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a b s t r a c t

This work pertains to the numerical investigation of the feasibility of a proposed local pressure testing to
verify structural integrity of nozzle-to-shell junctions in repaired/altered spherical pressure vessels. The
“local pressure testing” involves the use of a small temporary testing closure at the nozzle-to-shell
junction to get around the inconvenience of the conventional industry-wide pressure testing of the
entire pressure vessel. However, it is essential in deciding on the reliability of such testing approach, to
understand the influence of dimensional ratios between the nozzle, vessel and testing closure on
achieving equivalent behavior, in terms of stresses and deformations, as compared to those associated
with the full conventional testing.

The paper presents the findings of a finite element study of the effect of cap size on the stresses near
the junction of a cylindrical nozzle with a spherical vessel under internal pressure. The numerical model
was verified by comparing its results to available analytical solutions of similar problems. The study
focuses on the determination of the minimum required cap radius that will result in a local pressure
testing that is equivalent to the conventional full pressure testing, mainly in terms of peak stresses at the
junction. Results in the form of plots and empirical equations are presented for a parametric study
covering a wide range of dimensions. The results show that the minimum required cap size is linearly
related to the nozzle size, but also its value is usually much larger. This leads to the main conclusion that
a reliable local pressure testing must use relatively large cap sizes, and that the caps with sizes slightly
larger than those of the nozzle may not be acceptable.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

New pressure vessels are required by the industry codes [3] to
undergo pressure testing after the completion of their fabrication.
Pressure testing is also used for vessels that undergo repairs and
alterations. The test is important for new and repaired/altered
vessels to verify their structural integrity before putting into service
and hence ensures their safety and durability under operating
pressure. Pressure testing is conventionally performed for the
entire vessel by using water (hydrostatic), air (pneumatic) or a
combination of water and air hydrostatic/pneumatic. In all types of
testing, a pressure exceeding the design pressure of the pressure
vessel is applied. Hydrostatic testing is the preferred test method;
however, pneumatic testing (including combined hydro-
pneumatic) is applicable for vessels that are designed or sup-
ported in such a way that they cannot be safely filled with water or

for vessels that can not tolerate any trace of water, which could
cause operating problems for the vessel or process.

Recently, local pressure testing concept has been considered in
the industry as an alternative to pressure testing of the entire vessel
for verifying its structural integrity after nozzle repairs and alter-
ations. Local pressure testing procedure includes welding tempo-
rarily a cap inside the pressure vessel covering the nozzle-to-shell
junction and hence providing a “local pressure” arrangement. This
procedure has the advantage of getting around the inconvenience
of preparing the entire vessel for hydro-testing, which results in
tremendous saving in time and cost. Additionally, it would alleviate
the concern of verifying the adequacy of existing foundations for
associated loading.

Based on an industry survey, a cap with a diameter slightly
greater than the outside diameter of the repaired/altered nozzle is
normally used in the test. Some owners have the practice of using a
cap with a diameter at least four inches greater than that of the
nozzle. However, there is no available obvious relevant technical
basis of such arrangement as to satisfy an equivalent state-of-stress
(magnitudes and distribution) in the vicinity of the shell-to-nozzle
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juncture as would be developed by testing the entire pressure
vessel. Due to the complexity of the geometry and loading involved
in the local pressure testing, a refined and reliable analysis usually
by the finite element method (FEM) is needed to verify its validity
as an alternative to pressure testing of the entire vessel.

The problem of a thin spherical shell with a hole subjected to an
internal pressure was solved by Leckie et al. [8]. They presented
simplified formulas and charts to determine the stress concentra-
tion factors (SCF’s) for four different hole aspect ratios and showed
the effect of bending due to the shell curvature by comparing the
solution to that corresponding to limiting case of biaxially stressed
infinite flat panels.

Attwater et al. [4] presented a three-dimensional finite element
analysis of spherical pressure vessels intersected by cylindrical
nozzles, with the vessels subjected to internal pressure loading.
Ranges of vessel parameters were investigated, the results were
presented graphically, and comparisons were made with values
found in British Standards. The stress data were provided for both
inside and outside of the shell and the nozzle, and the maximum
principal stress and stress intensities were plotted.

A comprehensive literature, covering the period from 1997 to
2004, on the finite element analysis of pressure vessels and piping
structures was compiled by Mackerle [9e12]. It is to be noted that
the papers cited in these four review papers cover numerous topics
including the stress analysis of vessels due to internal pressure.

