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Abstract

This book gives the stress distribution patterns for typical pressure vessel structures and
common defects. The patterns presented in this book arc based on finite element stress analysis,
clastic- plastic mechanics calculation or strain measurement. The clear stress distribution patterns
for main components and typical structures of pressurc vessel such as shells and heads, connec-
‘tions between heads and cylinderical shells, openings and nozles (with various reinforcements)
in heads or shells, oblique or tangeatial nozzles in shells, typical pressurcd parts (flanges,
clbows), typical vessel structures (hydrogenation reactor, gas bottles, tubesheets and steam auto-
clave, cte. ) as well as effects of defects commonly encountered such as misalignment, angulari-
ty, pits and cavitics were included. The estimate formulas and graphs for determining the max-
imum stress-concentration factors of some structurcs were also included. A diversity of about 300
stress disiribution patterns deduced from mote than 110 models of 9 kinds of structural catalogucs
make the atlas most helpful for those engincers and technicians who engaged in scientific rescarch,

design, manufacture, inspection and operation of pressure vesscl.
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Explanation of Usage

1. Selection of Structures

The structures analyzed in this atlas were selected from:

a. Recommended structures in the relevant pressure vessel standards, such as GB150 Standard,
ASME Pressure Vessel Code, AD Code. etc. )

b. Recuinmended structures in ‘Atlas of Chemical Equipment’ edited by the Technical Cantre of
Chemical Equipment Design under the Ministry of Chemical Industry of P.R. C.
' ¢. Structures appeared in engineering drawing or in existing vessels.

d. Relevant literatures.

e. Serial dimensions of the same structural type, such as different opening rate of opening and
nozzle connection of an integral vessel.

f. The local details in an integi'a] vessel where a higher stress concentration factor or a rather
complicated stress state were expected, such as the connective section between cylindrical shell and

head, the root of opening and nozzle connection, the areas adjacent to defects, etc.

2. Methods for Stress Analysis
2.1 Theoretical Analysis

For the basic structures of pressure vessel, such as shell;, heads, etc. , the analysis results in the
relevant literatures based on the shell theory and elastic-plastic mechanics theory, which were the clas-
sical and well-established theories as well as the basis of stress analysis for pressure vessel, were cifed
in this atlas,

2.2 Finite-element Stress Arzalvsis

2. 2.1 Briet Introduction of Softwares

Finite-element analysis is widely used in stress analysis of pressure vessel structures in this atlas.
The main softwares used are ‘PV Serial Special-purpose Stress Analysis Program for Pressure Vessels’ .
and ‘SW4 Special-purpose Finite-element Analysis Software Pack for Pressure Vesseis’.

The software ‘PV Serial Special-purpose Str~:: Analysis Program for Pressure Vessel’ was jointly
developed by the Center of Boiler and Pressure Vessel Inspection and Research (CBPVI) of the Minis-
try of Labor of P. R. C. and Da Lian University of Technology (DUT). It is a specialized and auto-
matic finite-elemernt stress analysis software pack directly aimed at various structures of pressure vesse-
Is. The software had passed technical appraisal organized by the Ministry of Labor in Nov. 1990 and
won a science-technology progress award of the Ministry of Labor of P. R. C. in Jun. 1993. This
software possesses good pre-processing ability. All data of geometrical parameters, applied loads and
restraint conditions of the structure to be analyzed can be automatically generated. The elements in-
volved in the software are suitable for stress analysis of pressure vessel structure and the calculative re-
sults delivered are reliable and satisfactory for engineering purpose. It is an advanced finite-element
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stress analysis software of pressure vessel in China, and has been used in stress analysis of hydrogena-
tion reactor, water jacket, flange of vessel, gas bottle, nozzle, head, ete. It did play an important
role both in the design of U2 vessels in some pressure vessel manufacturers to be qulified for ASME
certificate and in the accomplishment of the key research project, ‘Safety evaluation of Defective Ves-
sels’ , of the State Science and Technology Commission of P. R. C. The software has been populizing
in the reievant field successfully.

