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Pressure vessels are highly used in industries and in commercial purposes such as
filtration, boiling, softening and hot water storage tanks. Pressure vessels are subjected to
thermal loads and structural loads such as internal and external pressures which leads to
its deformation. Present work focusses on the modeling of the pressure vessel according
to standard dimensions using CREO 6.0 and analyzing it for three different materials and
different pressure values using finite element approach. The materials considered in this
study for the fabrication of pressure vessel are carbon steel, stainless steel, and titanium
alloy. The finite element analysis results have been presented in graphical form. Results
indicated that, titanium alloy is able to withstand high stresses and exhibited high factor
of safety of 4.10. And among the steels, stainless steel demonstrated low structural
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performance.

1. INTRODUCTION

Pressure vessels are structural components designed to be
used in industrial, nuclear and other applications requiring the
storage and processing of corrosive or non-corrosive fluids at
high pressure and temperature [1]. They are particularly
irreplaceable in petrochemical plants [2]. Especially, thin-
walled pressure vessels find application in storage of
pressurized fluids such as rocket fuels and in submarines.
Transportation of compressed fluids and chemicals also
require high pressure resistant structures [3]. The design and
fabrication of such vessels are based on various process
parameters such as fluid pressure inside the chamber,
temperature and properties of the working fluid [4].

Pressure vessels are prone to damage during service life due
to the environmental conditions they are subjected to, be it the
surrounding environment or the corrosive nature of the
working fluid. The major reasons that cause failure in pressure
vessels are; (i) Unsuitable material selection, defective
material; faulty design specifications, (ii) Wrong selection of
design process, insufficient testing of designs, (iii) Improper
fabrication technique, inadequate quality control standards,
unsuitable fabrication processes including welding, heat
treatment and forming methods [5]. Chances of fluid pressures
exceeding the recommended design pressures may retard the
strength of the vessel and lead to catastrophic failure that can
cause severe damage to the plant, health hazards, or even
damage to life. Pressure vessels incorporate multiple openings
and valves of various shapes, sizes and positions to
accommodate drains, pipes and nozzles. These design
requirements are unavoidable due to various attachments such
as gauges and auxiliary equipment that form part of the entire
assembly of components. They also necessitate mounting of
equipment, inclusion of instruments, and piping connections
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for the inlet and outlet of working fluid [6]. Such openings and
joints in pressure vessels are geometric discontinuities that
alter the stress distribution in the vessel and are called stress
raisers that lead to uneven stress concentrations within the
component [7]. Such stress concentration regions around
openings lead to failure of pressure vessels and thus are of
utmost importance in study of such components. For most
engineering materials, their failure strength is sensitive to
notches and sharp corners. Hence, it is essential to minimize
regions of stress concentration during design of such pressure
vessels [8].

Moss and Basic [9] reported that pressure vessels may be
subjected to external pressure conditions during working
operation. Industrial plants consider this factor while
designing pressure vessels regardless of the intended service,
to allow for steam cleaning and the effects of the condensing
steam. Most other pressure vessels work under vacuum
conditions. Thus, while designing pressure vessels various
factors such as; (i) Overall dimensions, (ii) Operating
conditions such as pressure and temperature, (iii) Materials
properties, their availability and cost, (iv) Corrosion behavior
of the working fluid. (v) Failure mechanisms related to the
design and material used in fabrication, (vi) Method of
fabrication such as forging, welding or casting, and (vii)
Economic considerations [10]. It is thus beneficial to perform
finite element studies and analyses of pressure vessels to
understand the effect of material properties, design,
dimensions, regions of stress concentrations, and working
process parameters. These results can help researchers and
designers to optimize the design of such critical components
in industrial plants. Such numerical studies save time and
resources by reducing fabrication and testing costs and provide
accurate information relating to failure mechanisms, fatigue
and creep behavior of pressure vessels [11].


https://crossmark.crossref.org/dialog/?doi=10.18280/acsm.450302&domain=pdf

2. LITERATURE REVIEW

Many past studies have focused on the finite element
analysis (FEA) of pressure vessels to study their performance
when subjected to different conditions and working process
parameters such as fluid pressure inside the chamber,
temperature, external pressure and corrosive environments.
The effect of vessel dimensions, material, design features have
also been studied by various researchers. Most studies have
been focused on cylindrical shaped structures with
hemispherical or ellipsoidal head shapes as these are most
common geometries used in large scale industrial applications.

