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Abstract 
In the actual use of pressure vessels, the fracture and damage accidents of pressure 
vessels are increasing due to some defects, new defects caused by loads and media in the 
production and processing, and harsh service conditions of pressure vessels. Therefore, 
the safety of pressure vessels has also attracted much attention. Compared with ordinary 
pressure vessels, the filter cartridge has a higher probability of failure than ordinary 
pressure vessels because it contains intersecting cavities, so it has higher requirements 
for its safety. In this paper, the finite element software is used to analyze the stress of the 
pressure vessel filter cartridge and evaluate the stress safety. The defective parts of the 
pressure vessel are improved by increasing the wall thickness, so as to improve the 
strength and stiffness, and finally reach the allowable stress limit, which provides a basis 
for checking whether the pressure vessel is safe or not. The method of finite element 
analysis can quickly and accurately find the failure cause and failure law, which is an 
effective way to reduce the recurrence of accidents. At the same time, it is of far-reaching 
significance to effectively prevent pressure vessel accidents and improve the safety and 
reliability of equipment. 
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1. Introduction 

With the rapid development of modern industry, pressure vessels are widely used in all walks of life. 
At the same time, with the increasing demand for use and the complexity of service conditions, the 
structure and size of pressure vessels are also developing from the traditional small cylindrical type 
to a more complex and huge size. However, under the background of rapid demand and complex use 
environment, the widespread use of welding technology of high design pressure and high-strength 
steel makes the produced pressure vessels inevitably have certain defects, and the long-term use and 
the change of load and medium will also cause some new defects, which leads to the failure of 
pressure vessels from time to time, Therefore, the safety of pressure vessels has also attracted 
extensive attention. Therefore, it is an effective means to quickly and accurately find out the weak 
points of pressure vessels and carry out failure intervention in advance. At the same time, it is of far-
reaching significance to effectively prevent pressure vessel accidents and improve the safety and 
reliability of equipment. 

The filter cartridge is a common pressure vessel. Compared with the conventional cylindrical pressure 
vessel, the internal pressure part of the filter cartridge becomes more complex due to the existence of 
intersecting cavity, and the guarantee of its safety becomes more important. At present, the research 
on intersecting cavity is mainly based on the combination of numerical analysis and theoretical 
analysis. The main research results are as follows: Zhao Zaili calculated and analyzed the influence 
of medium on the stress field of pressure vessel by using three-dimensional transient finite element 
method; Tang Haifeng, Luan Chunyuan and Huang Xiaoguang [2-4] only used the finite element 
analysis software to analyze the pressure vessel, without considering the influence of the internal 
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structure on the calculation results; Morrision and Faupel [1] calculated the three-dimensional stress 
of the intersecting cavity by using the Latin American formula, and solved the stress concentration 
factor on the intersecting line by using the concentration factor of the plate opening. Gerdeen [2] 
establishes two rectangular coordinate systems in the intersecting cavity and decomposes and 
calculates the stress of the main and auxiliary cavities. When the stress solution of this calculation 
method is more accurate, it is not affected by the size of the intersecting cavity. Sorem[3-4] et al. 
Used numerical simulation to solve the maximum stress. He pointed out that the calculation of the 
1/8 model can ensure the accuracy of the calculation in the case of saving computing resources. Elie 
and kihiu [5-6] analyzed the concentration factor of the intersecting line, obtained the maximum stress 
at the intersection of the intersecting line, and obtained the concentration factor formula of the 
elliptical intersecting line. Tcomlekci [7] used numerical simulation technology to conduct parametric 
analysis on the concentration factor. After analysis, it is considered that the maximum stress is not on 
the intersection line. 

To sum up, the safety design of pressure vessels mainly includes theoretical analysis and finite 
element analysis. For the traditional design method, it can only simplify some characteristics of the 
pressure vessel for theoretical calculation. For the filter cartridge, it can not calculate the stress 
distribution in the intersecting cavity, so it is impossible to obtain the detailed stress distribution of 
the pressure vessel under the working state and accurately grasp the real dangerous section (point) of 
the filter cartridge, so that in the actual design, It can only increase the safety factor and adopt large 
wall thickness to ensure safety, but in fact, this design is unreasonable. In this paper, the finite element 
analysis software is used to restore the working environment of the filter cartridge, consider the 
intersecting cavity effect, analyze the stress distribution state of the filter cartridge after compression, 
find out the maximum stress of the filter cartridge, determine the dangerous section, and improve the 
reliability of filter cartridge design and safety check. 

2. Stress Classification and Evaluation in Pressure Vessels 

In the past period of time, in the design of pressure vessels, due to the lack of accurate and profound 
understanding of the stress of each part of the vessel and their vessel strength, a high safety factor has 
been adopted in the vessel design in an attempt to ensure the safety and reliability of the vessel. Its 
main disadvantage is that it does not distinguish the different effects of membrane stress and other 
local stresses on strength. It is one-sided that the whole container will lose the ability to work normally 
- failure as long as it reaches the yield limit, whether it is the overall stress or the local stress. In fact, 
when the local stress reaches the yield limit, the stress in most other areas of the container is far lower 
than this value. Therefore, not only the whole pressure vessel will not reach the yield degree, but also 
the stress growth in the local area of the vessel that has reached the yield will be limited by this part, 
which will not cause the failure of the pressure vessel. According to JB4732-1995 [8] (steel pressure 
vessels - Analysis and design standard), the stress is divided into primary stress, secondary stress and 
peak stress. 