¢ SW 4 Special-purpase Finite-Element Analysis Software Pack for Pressure Vesse! ’is jointly de-
veloped by Tsinghua University and China National Standards Committee of Pressure Vessel, The soft-
ware pack consists of finite-element analysis programs both for axisymmetrical structure (including
plane-problem) and for tee structures. SW4 software had passed technical appraisal organiz&l by
China National State Technical Supervision Bureau in 1991. SW{ software pack can provide reliable
calculation results as proved through several year’s application.

2.2.2 Elements Seleted for Calculation

Axisymmetric eight-node isoparametric element were selected for calculation of the symmetric
problems, and a three-dimensional eight-node conforming element Qg (for general cases) or a non-
conforming element with internal degree of freedom Qq(for rather large bending cases) were adopted
for calculation of three-deminsion problems m the PV serial software.

As for the SW4 software pack, a symmetric triangle element was used for culculatmg symmetric
problems, eight-node shell element for elbows, eight-node three-dimensional eiement for thick-walied
tee, 3~ 5 bands of eight-node three-dimensional element for the intersection line of thin-walled tee
and a eight-node shell element for other parts of thin-walled tee,

The elements used are of high accura.y. All of them are based on a sound theoretical basis and
are dependable through a long-period application. Thus, a precise calculation can be expected so long as
the stress analysis is based on them or on the combination of them. ' '

2.2.3 Mesh-division

M&h—division and data preparation for stress analysis are automatically generated by auto-genera-
tion program of computer; further more, an automatical check-and-diagnasis function during calcu-
lation are also provided. Therefore,artificial error can be eliminated. In order to assure the accuracy
of calculation , mesh-division were carefully regulated through comparision of the trial calculative re-
sults of différent mesh sizes. Generally, a finer mesh was selected while a stable trial calculative re-
sults and an accepted error were reached. Sometimes, a refinement mesh should be conducted at the
regions of high stress-concentration or of complicated structure in order to identify the details of stress
concentration. '

2.2.4 Comparing the Calculative Values with Experimental Values

During compilation, appraisal and application of the software, the calcuiated results were com-
pared with the theoretical solution of all sorts of structural types (such as cylinder, spherical shell,
beam, concave pit, etc. ) and with the measured stress values delivered by strain-gage method or pho-
ta-elastic method (such as nozzles, heads, etc. ). A good caincidence of comparison had been ob-

tained. That is to say, the sofiwares used have good calculative accuracy, they are satisfactory for the
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needs of engineering calculation.

Although, it is impossible to list all of the numerous e:ﬁperimental data here, some selected com-
paring stress-distribution curves of engineering structures together with the calculative results delivered
from finite-element analysis were presented in this atlas for reference.

2.3 Experimental Stress Analysis

Two kinds of experimental stress analysis methods were adopted in this atlas, i. e. strain-gage
method and photo-elastic method. Most of the experimental results in this atlas were collected from the
research resuits of relative foreign orgnizations, such as the photo-elastictest results of radical, tangent
or oblique nozzles of cylinder, and the strain-gage test results of tube-plate of heat exchanger; the
others were the test results completed by the authors of this atlas, such as the test results of centre-
opening nozzles in elliptical head and of transition section, etc. Good correspondance between test re-

sults and finite-element stress anlysis calculation had achieved in the latter circumstance.

3. How to Use the Stress Distribution Atlas
3.1 Modes of Application

a. Reference mode: trend of suess destribution

The stress distribution graphs of most structures are single in this atlas,neither serial dimensions of
similar structure nor formula or curves Jor calculating stress concentration were provided, such as hy-
drogeneration reactor, flange, flat head, etc. Graphs of this mode only give stress distrubition pattern
of the structure under assigned dimensions and limited working parameters. For the sake of analyzing
the stress distribution of some structures of the same type but with different dimensions and/or working
parameters, only a qualitative trend of stress destribution pattern can be'achieved. Be sure, one
cannot get a quantitative stress destribution pattern from these graphs even through interpolation or ex-
trapolation method being adopted.

b. Analysis mode. stress destribution and stress calculation

Some stress distribution graphs were calculated based on a serial dimensions of model with same
structural type. Not only stress distribution of structures with serial dimensions ay¢ available, but also
the analytic solution (such as shell, head, etc. of basic structure) or empiric formul: /curves for es-
timating the maximum stress concentration factors (such as radical nozzle in cylinder, common de-
fects, etc. ) were provided. Tﬁus a qualitative stress distribution and a quantitative stress value or a
quantitative estimated maximum stress concentration factor of the same category vessel can be obtained
by using the serial stress distribution graphs and the analytic solution, empiric formula or estimated
curves provided. Therefore, this kind of analysis mode is more useful.

