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Abstract—At present, design and analysis of a pressure vessel
is usually performed using a customise software. This study
demonstrates the usefulness of general finite element simulation
and analysis for the design of a pressure vessel with expansion
joint. There are two case studies involved; where the first case
study focuses on validating the finite element model. The
deformation and stress distribution on the pressure vessel using
finite element method is compared to analytical method and this
can be used for validation purposes. The second case study
involves finite element simulation and analysis for the design of a
pressure vessel with expansion joint (horizontal vessel on saddle
point). The deformation and stress distribution on the pressure
vessel using finite element method is compared to previous
design work. In both cases, the results are found to be in good
agreement to the analytical and previous work respectively.
Therefore, it could be concluded that finite element simulation
and analysis could be a useful tool in designing a pressure vessel
with expansion joint. Moreover, the knowledge gained from it
has increased the understanding about the mechanics and design
of pressure vessels with expansion joint.

Index Terms—Finite element simulation, design and analysis,
pressure vessel, stress distribution.

I. INTRODUCTION

Pressure vessel is a closed container designed to hold gases
or liquid at a pressure substantially different from ambient
pressure [1]. There are six types of pressure vessel that is
horizontal vessel on saddle support; vertical vessel on leg
support; tall wvertical tower; vertical reactor, spherical
pressurized storage vessel and vertical vessel on lug support
[2]. Pressure vessels are widely used in reactor technology,
the chemical industry, marine and space engineering. They
often operate under extreme condition, which is high and low
temperatures and in high pressure. Advances made to the
material used in their fabrication. Concrete and composite
materials are becoming more frequently used compared to
conventional steels. Modern design of pressure vessels might
also lead to the development of supporting features. Even
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though it is not quite common in Malaysia, a feature namely
below expansion joint is sometimes need to be considered in
the pressure vessel design. The addition of a bellow
expansion joint allows pressure balanced design. An
expansion joint provides an equal and opposite reaction force
to the pressure thrust; typically used to allow axial movement
but not subject the piping system to the pressure thrust force.
Merrick et al stated that a metal bellows expansion joint is a
highly engineered, precisely manufactured piping system
component [3]. Therefore, the analysis of modern pressure
vessels becomes more sophisticated. History shows that many
fatal accidents have occurred mainly due to the design issues.
During the last three decade, considerable advances have
made into application of numerical technique to analyse
pressure vessel [4]-[8]. Finite Element Analysis (FEA) has
been used in various branch of engineering in design and
development of a product such as for machine elements
[9]-[11]. Recent trend shows that FEA has also been adapted
for biomechanics application [12], [13]. Common
commercially available FEA software includes ANSYS,
NASTRAN, ALGOR, ABAQUS and HYPERWORKS.

At present, design and analysis of a pressure vessel by
companies in Malaysia, is usually performed using a tailored
and specific customise software. Apart from design,
fabrication is also a very important aspects in terms of safety.
The fabrication of a pressure vessel involves a lot of welding
tasks. Therefore, the welding tasks need to be performed by
competent welders. Before approval, the pressure vessel
needs to be inspected by authority. The quality of the welds is
one of the main attentions and inspected using non-
destructive testing (NDT) techniques such as x-ray images. In
terms of physical tests, the common method used to test the
strength of the pressure vessels is the hydrostatic test [14].
However, this method is could be destructive as it could
destroy the sample and if this rework happens, it will lead to
high cost. Therefore, in analysing a complex and
sophisticated structure, FEA has been preferred as an
alternative tool to replace physical tests. Moreover, FEA is
capable to produce useful visualization and animation to
simulate the deformation of the structure such as a pressure
vessel. At least it will allow to visualise the predicted
deformation and stress in coloured contours [15]. This
information is very important for design optimisation, such as
in minimising weight, materials, costs and safety [16], [17].
Nevertheless, the results of the simulation must be validated
to ensure its reliability, especially when designing a structure
that possible to induce fatal accidents, such as a pressure
vessel. Therefore, this study attempts to demonstrate the
usefulness of general finite element simulation and analysis
for the design of a pressure vessel with expansion joint.
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There are two case studies presented. The first case study
focuses on validating the finite element model of a pressure
vessel. The deformation and stress distribution on the
pressure vessel using finite element method is compared to
analytical method. For the analytical method, the thin
pressure vessel formula is used to compute the stresses. The
second case study involves finite element simulation and
analysis for the design of a pressure vessel with expansion
joint (horizontal vessel on saddle point).

