaft (sleeve) was 95 mm. It is worth noting that when the axle diameter varies in the range 50–150 mm, λ is usually set to 0.5 to reduce the calculation error. Accordingly, λ was set to 0.5 in all the calculations. According to the correlation between the seal face pressure and the elastic force of the bellows, and various parameters of the mechanical seal, the initial elastic force value range P of the welded metal bellows varied in the range 556–708 N. When the elastic force of welded metal bellows in the mechanical seal w less than 556 N, mechanical seal face pressure is not within a reasonable range, which may result in failure.



According to the requirements of the seal face pressure, the initial elastic force of welded metal bellows during the installation is    μ P    = 650 N,    σ P    = 17.3494, the test service time [25] is    μ t    = 20,000 h,    σ t    = 60.5530, and the minimum elastic force is 556 N.



The limit state equation of welded metal bellows can be expressed in the form below:


  Z = − 27.14  e  −    (    P − 650.7   248    )   2    ×  t  0.06   + P − 556 .  



(16)







The limit state equation is:


  Z = − 27.14  e  −    (    P − 650.7   248    )   2    ×  t  0.06   + P − 556 = 0  



(17)




because:


    ∂ Z   ∂ P    |   μ x    = 27.14  e  −    (     μ P  − 650.7   248    )   2     μ t     0.06      μ P  − 650.7   30752   + 1 = 0.9989  



(18)






    ∂ Z   ∂ t    |   μ x    = − 1.6284  e  −    (     μ P  − 650.7   248    )   2     μ t     − 0.94   = − 0.0001475 .  



(19)







Based on Equation (10), the linearized limit equation is:


  Z = 0.9989 P + 0.0001475 t − 601.5014 .  



(20)







Welded metal bellows reliability index β is:


  β =    μ Z     σ Z    =   Z  (   μ P  ,  μ t   )       [     (    ∂ Z   ∂ P    |   μ x     σ P   )   2  +    (    ∂ Z   ∂ t    |   μ x     σ t   )   2   ]     1 2      .  



(21)







Subsequently, the reliability of the studied welded metal bellows was β = 2.59. According to the standard normal and normal distribution function table, the reliability of welded metal bellows can be calculated as follows:


   P f  = ∅  ( β )  = 0.9952 .  



(22)







The failure probability of welded metal bellows in mechanical seals is:


   P r  = 1 −  P f  = 0.0048 .  



(23)







Equation (23) indicates that the failure probability of the welded metal bellows after 20,000 h is 0.48%, which is acceptable for the general-purpose mechanical sealing systems.



In this paper, the reliability of welded metal bellows was 0.9952 by using the central point method. Zhou Jian fen [26] used Monte Carlo method to solve the reliability of various parts in the mechanical seal, among which the reliability of elastic elements in the mechanical seal was 0.99. The results can prove the accuracy of the data in this paper to a certain extent, and meet the mechanical seal system requirements. The reliability obtained in this paper is acceptable for general mechanical sealing systems.



The actual working process of the mechanical seal is not suitable for the fixed elastic force loss, due to the failure criterion of the welded metal bellows. According to the actual working conditions of the mechanical seal, the elastic force loss range of bellows that meets the seal face pressure should be solved, so as to accurately solve the reliability of bellows. Compared with other reliability solving methods (Monte Carlo, Six Sigma, etc.), the center point method requires fewer sample data and has a faster solving speed, which is suitable for rapid estimation of the reliability of welded metal bellows in mechanical seal systems.




4. Conclusions


In this paper, the elastic force loss range of welded metal bellows was solved according to the mechanical seal condition, and the reliability of the bellows was solved according to the central point method. The conclusions were as follows:




	
The stress relaxation degree of welded metal bellows becomes more significant with the increase in initial displacement load. Based on the stress relaxation test data, the equation of bellows loss is obtained.



	
According to the relationship between the seal face pressure of mechanical seal and the axial elasticity of welded metal bellows, it can analyze the elastic force loss range of welded metal bellows under different working conditions.



	
The reliability of welded metal bellows under specific working conditions can be obtained quickly by using the central point method, and the results have certain reliability.












Author Contributions


Conceptualization, Z.Z. and C.M.; methodology, Y.Z. and J.S.; formal analysis, Z.Z. and X.N.; software, Z.Z. and C.M.; writing—original draft, Z.Z., C.M. and Y.Z.; writing—review and editing, Y.Z. and J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key R&D Program of China (Grant No. 2018YFB2000800) and The National Natural Science Foundation of China (Grant No. 52075268).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	F
	Residual elastic force



	t
	time



	P
	Initial elastic force



	D1
	Inner diameter of seal ring contact face



	D2
	outer diameter of seal ring contact face



	d0
	axle diameter



	Pa
	pressure on bellows



	Pb
	medium pressure



	λ
	constant



	Z
	Function function



	β
	Reliability index



	Pf
	Reliability probability



	Pr
	Effective probability



	ΔP
	Load loss
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Figure 1. (a) Schematic diagram of stress relaxation test rig. (b) Physical drawing of stress relaxation test rig. 
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Figure 2. Stress distributions on the rotating ring in a balanced sealing system. 
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Figure 3. Bellow sample drawing. 
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Figure 4. Distribution of compression—elastic force. 
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Figure 5. Elastic force relaxation curves under different compressions. 






Figure 5. Elastic force relaxation curves under different compressions.



[image: Coatings 12 00175 g005]







[image: Coatings 12 00175 g006 550] 





Figure 6. Distribution of load loss with time under different initial loads. 
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Figure 7. Corresponding diagram of compression and load loss rate. 
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Figure 8. Distribution of elastic force-fitting and test values. 
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Table 1. Values of B and N corresponding to different elastic forces.






Table 1. Values of B and N corresponding to different elastic forces.





	Initial Elastic Force
	405.5
	484.9
	521.8
	632.5





	B
	−10.33
	−16.51
	−22.05
	−26.71



	n
	0.065
	0.058
	0.059
	0.061
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