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Abstract:  The composite materials are used for fabrication of pressure vessels by placing 
the fibers in different orientations for each layer. These layers are stacked in such a way to 
achieve high stiffness and strength. The design of the composite vessel as a fundamental 
research work relates the physical and mechanical properties of materials to the geometric 
specifications. The project demonstrates a study on High-Pressure Hydrogen Storage Vessel 
of carbon fiber reinforced polymer (CFRP) composite having four layers. The pressure vessel 
is designed and modeled using the finite element software ANSYS 14.0. Laminate plies were 
oriented symmetrically with [+15° / -15°]s, [+30° /- 30°]s, [+45° /- 45°]s, [+60° / -60°]s, [+75° / 
-75°]s, and [+90° / -90°]s, orientations separately. For each combination of fiber orientation, 
the effect of pressure vessel deflection and stress were obtained and discussed. Finally the 
best fiber orientation was selected. 

Keywords: Modeling- ANSYS Design Modeler, Meshing-ANSYS Meshing, Analysis- ANSYS 
14.0. 
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INTRODUCTION 

A composite material is made by combining two or more materials to give a unique 

combination of properties. The above definition is more general and can include metals alloys, 

plastic co-polymers, minerals, and wood. Fiber-reinforced composite materials differ from the 

above materials in that the constituent materials are different at the molecular level and are 

mechanically separable. In bulk form, the constituent materials work together but remain in 

their original forms. The final properties of composite materials are better than constituent 

material properties.  

 The main concept of a composite is that it contains matrix materials. Typically, composite 

material is formed by reinforcing fibers in a matrix resin as shown in Fig. 1. The reinforcements 

can be fibers, particulates, or whiskers, and the matrix materials can be metals, plastics, or 

ceramics.  

¶ Carbon/Epoxy Composite Material 

The material utilized for this design project is carbon fibers in an epoxy matrix.  It will be 

implemented using lamina sheets of the material. Carbon fiber and epoxy are quite different 

materials when their individual properties are viewed.  The carbon fiber is made out of long, 

thin sheets of carbon.  It is a chemically inert rigid material that is difficult to stretch and 

compress.  On the other hand, epoxy is a thermosetting plastic, or resin that is liquid when 

prepared but hardens and becomes rigid when is heated.   

Carbon-epoxy materials are finding increased structural uses in areas such as aerospace, 

structural engineering, automotive, and sporting goods applications. 

The primary goal of this design project is to use the knowledge gained about composites and 

their advantages to create a carbon fiber / epoxy pressure vessel.  The materials utilized in this 

project will consist of carbon / graphite fibers acting as reinforcement in an epoxy matrix 

formed in several layers or lamina. These materials are usually flexible, and can be molded into 

almost any desired shape in this case they will be molded into a cylinder and then baked in a 

kiln or high pressure oven until both materials mesh together and become a single hard 

structure.  

Pressure Vessel 

It  is  a  closed  container  designed  to  hold  gases  or  liquids  at  a pressure  substantially  

different  from  the ambient pressure. The pressure vessels may be thin or thick. When the ratio 
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of the plate thickness to mean radius of the pressure is less than 1/15 then the pressure vessel 

is termed as a thin pressure vessel, otherwise, a thick pressure vessel.  

¶ Pressure Vessel Theory 

Pressure vessel is a container designed to operate at pressures.  The design of a pressure vessel 

is entirely reliant upon mechanics of materials.  Prediction of the ultimate strength of a 

designed vessel is done using various failure theories.  When building a pressure vessel out of 

composite materials, some the theories employed to optimize strength and predict failure are 

the Tsia ς Hill energy based interaction theory, and maximum stress and strain theory.  The 

forces applied in the different directions of the pressure vessel are directly related to the 

magnitude of the pressure and are given below.  

1. Hoop stress 

Hoop stress is a circumferential loading of a cylindrical mechanical body. It is the 

circumferential stress in a cylindrically shaped part caused by internal or external pressure. [12] 

 „             (i) 

2. Longitudinal stress or axial stress. 

When the vessel has closed ends the internal pressure acts on them to develop a force along 

the axis of the cylinder. [12]  

„  =           (ii) 

3. Radial stress 

Radial stress in thin cylinder can be neglected as the radial pressure is not generally high and 

that radial pressure acts on a larger area. 