METHODOLOGY

A. Analytical Approach

In general, analytical approach could be considered as the
fundamental tool in solving problems related to engineering
mechanics. Therefore in this study, for analytical approach,
the fundamental equations were used to determine the axial
stress and longitudinal stress for the thin walled pressure
vessel respectively. The mechanics of thin walled pressure
vessel is adapted as the computed inner radius to wall
thickness ratio, r/t for the structure analysed in this study is
greater than 10.

Before proceeding to the calculations, the fundamental
mechanics related to thin walled pressure vessel is presented.
For cylindrical vessel, a gauge pressure p is developing within
the vessel by contained gas or fluid, which assumed to have
negligible weight. Fig. 1 shows the stress direction for a thin
walled cylindrical pressure vessel subjected to the normal
stress oy in the circumferential or hoop direction and o> in the
longitudinal or axial direction.
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Fig. 2. Hoop stress.
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Fig. 3. Cross Section with pressure applied and hoop stress.
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To elaborate more about the hoop stress, the figure of a
cylindrical vessel that are sectioned according to planes a, b
and c is presented shown in Fig. 2. The specific section c is
further analysed and shown in Fig. 3.

Fig. 3 shows the back segment along with the contained
gas or fluid. This loading conditions are developed by the
uniform hoop stress, o, acting through the vessel wall and the
pressure acting on the vertical face of the sectioned gas or
fluid.

For equilibrium in the x-direction, the sum of forces on the
incremental segment of width dy equal to zero as shown in Eq.
1. Eq. 1 is expanded to include all the forces acting in the
x-direction that leads to Eq. 2. Finally, re-arranging Eq. 2
leads to Eq. 3.
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Next, the longitudinal stress for a cylindrical vessel is
considered. For this purpose Fig. 4 is presented to denote the
direction of the axial stress acting on the segment on planes a
and b as shown in Fig. 2 earlier.
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Fig. 4. Axial stress on a cylindrical vessel.

In order to obtain the longitudinal stress, o>, the left portion
of section b of the cylinder is considered. As observed in Fig.
4, o, acts uniformly throughout the wall and the pressure, p
acts on the section of gas or fluid. Since the mean radius is
approximately equal to the vessel inner radius, equilibrium in
y-direction could be achieve by summing all the forces in the
y-direction to zero, as shown in Eq. 3. Eq. 3 is expanded to
include all the forces acting in the y-direction that leads to Eq.
4. Finally, re-arranging Eg. 4 leads to Eq. 6.

2F,=0
o2[27rt] - pzr?)=0
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Therefore, from Eq. 1 to Eq. 4, the normal stress o, in the
circumferential or hoop direction and o, in the longitudinal

or axial direction are represented by Eq. 5 and Eq. 6
respectively.

®)
(6)

Eqg. 5 and Eq. 6 were used for calculating the stresses and
these stresses data were used as the basis for validation in
Case Study 1.
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B. Finite Element Simulation

The first stage of this study was conducted for validation
purposes. The FE model was developed using a commercially
available finite element software, ANSYS R16.0 installed at
the Computer Lab, in the Faculty of Mechanical Engineering,
Universiti Teknologi MARA.

A circular section of a cylindrical pressure vessel with a
radius of 600 mm and thickness of 12mm was modelled. The
vessel was made of Carbon Steel with Modulus of Elasticity
of 200000 MPa and the Poisson’s Ratio was 0.30. The
circlular section was meshed into 20 elements using linear
elastic 4 noded 2D shell elements. Various values of pressure
form 3.0 N/mm?to 4.0 N/mm?was applied inside the vessel. A
boundary condition was applied in the centre of the cylinder.
Once the FE model was validated, the second stage of the
study was conducted that was deformation and stress analysis
of a pressure vessel with expansion joint.

C. Case Study 2: Deformation and Stress Analysis of a
Pressure Vessel with Expansion Joint

The deformation and stress distribution on the pressure
vessel using finite element method is compared to previous
design work [17]. The material and design specifications are
based on a real design of a pressure vessel with expansion
joint as presented in Table I, Table Il and Table Il1.

TABLE |: MATERIAL SPECIFICATION
Pressure vessel Material
Shell Carbon Steel Plate
Bellow Seamless pipe at line no 5 and 35

TABLE II: MATERIAL PROPERTIES

Modulus of Elasticity, E for Carbon Steel 200000
(C <0.30 %) MPa
Poisson’s Ratio 0.30

TABLE Ill: PRESSURE VESSEL DESIGN

Design Pressure 0.386 MPa
Design Temperature 60<C
Vessel Thickness 6.35 mm
Inner radius 325 mm
Bellow thickness 8.41 mm
corrosion allowance 1.0 mm

