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ABSTRACT: The evaluation of components using three dimensional (.11)) finite element 
 

analysis (FEA) does not generally fall into the shell type verification. Consequently, the 
 

demonstration that the modes of failure are avoided sometimes is not straightforward.  
Elastic rules, developed by limit load theory, require the computation of the shell type  
through wall membrane and bending stresses. Flow to calculate these stresses from 3D  

FEA is not necessarily self-evident. One approach to be considered is to develop  
recommendations in a case-by-case basis for the most common pressure vessel 

 

geometries and loads based on comparison between the results of elastic and also plastic  
FEA. In this paper the case of a complex geometry - lugs attached to a cylindrical  

pressure vessel wall - is examined and discussed. This case is typically a three-
dimensional (3D) configuration where it is not a simple task to check the requirements of  

the ASME code. From the comparison of the results of 3D elastic and elastic-plastic  

FEA some conclusions are addressed.  

1 INTRODUCTION  

The main standard for the design of nuclear pressure vessels and piping; is the AStst1;  
code (ASME, 1992). In the whole world, such code is simply adopted, titled, or copied  

into requirements as the major criterion for pressure vessel design. In the rally 00's, the  
ASME recognized with considerable foresight, the advantages to be gained from detailed  
stress analysis, Thereupon, the ASME introduced the so-called "design by analysis" route  

which was deliberately set up for nuclear applications (ASME, 1969).  
The rules formulated in the "design by analysis" approach wore based upon concepts  

from plasticity in an attempt to avoid mainly the consequences of possible btu'stin. of 

ratchetüng failure and fatigue. This approach required an elastic analysis of the vessel of  

component (although it did not restrict design to elastic analysis alone) and the  

separation and classification of the calculated shell type stresses. The stresses were  

categorized into primary, secondary, and peak stresses and (harem design allowable*  

were applied according to the failure mode to be avoided.  

the method of stress calculation was mot specified, although it was clear at the time  
that shell chscontinuíty analysis was seen as the train method of analysis. The dominant  
problem in "design by analysis" is that of categorization of stresses, The rules goveituas  

wen categorization are not precise, but experience and common practice vuupled with  
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the use of thin shell calculations have allowed some degree of reliability to be introduced 
into the design process. 

However, if the elastic analysis is performed using more detailed continuum finite 
element calculations, which is a very common practice today, then the categorization of 
the stresses and the extraction of shell type through wall membrane and bending stresses, 
primary and primary plus secondary, become fraught with difficulty. 

Both primary and primary plus secondary stress limits involve transition from elasticity 
to plasticity. Using limit load theory, elastic limits are readily defined for simple 
structures under simple loading (e.g. beams under tension or bending loads). Also, shells 
of revolution can be reasonably evaluated for elastic limits. Once the elastic limits are 
known, guidelines can be written for performing elastic analysis that assures 
conservatism while giving reasonably accurate solutions relative to the limit load 
solution. Once the guidelines are established, the designer can clearly demonstrate that 
the limits on the modes of failure have been met. 

2 MOTIVATION 

The evaluation of components using three dimensional (3D) finite element analysis 
(FEA) does not generally fall into the shell type verification cookbook. Consequently, the 
demonstration that the modes of failure are avoided sometimes is not straightforward. 
Elastic rules, developed by limit load theory, require the computation of the shell type 
through wall membrane and bending stresses. How to calculate these stresses from 3D 
FEA is not necessarily self-evident. The general opinion of pressure vessel designers is 
that current techniques can provide safety comparable to current axisymmetric 
evaluations. These common approaches appear to be based more on a hoped-for 
conservatism rather than accuracy. 

The ASME code gives some limited guidance in this area for a few specific geometries 
and loads; these are generally adequate for axisymmetric conditions. When the analysis 
switches from axisymmetric assumptions to 3D, code guidelines become more difficult to 
apply. For these cases, the need for better guidelines or rules seems to be justifiable. 