2.1 Primary Stress 

Primary stress is the normal stress or shear stress necessary to balance pressure and other mechanical 
loads. Primary stress can be divided into the following three categories: 

(1) Primary overall membrane stress PM 

The primary membrane stress, which affects the whole structure, will not be redistributed in the 
process of plastic flow, and it will directly lead to structural damage. 

(2) Primary local membrane stress pl 

The stress level is greater than the primary overall membrane stress, but the influence range is limited 
to the primary membrane stress in the local area of the structure. When plastic flow occurs locally in 
the structure, this kind of stress will be redistributed. If not limited, when the load is transferred from 
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one part of the structure (high stress area) to another part (low stress area), it will produce excessive 
plastic deformation and damage. 

(3) Primary bending stress PB 

Bending stress linearly distributed along the section thickness required to balance pressure or other 
mechanical loads. 

2.2 Secondary Stress Q 

The normal stress or shear stress required to meet the external constraints or the continuous 
deformation requirements of the structure itself. The basic feature of secondary stress is self limiting, 
that is, local yield and a small amount of deformation can meet the constraint conditions or 
deformation continuity requirements, so that the deformation will not continue to increase. As long 
as there is no repeated loading, the secondary stress will not cause structural damage. 

2.3 Peak Stress F 

Stress increment added to primary plus secondary stress caused by local discontinuity or local thermal 
stress. The peak stress is characterized by both self limiting and local, and will not cause obvious 
deformation; Its harm is that it may lead to fatigue crack or brittle fracture. The stress distributed 
along the thickness nonlinearly in the stress increment caused by local structural discontinuity at the 
connection of shell nozzle. 

2.4 Stress Assessment of Pressure Vessels 

According to JB4732-1995 [8] (steel pressure vessels - analytical design standard), the stress limits 
are as follows: 

(1) The primary overall membrane stress PM shall be less than the allowable stress[σ]; 

(2) The primary local membrane stress PL shall be less than the allowable stress of 1.5[σ]; 

(3) The primary membrane (overall or local) stress plus primary bending force shall be less than 
1.5[σ]; 

(4) The primary stress plus secondary stress shall be less than 3[σ]. 

The design stress strength of steel is the lowest of the following values: 

(1) 1 / 2.6 of the lower limit of standard tensile strength at room temperature; 

(2) Yield strength at room temperature RP0 1 / 1.5 of 2; 

(3) 1 / 1.5 of yield strength at design temperature. 

3. Study on Stress Distribution of Intersecting Cavity 

 
Figure 1. analysis model of intersecting cavity 

 

Filter cartridge is a pressure vessel with intersecting cavity, so when studying the safety of filter 
cartridge, the influence of intersecting hole on the safety of filter cartridge must be considered. The 
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theoretical analysis of the intersecting structure is carried out with the intersecting structure as shown 
in Figure 1. Where D1 and D2 are the inner diameter of the intersecting hole, and the geometric 
dimensions of the shell are 1 2 1W W W  , According to the definition of parameters in ASME, the 
parameters are explained: the main cavity is the cavity with large inner diameter, in which the inner 
diameter is D1 and the radius is R1; The inner diameter of the auxiliary cavity is D2 and the radius is 
R2; The thickness diameter ratio y is the ratio of the wall thickness of the main cavity to the inner 
diameter 1 1/Y W D ; Inner diameter ratio q is the ratio of main and auxiliary cavities 2 1/Q D D . 

In the actual work of the filter cartridge, the uniformly distributed pressure is full of the inner surface 
of the whole filter cartridge. In order to better analyze the pressure of the intersecting cavity, 
independent coordinate systems are established for the main and auxiliary cavities respectively, in 

which the main cavity is , ,r z ,The accessory cavity is , ,R y ; The global coordinate system is x, y, Z. 
Take the main view of the main cavity and auxiliary cavity, as shown in Figure 2. 