Initially, analysis was performed to verify whether the
pressure vessel was a thick walled or thin walled vessel using
inner radius to wall thickness ratio, r/t. The result shows a
ratio of 51.18, which verify the vessel is thin walled;
otherwise, if the ratio is less than 10, then it is thick walled.
The inner radius of the vessel is 325 mm and thickness, 6.35
mm.

r_ 325mm

=———=51.18
t  6.36mm

I1l. RESULTS AND DISCUSSION

A. Case Study 1: Finite Element Method versus Analytical
Approach
For Case Study 1, the simulated results are shown in Fig. 5
and tabulated in Table V. Fig. 5 shows the sample results, i.e.
the stress contour of the undeformed and deformed shape of
the shell with respect to the applied pressure. It could be
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observed in Fig. 5 that when pressure was applied in the
vessel, the diameter of the cylindrical pressure vessel
expanded uniformly in the radial direction.

For validation, the simulated axial stress values for various
pressure value (between 3 — 4 N/mm?) are presented in details
in Table IV. The results from ANSYS are compared to the
analytical results.

UTION

Deformed
Shape

X

Undeformed
Model

Fig. 5. Sample of simulated results.

TABLE IV: SIMULATION VERSUS ANALYTICAL RESULTS

Pressure Axial Stress Average Axial Stress | Error
(N/mm?) | (analytical) (N/mm?) (FEA) (N/mm?) (%)
3.0 150 150.78 0.51
3.2 160 160.83 0.51
3.4 170 170.88 0.51
3.6 180 180.93 0.51
3.8 190 190.98 0.51
4.0 200 201.03 0.51

In case study 1, the sample of a vessel is modelled using 2D
geometry. The geometry is analysed with the circumferential
pressure only. One important finding to note is that if, the
boundary condition is not applied correctly, the values of the
simulated results are correct but the simulated model could
shift from its original position and this is not realistic. For
example, initially the origin of the model was not fixed, thus
the simulated graphic showed that the vessel did not only
expand but it also shifted from its origin, which was found to
be illogical for a pressure vessel to shift its position a lot
during operation. In the actual situation, the pressure vessel
could expand due to the increase of internal pressure but
could not move distinctively from its original position
because it had saddle leg to support and fixed the structure.
For this analysis, the saddle leg was not included in the FE
model. Nevertheless, its function was replaced by a
prescribed boundary condition to fix the vessel at its origin.

It can be observed from Table IV that the current results
(simulation) are very close to the analytical results. For the
pressure applied between 3 — 4 N/mm?, the error was found to
be less than 1% for various values of applied pressure. This
proves that the current FE model is accurate and therefore
used for further analysis.

B. Case Study 2: Deformation and Stress Analysis of a

Pressure Vessel with Expansion Joint

The sample outputs from the finite element software,
ANSYS R16.0 are depicted in Fig. 6 and Fig. 7. Fig. 6 shows
the coloured contour for the stress (Von Mises) distribution,
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while Fig. 7 shows the coloured contour for displacements
distribution contour on the pressure vessel with expansion
joint due to loading condition as specified in Table I11.

Fig. 7. Displacement contour (Max = 0.12 m).

For case study 2, an additional boundary condition was
applied. Due to this, in terms of deformation analysis, the
vessel found to expand logically. The use of linear elastic 4
noded 3D shell elements, which having bending and
membrane capabilities has generated results portraying the
vessel elongation and expansion. The stress contour in Fig. 6
is used to analyse the stress (Von Mises) distribution of the
pressure vessel with expansion joint under the specified
loading condition. The maximum stress was found to be 58.8
MPa.

The displacement contour in Fig. 7 is used to analyse the
deformation distribution of the same vessel, and the maximum
displacement is found to be 0.125 mm. The results are close to
the results obtained by previous researchers [17], who
analysed the original pressure vessel with the expansion joint.
This could show that the FE model in this current study and
simulated results obtained is accurate and reliable.

IV. CONCLUSION

This study has demonstrated the usefulness using general
finite element software in conducting finite element
simulation and analysis for the design of a pressure vessel
with expansion joint, which usually these kind of tasks are
performed using customised software. The validated results
as shown in case study 1 have proven that the accurate model
of a cylindrical pressure vessel could be achieved. Case study
2 demonstrates that accurate information and outputs, such as
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coloured contour for the displacement and stress distribution,
could be correctly generated. This information is vital in the
design process, where the values and results obtained from the
analysis, could be used in fulfilling design criteria according
to the selected design code and manual. Further work and
analysis of the pressure vessel with expansion joint will be
carried out to explore greater potential of the current approach.
Nevertheless, it could be concluded that the current study has
contributed in enhancing the knowledge about finite element
simulation and analysis for the design of a pressure vessel
with expansion joint.
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