The expectation that the widespread use of FEA would displace more simplified 
methods of analysis in pressure vessel and piping design was not confirmed. On the 
contrary, the need for simplified methods had become even greater. The main reason for 
this trend is that FEA (axisymmetric and 3D) generates results that often need expertise 
to reinterpret them in order to make engineering assessments and stress evaluations. 

The main question to be answered is how to assess the structural design of pressure 
vessels from an elastic FEA considering that the failure modes to be avoided are closely 
related to plastic (nonlinear) effects 

One approach to be considered is to develop recommendations in a case -by-case basis 
for the most common pressure vessels geometries and loads based on comparison 
between the results of elastic and also plastic FEA. This proposal is indicated in 
Hollinger and Hechmer (1994) considering that ASME code assessment of stress limits 
for complex geometries and loading conditions requires a clear understanding of the 
relationship between stress categories and failure mechanism relation to them, the 
appropriate stresses for each stress category, the appropriate locations for assessing 
stresses, and the approach used to calculate membrane plus bending stresses (to linearize 
stresses) in FEA. 

In this paper, following the indication given in I lollinger and l lechmer (1993), the case 
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of a complex geometry - lugs attached to a cylindrical pressure vessel wall - is examined 
and discussed. This case is typically a 3D configuration where it is not a simple task to 
check the requirements of the ASME code. From the comparison of the results of 3D 
elastic and elastic-plastic FEA some conclusions are addressed. 

3 THE STUDIED CASES 

The studied cases of this paper concern a cylindrical pressure vessel with two 
symmetric radial lugs under different loading conditions. Finite element models taking 
advantage of the symmetries of geometry and loading are considered for the elastic and 
elastic-plastic analyses. The applied loads considered in the analyses are: internal 
pressure in the cylindrical shell, and radial and axial forces acting on the lugs. The 
forces directions refer to the cylindrical shell coordinate system. The geometric and 
material characteristics of the region of the lug-cylinder attachment are presented in 
Figure 1 together with one of the finite element models used for the stress analyses. 

cylinder inner radius = 1000 mm 
cylinder thickness = 100 mm 
dimensions of the lugs =100x 100x 100 

Figure 1: General dimensions and one of the finite element models of the lug-cylinder 

attachment 

4 FEA 

Two finite element models were built for the stress analyses. The first model can be seen 

in Figure 1 and was 
used for the stress evaluation of the structure under internal 

Pressure plus the axial force on each lug. In this case, taking credit of the cylinder-lugs 
attachment symmetry and the symmetry of the axial force, only a quarter of the structure 

was discretized. 
For the evaluation of the structure 

underinternal
credit again of the symmetry of geometry 

lug, 	
talon

g, the model of Figure 2 was used, taking 

and loads. Iwo different models with different discretization were used for the analyses although 



r is known t'.-.at a  sì;,a:e model 
 with different boundary conditions could be used to  

aa . ^  them +̂±,o ^^ .y of ♦ .i\-^^1 . 

Solid dements with eight nodes and 
 t ;,e  -r es of freedom per node were  

used FEA. Elastic and elastic-plastic  
a s vs  s were undertaken with the help of  
the ANSI S software package, version  
5 A kS aS.I 1992). The material  

pr.operties use in FEA were: E _ 200000  

'^s as the 1 oung s modulus, v = 0.3 as  

Poisson's ratio, ay  = 276 NiPa as the  
s1-:5S and Sm  = 184 MPa as the  

d -̂-; e' s intensity value. In the elastic-
pa c FEA it was assumed perfect  
p _ cite with no strain hardening.  

Z ^Y 

Figure 2: Finite element model of the lug-
cylinder attachment  

In the elastic analyses, two separate load cases were considered acting in each model  
corrrsp'nding to the internal pressure and the respective force on the lug. Using stress  
post-processor available in the ANSYS program, the stress results from each load step  
were combined employing appropriate factors for each load step.  