3.2 Selection of Stress Distribution Section

Principals for selecting stress distribution section are as follows;

For general stress distribution pattern of a::symtetrical structures: longitudinal section along the
gxis of the structure; _

For stress distribution pattern of local structures; the representative section or the most dangerious
section, such as opening and nozzle connections ,common defect areas, etc.
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For stress concentration regions: generally, the boundry of stress distribution graph were limited
to a region where the effect of stress concentration had vinished and stress distribution had tended to-
wards smooth on the whole. ‘

3.3 Points for Attention in Using Stress Distribution Graphs

3. 3. 1 Basic Situation of Structure

Information of basic situation of structure concerned with the corresponding stress distribution
graph, such as sketch of structure, dimensions, design/operation conditions, model (mesh) used in
calculation, analyzing method,bibliography, etc. are listed in a table directly ahead of the stress dis-
tr:bution graph.

3.3.2 Legend

Unless otherwise mentioned, the legend for different styles of line appeared on the stress distribu-

tion graphs indicate .

circumferential (grith) stress ¢, or first pricipal stress o,
or non-dimensional stress distribution curves o,(e;) /S (membrane stress)
———————— longitudinal (axis) stress ¢, or second principal stress o3,
or non-dimensional stress distribution curves o,(o;) /S(membrane stress)
- - radical stress o, or third principal stress o3,
or non-dimensional stress distribution curves o,(c3) /S (membrane stress)

3.3.3 Unit of Measurement

Unless otherwise mentioned, the unit of stress value appeared on stress distribution graph is MPa.
The values shown in non-dimensional stress distribution graphs are the stress concentration factor at the
site, i. e. the ratio of the actual stress to the membrane stress at the site.

Dimensions shown in the graphs are given in mm, only if otherwise stipulated.

3.3. 4 Datum of Stress (nil-stress curve) |

a. While the contour of vessel is simple, the internal surface of vessel is taken for the internal
wall-stress datum of the vessel; similarly, the ea.ernal surface is the datum of external wall-stress of
the vessel.

b. When the datum coincided with the wall surface of a complic-ated vessel cannot indicate stress
distribution of the vessel clearly, an additional datum shoud be imposed.

Note ; In stress distribution graph, put a ‘4’ mark ahead of a stress value to indicate a possitive
(tensile) stress (generally it can be ommitted), a ‘-—~’ mark to indicate a negative stress. Datum is
the boundry of possitive and negative stresss, wtnn:ch are located at the each side of it.

3.3.5 Some Methods for Drawning Stress Distribution Graphs

a. Taken wall surface of vessel as datum, the stress distribution curves were drawn along with
the cutline of the vessel. Typical examples are thin-walled shell, connected region between cylinder
and head, elbow, water jacket, etc.

b. If an addtitional datum was used, put the datum at the each side of internal-external wall of
the vessel with 2 trend towards the rough sketch of the vessel, stress distribution graph then could be
drawn on the datum corresponing to the location of wall surface of the vessel. Typica] exaniples are
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hydrogenation reactor, opening and nozzle connection in head, radical or tangent or oblique nozzle
connection on cylinder, etc.

¢. Additional datum was adopted without considering the structure or contour of the vessel. Stress
distribution graph was drawn on a dimension-stress coordinate taken the dimension axis as datum. The
stress distribution graph on coordinate should be corresponing the locating relationship with the vessel.
Typical examples are concaved pits, holes, etc.

d. Thick-walled Structures
In order to express stress distribution normal to the wall surface of a vessel, a interconnect line

normal to the internal and external surface of vessel was taken as datum. Stress distribution curve was
drawn along the datum. Thick-walRd cylinders, thick-walled spherical shells, etc. are the typical ex-

amples.



