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1. 
Introduction


Pressure vessels are employed as the vital parts of many power plants or built as equipment of oil refineries. They are often subjected to high pressure, temperature transition or corrosive media. ASME and many EU norms [1-4] committed designers, producers and users to calculate continuously the stresses and strains and keep them in safe margins in order to ensure safe in-service operation of pressure equipment. A lot of pressure vessel codes and standards are collected in the Ref. [5]. Croatian norm [6] based on the German AD Merkblat gives the expression for the calculation of the minimal wall-thickness of the spherical pressure vessel. It considers that the vessel is subjected to the internal and hydrostatic pressure and includes some thickness additions due to corrosion effects during the exploitation. However, it is recommended to do some control calculations of the wall-thickness periodically, especially at the critical places where the cracks can be expected. Such places are usually stressed or unrelieved welded joints of vessel body with nozzles or legs. It seems that thermal stress relief (postweld heat treatment, PWHT) could reduce sometimes the sensitivity to and the severity of cracking. However, it is not possible to generalize assessment guidelines, because they are depending on the type of construction, design code, maximum allowable pressure and temperature, vessel material, sensitivity to cracks etc. Therefore, it is not easy to make decision is it PWHT needed for some conditions or not. It is very influenced by the stress distribution and its magnitude in the critical part. 

The aim of this paper is to analyze the stresses and strains in the vessel body by using finite element method. Special attention has been devoted to the detail of vessel body support on the legs. Knowing of stress and strain fields could make the decision about the needs of PWHT easier. This data could be also of some help by structural integrity assessment.
2. 
Spherical pressure vessel characteristics
As representative pressure vessel a spherical pressure vessel for the storage of liquid propylene with 1,7 MPa of internal pressure and 3 MPa of test pressure has been considered (Fig 1). Maximal operation temperature is 400C. The vessel body is built from micro alloyed steel, commercial name NIOVAL 47. Volume of the vessel is 1200 m3 with outer diameter of 13322 mm. Body wall-thickness has been calculated as 30 mm.

Pressure vessel is filled with liquid propylene (density ρ=512,9 kg/m3) up to 80% of total volume. Mechanical properties of the vessel body are: E=210 GPa and Re=450 MPa. The pressure vessel is supported by 10 legs, which are welded directly on the vessel body. Central carrying point of the joint between vessel body and leg lies exactly on the equator line. 
[image: image2.png]



Figure 1. Spherical pressure vessel for storage of liquid propylene with volume of V=1200 m3
If the wall-thickness value calculated by designer check by simple expression (1), in which is inserted that the vessel is filled to maximum of 80% of volume (calculated h is equal 3809 mm in this case measured from the pressure top) and hydro test pressure (3 MPa), minimal thickness on the vessel bottom should be:
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                (1)

where

Ds is outer diameter of the vessel, mm
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=3+0,048=3,048 MPa  is total value of internal test and hydrostatic pressure


σK, is characteristic stress value, MPa


si is safety factor, -


v is coefficient of weld joint weakness, -


c1 is addition due to sheet thickness tolerance, mm and



c2 is addition due to corrosion, mm.
It confirms that the wall-thickness calculation performed in the design phasis has been done correctly. 
3. 
Analytical solutions for forces in meridian and circular direction by spherical pressure vessel subjected to the internal pressure, hydrostatic pressure and eigen weight

Equations needed for the meridian and circular forces calculation are derived by help of Ref. [7] for the most demanded case, when the vessel is filled up to the allowed maximum value. This level of the filling up corresponds to the angle of 
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p=64,874° measured from the vertical line (Fig. 2 and Fig. 3). 
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Figure 2. Equilibrium of the upper part of the spherical pressure vessel

Meridian and circular force are not continuous function through the vessel height; they depend on the 
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 angle value and therefore they should be defined in three characteristic angle intervals [8]. Two of them are valid for the upper part of the vessel:
1st Interval: 
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Figure 3. Equilibrium of the lower part of the spherical pressure vessel
2nd Interval: 
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The equations for the meridian and circular force, which are valid in the lower part of the vessel, are given by expressions (6) and (7):
3rd Interval:  
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Aforementioned equations for the forces could be presented as the graphs in the function of the pressure vessel height. In that sense, the distribution of the meridian and circular force in the region over and under the equator line are depicted on the Figs. 4-7. 
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Figure 4 Distribution of the meridian force: a) Over and b) Under the equator line
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Figure 5 Distribution of the circular force: a) Over and b) Under the equator line
Assuming that the membrane stresses in meridian and circular direction present the main stresses at the same time and by using of simple formulae for the Mises equivalent stress, it is easy to calculate an equivalent stress distribution from the equations for the forces (2-7):
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Figure 6 Distribution of the equivalent stress in the vessel material over and under the equator line
4. 
Equivalent stress distribution by finite element analysis

Regarding the symmetry of the pressure vessel, only 1/10 of the vessel, together with related leg has been modelled by spatial finite elements (Fig. 7). SOLID95 with 3 DOF in node as the standard 20-nodes 3D element has been used from ANSYS library [9]. The mesh consists from 101.352 elements. 
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Figure 7 Finite element model of the pressure vessel joint with leg

The equivalent stress distribution presented in the Figs. 8 and 9 confirms an excellent correspondence between analytical and numerical solutions. This could be of great importance by studying of stress distribution in some critical places, where the crack can be initiated.
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Figure 8 Equivalent stress distribution in the joint of vessel body with leg
Conclusions

This paper gives analytical equations for the meridian and circular forces for the pressure vessel filled up to 80% with liquid propylene. All results are given also in the form of diagrams. These results serve as the basis for the equivalent stress distribution calculation and their graphs are presented for the upper and lower part of the vessel. Analytical results have been proven by finite element analysis. The comparison showed an excellent correlation. Therefore, this equivalent stress field calculated by finite elements could help by assessing how critical is the stress state in joints between the vessel body and legs.
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