In the elastic-plastic analyses, two situations were evaluated for each model. In the  
fu-, the internal pressure was initially applied and then the forces on the lugs were  
si i\ e  and monotonically increased until the collapse was reached. In the other, only  
the forces on the lugs were applied and monotonically increased until the collapse was  
reached. The elastic-plastic collapse was characterized from the non-convergence of the  
finite element solution and from the asymptotic behavior observed in the displacement  
.'e sas applied force curve.  

5 RESULTS  

From the elastic - plastic FEA results, the forces on the lugs that cause the collapse of the  lui-c■ finder attachment can be summarized in Table 1.  

Table 1: Collapse forces in the lugs (MN), from elastic-plastic l' EA A  

Radial forces in the lugs  

Axial forces in the lugs  

         

         

  

with internal pressure  

without internal pressure  
with internal pressure  

without internal pressure 
 

 

2.72  

  

   

2.65  

  

    

1.58  

  

         

     

1.53  
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A = 57 MPa to I = 288 MPa 

The distribution of the stress intensities for the collapse load combinations are shown 
in Figures 3 to 6 for each load case, respectively, analyzed in this paper. In the case of 
axial force on the lug, one can observe that the high stresses are very localized. The high 
stress values are concentrated in the region of the gross geometric discontinuity between 
the lug and the cylinder. It is noticed that the failure did not take place nor in the lug or 
in the cylinder but in the shell-lug intersection. On the other hand, in the case of the 
radial forces acting on the lug, high stress values are present in the cylinder. Of course, 
this state of high stress distribution in the shell is largely influenced by the lug load and 
due to the strength of the cylinder wall resisting the throughout punching of the lug. The 
strength of the cylinder wall, stopping the radial deformation of the lug, is shown by the 
radial deformation of the shell. Such deformation gives rise to high bending stresses. In 
this case, the high stress state observed in the cylinder wall led the cylinder to failure not 
the lug. There are differences in the behavior of the cylinder when the lug is under axial 
or radial forces. The different behavior may be explained by the fact that the lug forces in 
different directions strengthen the shell also in different ways. More membrane stresses in 
the cylinder is achieved to resist the axial lug force while more bending stresses resist the 
radial lug force. 

A = 56 MPa to I = 288 MPa 

Figure 3: Tresca stress intensities (MPa) 
from elastic-plastic FEA - Collapse axial 
forces on the lugs plus internal pressure 
(15 MPa) 

Figure 4: Tresca stress intensities (MPa) 
from elastic-plastic FEA - Collapse axial 
forces on the lugs, only 
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A = 43 MPa to F = 310 MPa 

Figure 5: Tresca stress intensities (MPa) 
from elastic-plastic FEA - Collapse radial 
forces on the lugs plus internal pressure 
(15 MPa) 

A = 45 MPa to F= 290 MPa  

Figure 6: Tresca stress intensities (MPa)  
from elastic-plastic FEA - Collapse radial  
forces on the lugs, only  

To find the allowable load value, the recommendations of "NB -3228 Applications of 
 Plastic Analysis" of the ASME code were followed. Therefore, applying the factor 2/3 

 to the collapse loading combination, the allowable loads are summarized in Table 2.  

Table 2: Allowable load conditions, from elastic-plastic FEA 

Radial forces in the lugs with internal pressure p= 10 MPa + 
F= 1.82 MN 

without internal pressure F = 1.77 MN 
Axial forces in the lugs with internal pressure p = 10 MPa + 

F= 1.05 MN 
without internal pressure F = 1.02 MN 

If the designer uses a simple elastic FE analysis to evaluate the shear in the lugs and 
in the shell, the recommendations of "NB-3227.2 Pure Shear" of the ASME code have 
to be followed. In this situation, the allowable forces in the lugs are 4.42 MN and 1.11 
MN for the radial and the axial directions, respectively. Notice that those allowable 
forces were found considering the average shearing stresses on the strength sections of 
the structure. The shearing stresses correspond to the situation of the lug punching the 
shell for the lug under radial force and the lug tearing out from the shell for the lug 
under axial force. 

