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Abstract. Structural analysis of pressure equipment (vessels) has always been a
huge challenge for researchers. Pressure vessels are usually subjected to dif-
ferent loads in exploitation and small defects can lead to failure of the equip-
ment, which may result in loss of life, health hazards and damage of property.
Modern approach of stress and strain analysis of the influence of welded nozzles
on pressure vessels involves numerical and experimental testing. In this
research, 3D Digital Image Correlation (DIC) method for analyzing full field
surface strain and stress, including camera system in combination with Aramis
software, was used. After determination of critical areas with highest von Mises
stresses and strain concentrations, numerical analysis of equivalent 3D model
was performed in Ansys Workbench software. The aim of this paper is to
present detailed parameter optimization of pressure vessel with two nozzles
based on finite element analysis (FEA) of the structure. Several geometrical
parameters were varied to obtain the optimum geometry of the pressure vessel,
capable of withstanding the service load without plastic deformation. It is shown
that carried out optimization gives the minimum weight of pressure vessel with
optimized wall and nozzle thicknesses for the given load.
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1 Introduction

Pressure equipment is the most widely used equipment in various industrial sectors and
is usually subjected to different loads in exploitation. Many researches deal with stress
and strain analysis of pressure equipment using both experimental and numerical
methods [1-7]. Due to different technical and technological requirements, nozzles are
often welded on vessel’s shell producing geometrical discontinuity, which results in
stress and strain increase in that area [2, 6, 7].

Regarding the appropriate structural design of the pressure vessel, the optimization
approach attracted many researchers, both in practice and research [8—11]. Optimiza-
tion of the location and size of opening (hole) in a pressure vessel cylinder was
presented in the research of Hyder and Atif [12]. They analysed three thick-walled
cylinders with internal diameter (20, 25 and 30 cm), having 30 cm height and wall
thickness of 20 mm. Firstly, they conducted the analysis of pressure vessel cylinder
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without hole, calculating tangential, longitudinal, radial, and Von Misses stresses on
cylinder. Secondly, the optimization of the hole size was carried out by drilling holes
with diameters 4, 8, 10, 12, 14, 16 and 20 mm at the centres of all three thick cylinders.
A method that directly minimizes the weight of the vessel by optimally determining the
wall thickness is presented by Widiharso et al. [13].

Zhang and Yang showed in their paper [14] that modern optimization design
combines mathematical programming with computer technology. They selected two
geometrical parameters as design variables and the maximum volume of the pressure
vessel as objective function. They found that different tolerances of design variables
and constraints have effect on final design results. However, the design variables and
the objective function are close to the optimal value along with the increase of iteration.

Bochare [15] showed that an appropriate location and size of the opening in a
pressure vessel results in minimizing the stresses induced due to the stress concen-
tration resulting from the end flanges and other attachments. The main aim of his work
was to design and optimize the spherical and elliptical head profile with hole on the
head. Analysis was done for elliptical and spherical heads without and with holes and
by changing the diameters and distances between the holes.

Structural analysis of pressure vessel with and without reinforcement of nozzle for
offset of 0, 8, 16, 24 and 32 inches from vertical centre line at central cross section with
different inclination angles 0°, 15°, 30° and 45° was presented in [16]. Analytical and
finite element analysis (FEA) of cylindrical pressure vessel with different vessel’s head
(hemispherical, standard ellipsoidal, dished shape and torispherical) has been presented
in [17, 18]. Stress distribution in the pressure vessel was compared for diverse types of
pressure vessel heads and it was concluded that stresses and deformation in hemi-
spherical heads are the lowest.

Considering previous research papers, the aim of this research was to optimize
several parameters that have high impact on stress and strain state of the pressure vessel
with two nozzles.