Ahmed et al. [12] performed FEA on pressure vessels to
study the effect of component geometry on their thermal and
structural behavior. From the simulation results it was reported
that the discontinuities in vessel geometry plays an important
role in their structural and thermal performance. Thermal
loading had a greater effect on the life of the vessel compared
to structural loading. An increase in hoop stress was observed
with reducing wall thickness of pressure vessels. Stresses due
to both thermal and structural loads reduced with increasing
wall thickness, but this increases the material and fabrication
costs. Pratama et al. [13] modelled thin walled vertical
pressure vessel made of carbon steel and performed FEA using
ANSYSS software to evaluate its structural performance. They
stated that yield strength of a material can be used to assess its
failure. However, the validation using distortion energy theory
is insufficient to ensure the safe working of the pressure vessel
under the applied pressure, thus further validation is required
to take into consideration creep, fatigue and the strength of the
welded joints. Similarly, Suranjan et al. [14] carried out
structural and thermal analysis on a cylindrical pressure vessel
with hemispherical ends. ANSYS CFX platform was used in
the FEA. Materials such as copper, Fe 360 steel, and
aluminium alloy were considered for the fabrication of the
vessel structure. FEA results suggested that copper, having a
higher thermal conductivity, was most suited for the
construction of pressure vessels, as it provided better heat
dissipation. Also, the shape and size of the vessel had a bearing
on its structural and thermal performance.

Dubal and Gajjal [15] studied the effect of different loading
conditions and vessel dimensions on the reactor pressure
vessel using FEA. The stresses were observed to be
concentrated near the nozzle section and the shell region.
Induced stresses reduced with increasing shell thickness.
Sachidananda and Prasanth [16] compared the structural
performance of pressure vessels designed for sub-sea
applications through FEA. Stainless steel, aluminium alloy,
copper alloy, grey cast iron, and titanium alloy were used in
the study. Other variables such as ambient temperature and
vessel thickness were also varied and their effect analyzed. It
was reported that minimum wall thickness for safe operation
of the pressure vessel was 10.92 mm. The stresses in the
component reduced as the shell thickness was increased up to
25mm beyond which the reduction in stresses was negligible.
Similarly, for any applied pressure, deformation was least in
stainless steel and highest for aluminium alloy. In terms of
thermal stresses, it was highest for stainless steel and the least
in titanium alloy for all ambient temperatures of 0°C, 25°C,
and 50°C.

Niranjana et al. [17] designed vertical pressure vessel of
SA-516Gr70 material using Creo PRO-E and performed FEA
using ANSYS to study its fatigue behavior. The vessel was
subjected to two different load conditions such as working
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pressure and maximum operating pressure. They reported that,
the maximum allowable working pressure was 3.6 MPa. The
maximum deformation of 1.45 mm occurred near the
ellipsoidal head and the cylindrical walls of the vessel. Among
18mm and 20mm, the latter was found to be the optimum wall
thickness to withstand the working pressure and design
pressure of 20 bars and 24 bars respectively.

Authors such as Meleki et al. [18] modelled unconventional
spherical shaped thick-walled pressure vessels. The vessels
were subjected to autofrettage process in which the component
is subjected to elevated pressure levels till the walls undergo
partial plastic deformation. The residual stresses induced in the
material due to this process enhances its load bearing capacity
and fatigue life. Baaji et al. [19] also fabricated spherical
pressure vessels and subjected them to FEA using ABAQUS
software to analyze the thermal and structural performance
when subjected to elevated temperature and pressure. The
deformation and stress results derived through FEA were in
good agreement with those calculated using mathematical
models.

Rustam et al. [20] studied the effectiveness of FEA in the
design and analysis of horizontal pressure vessels with and
without expansion joints. The deformation and stress results
obtained through ANSYS simulations were validated using
mathematical approach to check the accuracy of the platform.
It was concluded that the FEA tool was useful to design and
analyze such components. The FEA results were also found to
be in good agreement with mathematical model results. After
doing an extensive literature survey it is found that vessels of
different shapes and dimensions were designed and analyzed
using a dedicated analysis softwares. Thermal and structural
loads were considered as the boundary conditions for the same.
Materials used in the actual pressure vessel are considered as
input parameter. From the available literature it is evident that
comparative study of structural performance of pressure vessel
of different engineering materials has not been studied
extensively. Literature also suggests that stress analysis in thin
walled pressure vessels has not been validated. Such designs
are light weight and compact and useful for small scale
industrial plants. Very few studies have focused on the failure
study of pressure vessel structures and it is an important factor
for the selection of material in the fabrication of such critical
components.