Assumptions for Thin Cylindrical Pressure Vessel 

The key assumptions used here are: wall thinness and geometric symmetries.  

1. Wall Thinness. The wall is assumed to be very thin compared to the other dimensions of the 

vessel. Usually R/t  >10, As a result, we may assume that the stresses are uniform across the 

wall. 

2. Symmetries. In cylindrical vessels, the geometry and the loading are cylindrically symmetric.  
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3. Uniform Internal Pressure. The internal pressure, denoted by P is uniform and everywhere 

positive.  

4. Ignoring End Effects. Features that may affect the symmetry assumptions are ignored. This 

includes supports and cylinder end caps.  

Pressure Vessel Model Data 

Internal pressure is P = 1.6 MPa,  

Inner diameter of pressure vessel is d = 5170 mm,  

Cylinder length of pressure vessel is L = 8000 mm and  

Pressure vessel thickness is t = 30 to 100 mm. 

aŀǘŜǊƛŀƭ ƛǎ ǎǘǊǳŎǘǳǊŀƭ ǎǘŜŜƭΣ ȅƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǎǘǊǳŎǘǳǊŀƭ ǎǘŜŜƭ ƛǎ 9ҐнҎмл5 MPa, tensile yield 

ǎǘǊŜƴƎǘƘ нрл atŀΣ ŘŜƴǎƛǘȅ ˊҐтΦурлҎмл-6 Kg/mm3Σ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ˄ҐлΦоΦ 

¶ Analytical calculation of the stress 

Inner Radius of pressure vessel r = 2585 mm. 

Thickness of pressure vessel t=30 mm 

¶ Hoop stress „    =137.8667 MPa. 

¶ Longitudinal stress „  =  = 68.933 MPa. 

¶ Equivalent stress [12] 

„   „  „  „  „    

                =119.40 MPa. 

Analysis of CFRP Composite Pressure Vessel for Various Fiber Orientation Angles  

The layered configuration is the most important characteristic of a composite material. The 

layered configurations are determined by specifying individual layer properties and therefore 

the properties of the composite as a whole depends greatly on its layered configuration. The 

material properties, the fiber orientation angle, the layer thickness and the number of 
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integration points per layer must be specified for individual the definition of the layered 

configuration to be complete.  

The CFRP layers in the composite pressure vessels are assumed to be orthotropic. Therefore 

nine material properties are required for the purpose of the analysis. The material properties 

for carbon/epoxy are listed in Table.3.  

The cylindrical composite pressure vessel is designed for various fiber orientations. The 

modeling is performed for the CFRP cylindrical pressure vessel for both, the hoop and the 

helical windings of the carbon fiber. For the hoop windings of the carbon fibers, the fibers are 

oriented at an angle of 0° with the axis of the cylindrical pressure vessel. The fibers are oriented 

for various fiber orientations such as ± 15°, ± 30°, ± 45°, ± 60°, ± 75° and ± 90°, in symmetrical 

stacking sequence. 

Thickness of composite pressure vessel =50 mm,  

Each layer Thickness =12.5 mm. Material- Carbon/Epoxy 

Results  

¶ Fiber Angle [+15°/-15°/-15°/+15°] 

Fig. 6 shows the enlarged view of angle of orientation of 4 layers of the composite pressure 

vessel. 

Fig. 7 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 27.44 mm and minimum deformation is 4.94 mm. 

Fig. 8 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 314.41 MPa and minimum equivalent stress is 13.10 MPa. 

Fig. 9 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 130.69 MPa and minimum stress is -0.0166 MPa. 

¶ Fiber Angle [+30°/-30°/-30°/+30°] 

Fig. 10 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 16.49 mm and minimum deformation is 3.42 mm. 

Fig. 11 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 248.75 MPa and minimum equivalent stress is 8.60 MPa. 
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Fig. 12 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 103.66 MPa and minimum stress is 3.50 MPa. 

¶ Fiber Angle [+45°/-45°/-45°/+45°] 

Fig. 13 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 9.91 mm and minimum deformation is 3.56 mm. 

Fig. 14 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 137.8 MPa and minimum equivalent stress is 24.68 MPa. 

Fig. 15 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 63.42 MPa and minimum stress is 0.1399 MPa. 