Widera and Wei [16] presented a finite element model for the
analysis of thin shell intersections with large diameter ratio. The
model was used to perform a parametric study of the stresses in the
intersection region for various geometric parameters. Correlation
equations to predict the stress concentration factors were then
developed. The developed equations are applicable to diameter
ratios from 1/3 to 1, shell diameter-thickness ratios from 20 to 250
and shell thickness ratios from 1/3 to 3.

Moffat et al. [13] derived a formula for the effective stress factor
(ESF) based on a parametric analysis of tees using three-
dimensional finite element analysis. The ESF is essentially equiva-
lent to the SCF and was given as a lengthy polynomial function of
several geometric parameters. Following the same procedure,
Gurumurthy et al. [7] developed a simpler formula for the SCF.

Dekker and Brink [5] employed an axisymmetric 3D shell-based
finite element model for the analysis of stresses at nozzle-spherical
vessel junctions. The proposed shell-based analysis method is
capable of accounting for the effect of the additional material in the
weld. The main conclusions are that any outward weld area offers
little reinforcement and that stress analyses based upon thin shell
theory are quite acceptable.

Schindler and Zeman [15] performed a finite element analysis
using ANSYS [2] to compute the stress concentration factors for the
case of an opening in a spherical shell under internal pressure with
and without pressure acting at the bore. The analysis was per-
formed using the commercial package ANSYS by employing
axisymmetric ring elements.

The majority of the above finite element analyses involved 2D
and 3D shell elementmodels. The use of this type of element allows
computation of the stress state in affordable computing time. The
use of 3D-solid element models currently remains limited.
Although the use of this type of element results in an accurate
derivation of the stress state, the size of finite element models is
usually huge requiring very large computing time. Diamantoudis
and Kermanidis [6] developed a shell to solid finite element model
for the analysis of the cylinder to nozzle intersection. The accuracy
and efficiency of the developed shell to solid element have been
verified by comparing the results with those obtained by imple-
menting traditional 3D shell and solid models.

More recently, Qadir and Redekop [14] carried out a 3D finite
element analysis of a pressurized vessel-nozzle intersection, with
and without wall thinning damage. The analysis was performed
using the commercial package ADINA [1] by employing hexahedral
and tetrahedral elements and assuming a linear elastic material. A
convergence-validation study was first carried out for undamaged
intersections, in which comparisons were made with previously
published work for the SCF, and good agreement was observed. A
study was then carried out for specific tee joints to examine the
effect on the SCF of varying the extent of the wall thinning damage.
Finally, a parametric study was conducted in which the SCF is
computed for a wide range of tee joints, initially considered un-
damaged, and then with wall thinning damage.

Thus, the general objective of this research is to assess analyti-
cally and numerically the effectiveness of the proposed local
pressure testing (local test) as an alternative for the conventional
pressure testing of the entire vessel (full test). As stated before, the
local testing requires the use of a small cap to be attached tempo-
rarily over the nozzle-to-vessel junction only for the pressure
testing in order to confine the test pressure to a small space for
practical and economical purposes.

2. Nozzle-to-vessel junction and critical distance

The nozzleevessel junction problem is characterized by the
existence of sharp discontinuity stresses at the junction. Near the
junction, localized significant stresses take place, which decay very
rapidly and approach their nominal values within a certain distance
referred to a “critical distance”, or Lcr, which is defined as

Lcr ¼ p
ffiffiffiffiffiffiffiffi
2Rc

p
with c ¼ T=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12
�
1� n2

�q
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where R is the radius of the shell, n is Poisson’s ratio and c is the
reduced thickness. The main advantage of using this formulation of
Lcr is the ability to combine the effects of the radius-thickness ratio
with that of Poisson’s ratio in one single parameter. As a result, the
quantity Lcr provides a physical measure of how quickly all the
bending stresses die out for a certain shell. Discontinuity stresses
decay also along the nozzle within a critical distance lcr with rela-
tionship similar to that of the shell, using radius and thickness of
the nozzle.

The decay distances for the vessel and the nozzle, Lcr and lcr,
respectively, play key roles in the overall analysis. Their significance
is used in the development and selection of the finite element
mesh, verification and confirmation of the initial results, and finally
in the interpretation and generalization of the final results. The

Nomenclature

E modulus of elasticity
Lcr decay distance of stresses along the vessel wall
lcr decay distance of stresses along the nozzle wall
p internal pressure
RC cap radius
Rn nozzle radius
Rv vessel radius
SCF stress concentration factor
Tn nozzle thickness
Tv vessel thickness
w radial displacement
n Poisson’s ratio
sa axial stress
sh hoop stress
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