Comparing those results with the values from Table 2 one may conclude that the 
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simplified elastic analysis shows good agreement in the case more close to pure shear 
which corresponds to the axial force on the lug. In the situation of shell punching (radial 
forces on the lug) the results do not agree. In this case it can be concluded that the 
elastic analysis may lead to non-conservative design. 

To compare the results from elastic and elastic-plastic FEA it is necessary to define the 
loads from elastic FEA corresponding to the allowable stress limits prescribed by the 
ASME code. Therefore, in the case of elastic FEA, it is always necessary to separate and 
classify the finite element stresses in shell type stresses. In other words, the FE stresses 
have to be divided and categorized into wall membrane and bending stresses. However, 
as mentioned in the Introduction of this paper, there is no established procedure to 
perform this categorization in 3D finite element models. In this work, it was followed the 
recommendations of Hechmer and Holliger (1991) and the so-called "linearization by a 
line". The lines (L) were chosen at the shell body and at distances away from the edge of 
the lug attachment. The distances were taken as 0.1 \KL, 0.5 141-t-, 1.0'Rí, and 2.0 . INF , 
respectively for the lines L1, L2, L3, and L4. R is the mean radius of shell, and t its 
thickness. Applying the load conditions shown in Table 2, from the elastic analyses, the 
membrane stress intensities shown in Table 3 can be obtained. . 

Table 3: Membrane stress intensities (MPa), from elastic FEA 

L 1 - O.1' L2 - 0.5'J t L3 - 1.0 fRt L4 - 2.0I 
radial forces 
in the lugs 

with pressure 
(10MPa) 

347 141 115 149 

without 
pressure 

377 202 124 54 

axial forces 
in the lugs 

with pressure 
(10 MPa) 

105 107 108 131 

without 
pressure 

16 18 24 54 

According to NB-3213.10 "Local Primary Membrane Stress" of the ASME code, one 
can see from the results of Table 3 that, for the loading conditions used, the stressed 
region may be considered local because the membrane stress intensities that exceed 1.1 
Sm  = 202 MPa do not extend more than 1.01417. The forces in the lugs may even be 
increased and the condition to consider the region as a place of local membrane stress 
remains satisfied. For example, in the case of radial force only, the value may be 
increased from 2.65 MN to 2.89 MN = (1.77/124)x1.1 S m . 

In the cases of axial forces in the lugs, the stresses in the shell are little influenced by 
the gross geometric discontinuity between lug and shell. As we are more concerned with 
the shell evaluation and the stresses in the shell due to the lug axial force is negligible, no 
more results and comparisons concerning this case will be presented. 

With the elastic evaluation of the stresses in the local region, the radial forces in the 
lugs, corresponding to different stress assessment lines, can be estimated. The estimated 
radial forces are shown in Table 4. For instance, for the stress assessment line L1 at a 
distance of 0.1 VKt, the radial force of 1.77 MN on the lug (disregarding the internal 
pressure in the cylinder) causes a stress intensity of 377 MPa. Classifying such stress as 
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PL  (local primary membrane stress) and, limiting it to the allowable stress limit of 1.5 Sm 
= 276MPa, the estimated allowable radial force turns out to be 1.30 MN = (276/377) x  

1.77.  

Table 4: Allowable radial forces, from elastic FEA (membrane stress as PL)  

L1 -0.14Rt L2-0.5ANfiT L3 - 1.0 -V1T  
radial 

forces in 
the lugs 

with 
pressure  

(10 MPa)  

1.47 3.57 4.51  

without 
pressure  

1.30 2.42 3.94  

From the elastic FEA and considering the same loading conditions described in Table  

2, the membrane plus bending stress intensities reported in Table 5 can be figured out.  