2 Experimental Analysis

2.1 Basic Model

Experiments were performed on horizontal pressure vessel with the following
dimensions: diameter of the vessel D = 378.4 mm, thickness of the vessels shell
e, = 1.5 mm, length of the vessel L =770 mm. Pressure vessel was made of
X5CrNil810 material (EN 10088). On the cylindrical shell of the vessel, two nozzles —
nozzle 1 DN 50 (©60.3 x 2.9 mm) and nozzle 2 DN32 DN 32 (?42.4 x 2.6 mm) were
placed according to the appropriate EN standard. Nozzles were welded on the vessel
and placed at an angle of 90° with respect to the longitudinal axis of the vessel. The
nozzle’s height influence on shell stress/strain state is negligible. Nozzles are placed at
the minimum allowed distance, 98.3 mm, calculated according to the standard EN
13345-3 [6]. Experiment using Digital Image Correlation (DIC) method was con-
ducted. This method [19-21] overcomes the limitations of conventional experimental
methods and enables full-field displacement and strain measurement. At the beginning
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of 80’s Peters and Ranson [22] first employed DIC. They assumed that there is a
correlation in the intensity patterns of surface images taken before and after defor-
mation. In the last decade, DIC technique has attracted full attention. DIC does not
depend on the type of material or on the shape of the tested object and it has a wide
range of applications, such as monitoring the strain and displacement in simple spec-
imen [23, 24], or in the more complex structures [4, 25]. In this research, ARAMIS
system developed by GOM has been successfully used to measure full strain field on
the pressure vessel with two nozzles.

Equipment for experimental analysis consisted of previously mentioned optical
system for 3D strain analysis (special sets of stereo cameras and lenses), software
package Aramis, astand that allows the security and stability of sensors, devices to
control the supply and image capture, PC systems and additional LED lighting (Fig. 1).

Fig. 1. Experimental setup, 1 - Stereo cameras; 2 - Vessel; 3 - Nozzle 1, DN50; 4 - Nozzle 2,
DN32; 5 - Metal support; 6 - Pressure gauge; 7 - Illumination; 8 - Water pump connected to the
pressure vessel

Areas of interest were defined to include the field between two nozzles and weld
joint at the vessel’s head. Parameters for basic Aramis system setup were: measuring
volume 100 x 75, measuring distance 800 mm, camera angle 26°, calibration object
CP20 90 x 72. Before starting the experiment, vessel’s surface was prepared according
to the tables in the instruction manual [26]. Several internal pressure values (0.5 MPa,
1 MPa and 1.5 MPa) were used in experiments.

2.2 Experimental Findings

The highest strain values on the pressure vessels obtained in experiments with the
pressure 1.5 MPa are shown in Fig. 2.
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Fig. 2. Values of strain on pressure vessel for internal pressure of 1.5 MPa, (a) Strain
distribution between the nozzles, (b) Strain on welded joint

Mises strain value near the nozzle 1 is 0.20% (Fig. 2a) and this area — where nozzle
1 is welded to the cylindrical surface — is the critical from the point of view of the crack
initiation. Crack occurrence in this zone may lead to a complete failure of the vessel, as
shown in [6, 27]. Figure 2b displays the strain distribution along the part of the weld
joint of the vessel head. Value of the strain in that area varies from 0.10 to 0.25%, with
dominant value of approximately 0.15%.

3 Finite Element Analysis

Based on the dimensions of the pressure vessel used in experiments, geometry of the
vessel needed for numerical simulation was made in CATIA v5 software. Due to the
symmetry of the vessel, only one quarter was designed and exported to Ansys
Workbench software (Fig. 3). Applied boundary conditions and loads matched those
used in experiments, while several different mesh densities had been used until the
most appropriate was obtained. Final mesh consisted of 145,701 nodes and 72,732
solid elements. After applying pressure load, static nonlinear FEAs were carried out
using material data obtained previously in the experiment with specimen [28]. The
main purpose of these numerical simulations was verification of the developed model
and — as it can be seen in Fig. 4 — strain values obtained in simulation were close to
those obtained in the experiment. The highest strain values on outer surface appeared
near nozzle 1 (Fig. 4a), in the same area where it appeared in experiment, with the
values between 0.18% and 0.22% (max. value in experiment was 0.20%). Maximum
strain in simulation 0.40% was observed on inner surface of a cylinder near nozzle 1
(Fig. 4b); however, this value couldn’t be verified because no sensors have been used
inside the pressure vessel. Nevertheless, values of strain measured on visible surfaces
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Fig. 3. Model of 1/4 of the vessel and finite element mesh used in FEA.
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Fig. 4. Equivalent strain distribution on vessel for internal pressure of 1.5 MPa, (a) Strain near
nozzle 1 is between 0.18 and 0.22%, (b) Max strain on inner surface