This study focusses on the failure analysis of different
engineering alloys such as stainless steel, carbon steel and
titanium alloy used in structural, high strength applications
involving dynamic pressure situations. The modelled pressure
vessel is subjected to varying pressures keeping in mind the
dynamic pressure variations expected in such vessels and their
structural performance when subjected to different internal
pressure values.

3. MODELLING OF PRESSURE VESSEL

Pressure vessel which is modeled has a shell length of 2234
mm, inner diameter of 1300 mm and a wall thickness of 16 mm.
The cylindrical vessel is integrated with hemispherical ends at
both ends. Saddle support is designed to provide structural
integrity and reduce shocks and vibration on the vessel during
operation and the inlet and outlet nozzles support the fluid
circulation. The dimensions of the pressure vessel are provided
in Table 1. The pressure vessel is modelled using CREO 6.0
and analyzed using ANSYS Workbench 17.0 FEA software.



Figure 1 shows the CAD model of pressure vessel.

Table 1. Pressure vessel dimensions

,\Sl!)'. Description Dlr(nnir%s)lon
1 Total length of pressure vessel 2534

2 Internal diameter of pressure vessel 1300

3 Pressure vessel wall thickness 16

4 Inlet nozzle diameter 530

5 Outlet nozzle diameter 320

¢ Nozzle

Figure 1. CAD model of pressure vessel

Three different materials; stainless steel, carbon steel, and
titanium alloy were selected to study the structural performance
of the pressure vessel. These materials offer good corrosion
resistance, apart from structural rigidity and stiffness required
for such high-performance applications. The properties of the
chosen materials are listed in Table 2.

Table 2. Properties of materials used in the study

. . Titanium Stainless Carbon
Material Properties Alloy Steel Steel
Density (kg/m?) 4620 7750 7850
Modulus of elasticity 5 s
(MPa) 96000 1.93x 10 2x 10
Poisson’s Ratio 0.36 0.31 0.295
Tensile yield strength
(MPa) 930 207 490
Ultimate tensile
strength (MPa) 1070 586 635
Bulk Modulus (MPa) 1.14x 10° 1.69 x 10° 1'1655)(
Shear Modulus 4 4 7.72 x
(MPa) 3.52x10 7.37x 10 10*

4. RESULTS AND DISCUSSIONS

The deformation and stress results for the pressure vessel
subjected to different internal pressures have been presented in
this section. Figures 2 and 3 show the total deformation and
equivalent von-mises stress results respectively for the pressure
vessel obtained through ANSYS Workbench. Boundary
conditions such as fixed support and internal pressure are
applied to the model. The saddle support was fixed at the
bottom. The pressure inside the vessel chamber was varied
from 2-5 MPa in steps of 1 MPa.
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Figure 2. Total deformation in pressure vessel subjected to
internal pressure
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Figure 3. Equivalent stress in pressure vessel subjected to
internal pressure

From Figures 2 and 3 shows the distribution of the
deformation and stress in the vessel can be observed. It is
observed that maximum deformation is at the circumference
of the cylindrical shell. The maximum equivalent stress is at
the adjoining portion of the cylindrical shell and the
hemispherical head section. Due the circumferential pressure,
the stress concentration zone is located in this region. For the
varying internal pressure values, the output parameters such as
deformation, stress and strain for the three chosen materials
are tabulated in Tables 3, 4, and 5 respectively.

Table 3. FEA deformation results for different materials

Deformation (mm)

Sl Pressure
Titanium Stainless Carbon
No. (MPa) alloy Steel Steel
1 2 2.51 1.27 1.23
2 3 3.76 1.91 1.85
3 4 5.02 2.55 2.47
4 5 6.27 3.18 3.09

Table 4. FEA stress results for different materials

Stress (MPa)
Sl Pressure R "
No (MPa) Titanium Stainless Carbon
) alloy Steel Steel

1 2 226.33 238.49 242.72
2 3 339.49 357.73 364.08
3 4 452.66 476.98 485.44
4 5 565.82 596.22 606.80




Table 5. FEA strain results for different materials

Strain (mm/mm)

I\Sll)l. P{ﬁ;‘;ge Titanium Stainless Carbon
alloy Steel Steel

1 2 0.0026 0.0014 0.0015
2 3 0.0040 0.0021 0.0022
3 4 0.0053 0.0028 0.0029
4 5 0.0067 0.0036 0.0036

Based on the stress values derived from FEA and the
experimentally derived tensile strength, Factor of safety (FOS)
for the vessel design was calculated and those results are
tabulated in Table 6.