 

 
Figure 2. main view of main and auxiliary cavities 

 

From the above description of the coordinate system: 
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For pressure bearing body, the principal stress and shear stress in three directions are expressed as 
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Where P0 is the pressure and stress, and R is the position from any point in the intersecting cavity to 
the axis.According to literature [9], the stress borne by the auxiliary cavity is: 
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For the inner surface of the sub cavity, when R= R2, because 2 2 2x z R  , so 2 2 2 2
2sinr z R   .At that 

time 45   : 
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4. Finite Element Analysis of Filter Cartridge 

4.1 Model Establishment 

The filter cartridge is a common tool in the petrochemical industry. The shape of the filter cartridge 
is similar to a thick walled cylinder. Flange through holes are opened on both sides of its tail to form 
a intersecting cavity structure. The outer diameter of the filter cartridge is Φ 299mm, minimum wall 
thickness 47.5mm, flange size 274 × 355mm, and its specific structure is shown in Figure 3. During 
the finite element modeling, in order to ensure the grid quality and calculation speed, the structures 
such as threaded holes, sealing rings and lifting lugs on the filter cartridge are simplified. The finite 
element analysis model is shown in Figure 4. 
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Figure 3. geometric model of filter cartridge 

 

 
Figure 4. finite element analysis model of filter cartridge 

4.2 Material Properties 

Because the filter cartridge is a pressure bearing part and there is an internal intersecting cavity, the 
material used for the filter cartridge is 35CrMo high-strength alloy steel, and its material parameters 
are: elastic modulus 213000 MPa; Poisson's ratio 0.278; Yield strength 517 MPa; Tensile strength 
655 MPa. 

4.3 Grid Model 

In order to ensure the grid division accuracy of the pressure cylinder, the grid division of the filter 
cylinder is 2658, and the grid division results of the filter cylinder are densified as shown in Figure 5. 

 

 
Figure 5. filter cartridge grid model 

4.4 Loads and Boundary Conditions 

The end faces on both sides of the filter cartridge and the two flanges shall be restrained respectively, 
and the working pressure load of 103.5mpa shall be applied on the inner surface of the pressure vessel, 
as shown in the figure below. 

 

 
Figure 6. load and boundary conditions 
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4.5 Calculation Results 

4.5.1 Mises Stress Condition 

As can be seen from Figure 7, under the pressure load of 103.5mpa, the maximum Mises stress of the 
filter cartridge is 622mpa, which is located at the discontinuity of the inner surface between the filter 
cartridge and the flange. The maximum Mises stress at the wall of the filter cartridge is 315mpa. 

 

 
Figure 7. stress condition of filter cartridge 

 

The ABAQUS calculation results are evaluated according to the above criteria: 

Extract the stress results of the cylinder far away from the discontinuity. The cylinder far away from 
the discontinuity mainly receives the overall membrane stress due to the internal pressure, the primary 
stress PM = 320MPa, and the allowable limit of the material[ σ]= 252mpa (according to 1 / 2.6 of the 
lower limit of steel tensile strength RM in the standard). Pm> [ σ]= 252Mpa; It can be seen that the 
stress intensity near the nozzle of the filter cartridge and far away from the cylinder at the 
discontinuity does not meet the evaluation standard of JB4732-95. 

By increasing the wall thickness of the filter cartridge, the stress intensity can be reduced. Change the 
filter cartridge diameter from Φ 299mm to Φ299mm, Calculate after 299mm (Figure 8). 

 

 
Figure 8. change of filter cartridge diameter 

 

 
Figure 9. finite element analysis results after filter cartridge diameter changes 

 

Extract the stress result of the cylinder far from the discontinuity: stress intensity PM = 193 - (- 51) 
= 244mpa, (PM <[ σ]= 252mpa), after thickening, at the position far away from the cylinder at the 
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discontinuity, the stress intensity is less than the allowable limit, which meets the evaluation of 
JB4732-95 standard. 

Extract the internal stress at the thread of the filter cartridge: the cylindrical shell mainly receives the 
membrane stress PL and secondary stress Q at the head. Under working conditions, the thickness of 
filter cartridge threaded joint is 87mm, and the stress intensity PL + q = 306mpa PL+Q<1.5[ σ]= 
378Mpa; The stress intensity is less than the allowable limit and meets the evaluation of JB4732-95 
standard. 

5. Conclusion 

Through the above finite element analysis of the filter cartridge, the following conclusions are drawn: 

1) The outer diameter of the filter cartridge is Φ 299mm, 274 at flange × At 355mm, the maximum 
Mises stress of the filter cartridge under the working pressure of 103.5mpa is 622mpa, which is 
located at the discontinuity of the inner surface between the filter cartridge and the flange. The 
maximum Mises stress at the wall of the filter cartridge is 315mpa; 

2) The stress intensity of the cylinder far away from the discontinuity does not meet the standard 
evaluation, and the outer diameter of the filter cylinder increases to Φ 367mm can meet the evaluation; 

3) The stress intensity at the thread of the filter cartridge is less than the required limit and meets the 
standard evaluation; 

4) Using ABAQUS for finite element analysis can not only qualitatively analyze the stress 
distribution of the pressure vessel and master the detailed stress distribution of the pressure vessel 
after loading, but also obtain the more detailed stress values of each part of the vessel wall from the 
stress distribution cloud diagram, and check the specific distribution and change of the stress along 
the corresponding path. This provides a more accurate specific numerical reference for the design and 
safety check of pressure vessels, and overcomes the deficiency that the design and check of complex 
structures in traditional design can only rely on experience and improve the safety factor to ensure 
the strength and safety of products. 
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