Table 5: Membrane plus bending stress intensities (MPa), from elastic FEA  

LI-0.1 .∎g L2-0.5 -sJ L3 - 1.0 Rt L4-2.0 R̂tt  
radial forces in 

the lugs 
with pressure 

(10 MPa)  
1444 952 803 682  

without 
pressure  

1541 971 705 568  

Considering the membrane plus bending stress intensities classified in the local region  

as PL±PB (local primary membrane plus bending stress) with the corresponding ASME 
 

allowable limit of 1.5 S m  = 276 MPa, one can evaluate the allowable radial forces from  

elastic FEA using the same procedure described above. The results are summarized in 
 

Table 6.  

Table 6: Allowable radial forces from elastic FEA (membrane plus bending as PL±PB)  

L 1 - 0.1-Rt L2 - 0.5'I L 3 - 1.0TRt  
radial forces 
in the lugs 

with 
pressure  

(10 MPa)  

0.36 0.54 0.63  

without 
pressure  

0.32 0.50 0.69  

If one considers the membrane plus bending stress intensities classified as P + Q (primary  

plus secondary stress) with the limit 3.0 S m  = 552 MPa the resultant allowable radial  

force on the lug are calculated and the results shown in Table 7.  



Table 7: Allowable radial forces from elastic FEA (membrane plus bending as P + Q)  

L1-0.1TR L2 L31.O'Rt  

radial forces 
in the lugs 

with 
pressure  

(l O MPa)  

0.72 1.08 1.26  

without 
pressure  

0.63 1.01 1.39  

6 CONCLUSIONS  

This paper has presented the results of elastic and elastic-plastic 3D finite element  

analyses directed towards the calculation of allowable loads in a lug-cylinder  

configuration. Depending on the stress assessment and stress classification adopted for  

the elastic results interpretations, different allowable loads are obtained. In addition,  

taking the ASME definition of limit-load analysis as the basis for design the following  

conclusions could be drawn:  
(a) Axial forces on the lugs have little influence in the stress distribution in the shell. (b)  

The allowable axial forces in the lugs considering a simplified elastic analysis - and the  

recomendations prescribed in the limits of "NB-3227.2 Pure Shear" of the ASME code - 
give good agreement with the allowable axial force obtained from the elastic-plastic  

FEA - with the limits of "NB-3228 Applications of Plastic Analysis" of the ASME code.  

In fact, 1.05 MN for the elastic analysis against 1.11 MN for the elastic-plastic FEA. (c)  

For the radial force on the lug, performing the same type of comparison as done in "b,"  

did not yield good agreement - 4.42 MN (elastic) versus 1.77 MN (plastic). (d) From  

elastic FEA, the allowable radial forces in the lugs - obtained from the stress assessment  

lines near 0.1 ^I17 away from the edge of the lug-cylinder attachment, and considering the  

membrane stresses as PL  with the limit of 1.5 S m  - are about 70-80 % of the allowable  

force obtained from elastic-plastic FEA. This is the assessment line where the radial  

allowable force is better approximated when considering elastic and elastic-plastic FEA.  

(e) The comparison in terms of membrane plus bending stresses indicates that the results  

of elastic FEA are much smaller than those from elastic-plastic FEA.  

The results obtained in this paper suggest that for the cases here studied the use of  

elastic analysis and the limits of the ASME code are conservative when compared with  

elastic-plastic analysis checks. The different results, however, revealed the lack of  

appropriate guidelines in the ASME recommendations for appropriate stress assessment  

and verification of complex 3D geometries. In the present stage of automation, where the  

engineering offices use massive FE computation, including 3D modeling for design and  

analysis of pressure vessel components, it is wise that ASME should develop, at least in a  

general sense, recomendations to guide the stress analyst to safety decisions.  
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