Fig. 30 to 32 we can observe that the middle principal stresses, equivalent stresses, strains and 

deformations are minimum for the fiber angle orientation of 45° for all pressure values. Hence 

fiber angle orientation 45° is the optimizing angle for the composite pressure vessel 

¶ Fiber Angle [+60°/-60°/-60°/+60°] 

Fig. 16 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 33.95 mm and minimum deformation is 6.829 mm. 

Fig. 17 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 171.91 MPa and minimum equivalent stress is 18.097 MPa. 

Fig. 18 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 61.79 MPa and minimum stress is -0.2758 MPa. 

¶ Fiber Angle [+75°/-75°/-75°/+75°] 

Fig. 19 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 44.74 mm and minimum deformation is 1.865 mm. 

Fig. 20 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 155.23 MPa and minimum equivalent stress is 16.9 MPa. 

Fig. 21 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 70.82 MPa and minimum stress is -0.03273 MPa. 

¶ Fiber Angle [+90°/-90°/-90°/+90°] 
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Fig. 22 shows the maximum and minimum total deformation of composite pressure vessel. The 

maximum deformation is 45.96 mm and minimum deformation is 0.259 mm. 

Fig. 23 shows the maximum and minimum equivalent stress of composite pressure vessel. The 

maximum equivalent stress is 139.46 MPa and minimum equivalent stress is 9.706 MPa. 

Fig. 24 shows the maximum and minimum principal stress of composite pressure vessel. The 

maximum stress is 89.84MPa and minimum stress is -0.094075MPa. 

Weight Reduction 

The Table. 4. shows the properties of structural steel and composite pressure vessel. The mass 

of the composite pressure vessel is reduced when compared to steel for same volume and 

surface area. 

Design of Experiments Study 

In general, the DOE techniques can be classified as classical and modern DOE methods. The 

classical DOE methods were developed for laboratory and field tests which have random error 

sources while the modern DOE methods relate to deterministic computer simulations.  

¶ Design Explorer 

Design Explorer is based on a method called Design of Experiments (DOE). This together with 

various optimization methods helps the program to develop an optimized structure based on 

selected input and output parameters. Input parameters can either come from Design Modeler 

or from various CAD systems. These parameters can be in terms of thickness, length, etc. They 

can also come from Mechanical in terms of forces, material properties, etc. The output 

parameters are calculated in Mechanical and can for example be in terms of total mass, stress 

or frequency response. After setting up an analysis with a number of input parameters and out 

parameters there are the steps that can be run within DesignXplorer: 

¶ Design of Experiments 

¶ Response surface 

¶ Optimization 

¶ Six Sigma Analysis 

 



Research Article                             Impact Factor: 4.226                                    ISSN: 2319-507X                                                                                                     
Arunkumar SM , IJPRET, 2014; Volume 3 (2): 131 -156                                                    IJPRET 
 

 
 

Available Online at www.ijpret.com  
 
 

138 

¶ Optimization of Pressure Vessel Ply Angle  

Fig. 29 shows the complete workflow for optimization study. In this project from the CAD 

creation to ANSYS simulation steps performed within the Workbench framework. 

Once the complete ANSYS process was set, Goal Driven Optimization (GDO) was started. The 

1ststep towards GDO was to make a Design of experiments. The range in which the two design 

parameters should change to get the most optimized design was chosen. Table 5 to 7 shows 

these ranges. A Central Composite Design (CCD) based DOE was setup, which created nine 

Design Points for the identified five input design parameters. These 27 Design Points were then 

run automatically to make output at these points. No manual involvement was needed to run 

calculations at these points and right from geometry modification to determining the value of 

the output parameter, the complete process was carried out automatically.  

As mentioned above, the goal of the study was to optimize the angle in the permissible range of 

input design parameters to minimum Equivalent Stress. A DOE with 27 design points was 

started and the results were investigated. Response surfaces in 2D and 3D were generated from 

the results of the 27 design points. On the full second order polynomial method which uses 

different regression analysis to obtain a polynomial Standard Response Surface 2nd-Order 

Polynomial, is default meta-model which creates a Standard Response Surface. This is effective 

when the variation of the output is smooth with regard to the input parameters. Fig. 26 to 28 

shows 3D response surfaces variation of the output parameter maximum von-Misses stress as a 

result of variation of five input parameters. It can be seen Equivalent stress decreases at ply 

1and 4 angle between 85 to 90 degree angles.  