Multiparameter Structural Optimization of Pressure Vessel 153

proved that numerical model was well defined. (It is worth mentioning that strain
values near head’s weld joint were about 0.15% and that maximum equivalent stress on
vessel was around 200 MPa).

3.1 Optimization of the Pressure Vessel Geometry

After numerical model verification, next step in a research was optimization of the
pressure vessel geometry with an aim of reducing its weight. Optimization design is
developed in recent years and has been adopted by many researchers because it helps
them to find the best solution from numerous design schemes. It combines mathe-
matical programming with computer technology. In optimization design several steps
should be followed: (1) Formation of parametric FEA file that includes unit types,
inputting real constants, material parameters, verified solid model, mesh, constraints,
loading conditions and required results; (2) Building of corresponding parameters’
variables; (3) Executive optimization calculation, and (4) Testing and selecting the
optimized results. Researches should be aware that there will be a series of feasible and
infeasible design schemes throughout the process of optimization and that they must
choose the best scheme and test the rationality of its results.

In a case of pressure vessel with two nozzles, four parameters — supposed to be the
most influential on strain distribution under service load — were chosen: wall thickness
of nozzle 1, wall thickness of nozzle 2, thickness of the vessel head and thickness of the
cylindrical surface (Fig. 5). Upper and lower boundaries for each parameter have been
selected after parameter choice. At the end of optimization process, the best parameter
value should have been within defined boundaries.

e

Fig. 5. Parameters optimized using Response Surface Optimization method

Next step in optimization, after parameters selection, was Design of Experiment
(DOE). The purpose of a DOE was to gather representative set of data to compute RS
and then run RSO. A set of design points was defined using different combinations of
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values for all four parameters within predefined boundaries. For that purpose, Central
Composite Design (CCD) scheme was used. CCD is five-level fractional factorial
design suitable for calibrating the quadratic response model [28]. There are 5 types of
CCDs available in Ansys Workbench each with their own benefits and drawbacks:
Auto Defined, Face Centred, Rotatable, VIF (Variance Inflation Factor) Optimality and
G-Optimality. In optimization of pressure vessel Face Centred CCD was used.

It is important to emphasize that the RS accuracy greatly depends on the DOE
scheme, and especially the number of design points that were calculated. In a DOE
study, the amount of design points increases quickly as the number of input parameters
increases, which can reduce efficiency of the analysis process. It is recommended to
exclude unimportant input parameters from the DOE sampling in order to reduce time
to solution. The parameter correlation tool allows researcher to identify unimportant
parameters [29]. However, in pressure vessel optimization all four parameters were
identified as important and 25 design points were generated. Calculation took about
120 min (I7 CPU at 3.5 GHz, 64 GB of RAM) and, as a result of good DOE, several
response surfaces were obtained (Fig. 6).