Table 6. FOS for the different material pressure vessels

Factor of safety

SL' P{ﬁf;i;e Titanium Stainless Carbon
) alloy Steel Steel
1 2 4.10 0.86 2.01
2 3 2.73 0.57 1.34
3 4 2.05 0.41 1.00
4 5 1.64 0.34 0.80
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Figure 4. Comparison of deformation for different material
pressure vessels
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Figure 5. Comparison of stress for different material pressure
vessels
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Figure 6. Comparison of strain for different material pressure
vessels
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Figure 7. Comparison of FOS for different material pressure
vessels

Figures 4, 5 and 6 show the variation of deformation, stress
and strain with the pressure. From the graphical representation
is evident that there is a linear rise of these three parameters
with the increase in the pressure. In the Figure 4 there is high
deformation observed for titanium alloy it is because the
density of the titanium is less which is half of that of steel.
Also, elastic modulus of the titanium is low which makes the
metal to flex and deform easily. When yield strength of both
steel and titanium are compared, it is found that, steel is
stronger. Results indicate that, titanium metal deforms twice
that of steel. Stress is given by the magnitude of force on the
surface area of the vessel. Figure 5 shows that for the higher
pressure, carbon steel material incurs high stress compared
with that of titanium. Titanium is 45% lighter to that of steel
and strength to weight ratio is higher than that of steel,
therefore it can handle high pressure and yield minimum stress.
The stress acting on the carbon steel is 7.24% higher than that
of steel.

Linear Strain is defined as the ratio of the change in the
length to the original length. In pressure vessels, volumetric
strain is considered. Figure 6 shows that, the strain observed
for the titanium alloy is 86% higher than that of steel for higher
internal pressures. The reason being the low density of
titanium alloy. FOS is the ratio of the tensile yield stress to the
working stress induced in the material. Figure 7 indicates that
there is a drop in the FOS with the rise in internal pressure.
Lower internal pressure contributes higher FOS for all
considered materials and among them, titanium alloy gave the
maximum FOS of 4.10. This is due to high specific strength of
titanium alloy compared to steel specimens. At lower internal
pressures, the value of FOS is higher for titanium by 60%
compared with steel. As the pressure increases till the peak
value, the difference in percentage FOS remains constant.

5. CONCLUSION

In the present study a nozzle is fitted to the pressure vessel
and subjected to boundary conditions to carry out stress and
failure analyses. The pressure vessel is modelled using CREO
6.0 adhering to corresponding design standards and FEA
analysis is performed to derive necessary output. The purpose
of this study is to determine reliable and accurate results in the
analysis of pressure vessels subjected to structural loads. From
the detailed FEA study of the pressure vessels, the following
conclusions are drawn.

e There is an increase in the deformation, von mises stress
and strain with increasing internal pressure. For an
applied pressure of 5 MPa, the deformation observed in
titanium alloy, stainless steel and carbon steel were 6.27



mm, 3.18 mm and 3.09 mm respectively. Titanium being
more ductile explains this behavior. The stress values
were 565.82 MPa, 596.22 MPa, and 606.80 MPa
respectively for Titanium alloy, stainless steel and carbon
steel. Von mises stress observed in the carbon steel is very
high and titanium incur minimum stress due to its high
specific strength.

Factor of safety is observed to decrease with increase in
the pressure. Titanium alloy exhibited maximum
durability and structural integrity since it had the highest
FOS value of 4.10. Carbon steel material can also be used
given its FOS was greater than 1, hence it is safe to
implement except at peak pressure. In stainless steel, the
induced stresses are higher than its tensile strength and
yields an FOS lower than 1. Therefore, stainless steel is
not recommended for the following pressure changes and
the pressure vessel design.

The research can be further extended by changing the
shape of the ends to ellipsoidal. Also, different materials
and varying vessel thickness can be adopted to understand
its influence on structural performance. Boundary
conditions like temperature can be used to calculate
thermal stresses.

Computational fluid dynamics approach can be used to
study the flow pattern, pressure and temperature
distribution at different points. Mathematical model can
be used to validate the finite element approach results with
the theoretical results.
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