CONCLUSION 

Finite element method was an advantage to design a pressure vessel more effectively. In this 

study, a finite element analysis approach is employed using ANSYS. Initially Metal Pressure 

vessel is done using Analytical and FEA method. Then the cylindrical composite pressure vessel 

is designed for various fiber orientations. The modeling is performed for the CFRP cylindrical 

pressure vessel for the fibers oriented for various fiber orientations such as ± 15°, ± 30°, ± 45°, ± 

60°, ± 75° and ± 90°, in symmetrical stacking sequence. The cylindrical composite pressure 

vessel is modeled for four uniform thickness layers. Then the ANSYS results show that the fiber 

angle 45° is optimizing angle for the composite pressure vessel. Then Design of Experiments 

optimization study was carried out.  
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A Central Composite Design (CCD) based on DOE was setup, which created nine Design Points 

for the identified five input design parameters. These 27 Design Points were then run 

automatically to make output at these points. As mentioned above, the goal of the study was to 

optimize the angle in the permissible range of input design parameters to minimum Equivalent 

Stress. It shows the ± 45° fibre angle gives less stress, which is similar to range of manual 

optimization. From the finite element analysis report of ± 45° the maximum stress obtained in 

each lamina is less than the allowable working strength of the CFRP lamina. So shell design is 

safe.  

However comparing similar thickness of the pressure vessel the weight of the composite is 

reduced by approximately 80% 

 

 

Fig. 1 Formation of a composite material using fibers and resin. 

 

Fig. 2 Geometric dimensions for one half pressure vessel. 

Axis of pressure vessel 

Pressure vessel end 

30mm 

5170mm 

2585mm 

4000mm 
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Fig. 3 Pressure vessel created by ANSYS design modeler and meshed by ANSYS design 

meshing. 

 

Fig. 4 Pressure Vessel model for analysis and Boundary conditions. 
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Fig. 5 Equivalent (Von-Mises) Stress from ANSYS. 

 

 

 

 

 

 

 

 

 

 



Research Article                             Impact Factor: 4.226                                    ISSN: 2319-507X                                                                                                     
Arunkumar SM , IJPRET, 2014; Volume 3 (2): 131 -156                                                    IJPRET 
 

 
 

Available Online at www.ijpret.com  
 
 

142 

 

1st Layer +15º     Enlarged view 

 

2nd Layer -15º     Enlarged view 

 

3rd Layer -15º     Enlarged view 

 

4th Layer +15º    Enlarged view 

Fig. 6 Four layers fiber angle [+15°/-15°/-15°/+15°] of pressure vessel. 
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Fig. 7 Total Deformation [+15° / -15°]s.  Fig. 8 Equivalent Stress [+15° / -15°]s. 

 

Fig. 9 Principal Stress [+15° / -15°]s. 

 

Fig. 10 Total Deformation [+30° / -30°]s.  Fig. 11 Equivalent Stress [+30° / -30°]s. 
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Fig. 12 Principal Stress [+30° / -30°]s. 

 

Fig. 13 Total Deformation [+45° / -45°]s. Fig. 14 Equivalent Stress [+45° / -45°]s. 

 

Fig. 15 Principal Stress [+45° / -45°]s. 



Research Article                             Impact Factor: 4.226                                    ISSN: 2319-507X                                                                                                     
Arunkumar SM , IJPRET, 2014; Volume 3 (2): 131 -156                                                    IJPRET 
 

 
 

Available Online at www.ijpret.com  
 
 

145 

 

Fig. 16 Total Deformation [+60° / -60°]s.  Fig. 17 Equivalent Stress [+60° / -60°]s. 

 

Fig. 18 Principal Stress [+60° / -60°]s. 

 

Fig. 19 Total Deformation [+75° / -75°]s. Fig. 20 Equivalent Stress [+75° / -75°]s. 
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Fig. 21 Principal Stress [+75° / -75°]s. 

 

Fig. 22 Total Deformation [+90° / -90°]s.  Fig. 23 Equivalent Stress [+90° / -90°]s. 

 

Fig. 24 Principal Stress [+90° / -90°]s. 
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Fig. 25 Workflow for optimization. 

 

Fig. 26 Response surfaces ply angle 1 & 3   Fig. 27 Response surfaces ply angle 

variation V/s Maximum Stress.          1 & 4 variation V/s Maximum Stress. 
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