Fig. 6. 3D Response Surfaces representing relations between equivalent stress and different
optimization parameters

Finally, the last step was to conduct RSO. One thousand screening samples had
been generated first, followed by definition of objectives and constraints. Objective was
to minimize the mass of the vessel, while the maximum value of equivalent stress
300 MPa was chosen as constraint. This was an arbitrary value, approximately 50%
higher than 0.2% proof strength of the used steel. Idea was to allow higher stresses in
pressure vessel to evaluate plastic strain, but still significantly lower than tensile
strength; according to the materials database [30] tensile strength is between 500 and
750 MPa. After RSO had been done, table of optimization gave three “candidates” (i.e.
combinations of parameters) based on specified goal and constraint. Trade off study
was then conducted to reveal feasible points and, eventually, the best candidate was
selected. Original model was updated with new values of parameters and numerical
simulation was carried out once again. Values of strain in the area of interest on the
optimized pressure vessel are given in Fig. 7.
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Fig. 7. Equivalent strain distribution on pressure vessel with optimized geometry

4 Discussion

Results obtained in experiment and FEA showed good agreement, i.e. both approaches
indicated the same area of the highest strain in the vicinity of the one of the nozzles.
This was the sign that all elements of the numerical model (geometry, load, boundary
conditions) were well defined.

Response Surface Optimization (RSO) method was used to optimize geometry of
the pressure vessel parts (shell, head and nozzles). Response surfaces (RS) are func-
tions of different nature where the output parameters are described in terms of the input
parameters. They provide the approximated values of output parameters everywhere in
the analysed design space, without need to perform a complete solution. There are six
RS types in Ansys Workbench, but in this research genetic aggregation (GA) type was
used. GA runs an iterative genetic algorithm to find the best RS type and settings for
each output parameter. It selects the best ones and combines them to build an “ag-
gregation” of several RS. This results to the best RS quality and different settings for
each output parameter. The goal is to meet 3 main criteria to obtain the best RS:
accuracy, reliability and smoothness.

Even if the GA runs on several CPUs, this method can still be long when dealing
with high number of design points and/or parameters (mesh density also influences the
time to result). RSO methods are suitable for problems using up to 15 input parameters,
but — due to the possibility of very long calculations — in this research 4 parameters
were used as input and 2 as the output parameters. The objectives of research were to
reduce the mass of the pressure vessel for given load and to keep the vessel below the
predefined stress value.
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5 Conclusion

The safety performance of pressure vessels is arousing increasing attention of many
researches. In the past, they’ve been focusing on the stress and strain analysis and
plastic deformation of pressure vessels. At present, the main aim is to solve the problem
of shape optimization of the vessels in order to save materials and energy during
manufacturing, but preserve reliability during exploitation. This can directly reduce
costs and, consequently, the price of this equipment.

This paper presents a numerically based attempt in pressure vessel optimization.
Objective of the optimization was minimization of the vessel’s mass by varying the
thicknesses of nozzles’ walls as well as of vessel head and cylindrical surface. Using
Response Surface Optimization method mass of the vessel was reduced from 3.642 to
3.383 kg, which gives the total reduction of 1.036 kg (considering that one fourth of
the vessel was modelled). Thicknesses of nozzles’ walls were increased by 0.85 mm
(nozzle 1) and 3.2 mm (nozzle 2), while the thickness of the cylindrical surface was
reduced by 0.3 mm (from 1.5 to 1.2 mm). Thickness of the vessel head remained
almost the same: initial was 2.2 mm while final somewhat higher — 2.23 mm.

Figure 7 shows that strain value around nozzle 1 on optimized vessel is almost
doubled (0.388% compared to 0.20% on original model and measured in experiment)
which is expected considering the fact that thickness of cylindrical surface is now
reduced, and the higher value of stress was allowed in optimization (new value of
maximum equivalent stress is 315 MPa compared to 200 MPa on original vessel).
Nevertheless, the main goal is achieved, and further investigations will show are these
values of stress and strain acceptable (from the point of view of vessel integrity) and if
they are, is there more room for further mass reduction. At least, additional methods of
optimization can be tested and other parameters (like distance between the nozzles, for
example) might be chosen.

Acknowledgements. Study presented in this paper is part of the Project TR 35031 financed by
Ministry of Education, Science and Technological Development of Republic of Serbia.
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