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Abstract: The composite materials are used for fabrication of presuassels by placing
the fibers in different orientations for each layer. These layers are stacked in such a v
achieve high stiffness and strength. The design of the composite vessel as a funda
research work relates the physical and mechanicapprtbes of materials to the geometri
specifications. The project demonstrates a study on Higéssure Hydrogen Storage Ves
of carbon fiber reinforced polymer (CFRP) composite having four layers. The pressure
is designed and modeled using theitie element software ANSYS 14.0. Laminate plies v
oriented symmetrically with [+15°-45°]s, [+30°4/30°]s, [+45°/45°]s, [+60° t60°]s, [+75° /
-75°]s, and [+90° /90°]s, orientations separately. For each combination of fiber orientat
the effect of pressure vessel deflection and stress were obtained and discussed. Fina
best fiber orientation was selected.
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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 cepolymers, minerals, and wood. Fibeginforced composite materials fiier 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 compositeterials 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 e fibers, particulates, or whiskers, and the matrix materials can be metals, plastics, or
ceramics.

1 Carbon/Epoxy Composite Material

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

Carbonepoxy materials are finding increased structural uses in areas such as aerospace,
structural engineeng, 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 @nsist 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 andotlieed 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 ambientpressure. 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.

1 Pressure Vessdlheory

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 theoriesenMuilding a pressure vessel out of
composite materials, some the theories employed to optimize strength and predict failure are
the Tsiag Hill energy based interaction theory, and maximum stress and strain theory. The
forces applied in the different dictions 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 shapedtmaused 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]

w = (i)
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 thirsnasd geometric symmetries.

1. Wall ThinnessThe wall is assumed to lwery thincompared to the other dimensions of the
vessel. Usually/R>10, As a result, we may assume that the stressesuar®rm across the
wall.

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

4. Ignoring End Effectd-eatures that may affect the symmetry assumpti@ns 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 thicknesg 30 to 100 mm.

al GSNAIf Aa adNHzOGdNI & aGS8Sf s & »Baytandilg yie¥2 R dzf dz?
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1 Analytical calculation of the stress
Inner Radius of pressure vessel 2585 mm.

Thickness of pressure vessel t=30 mm

1 Hoop stressg — =137.8667 MPa.

1 Longitudinal stress =— = 68.933 MPa.

1 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 propertiesrerdfore

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 individuaé tefinition 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 carbonkepoxy 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 theop 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
stackng sequence.

Thickness of composite pressure vessel =50 mm,
Each layer Thickness =12.5 mm. Materi@hrbon/Epoxy
Results

1 Fiber Angle [+15%15°/-15°/+15°]

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

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
maximun 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 @466 MPa.

1 Fiber Angle [+30%80°/-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. Védssel
maximum stress is 103.66 MPa and minimum stress is 3.50 MPa.

1 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 pressuet. Vidss
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 valmsce
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 amgnimum 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 princigiaéss of composite pressure vessel. The
maximum stress is 61.79 MPa and minimum stres3.2/58 MPa.

1 Fiber Angle [+75%75°/-75°/+75°]

Fig. 19 shows the maximum and minimum total deformation of composite pressure vessel. The
maximum deformation is 44.7¢hm 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 pipal stress of composite pressure vessel. The
maximum stress is 70.82 MPa and minimum stres3.@8273 MPa.

1 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 deformations 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 mimim principal stress of composite pressure vessel. The
maximum stress is 89.84MPa and minimum stres8.894075MPa.

Weight Reduction

The Table4. shows the properties of structural steel and composite pressure vessel. The mass
of the composite pressurgessel 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 #sli$ tvhich have random error
sources while the modern DOE methods relate to deterministic computer simulations.

91 Design Explorer

Design Explorer is based on a method called Design of Experiments (DOE). This together with
various optimization methods helghe 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 ém 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 parameterauaind o
parameters there are the steps that can be run within DesignXplorer:

1 Design of Experiments
1 Response surface
1 Optimization

1 Six Sigma Analysis

Available Online at www.ijpret.com



1 Optimization of Pressure Vessel Ply Angle

Fig. 29 shows the complete workflow for optimization study. In finigject 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
1%'step towards GDO was to make a Design of experiments. The ramgdgcim 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 paraenst 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 completprocess 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 inggated. 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 Surfagerdard
Polynomial, iglefault metamodel 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 maximunisses gess as a

result of variation of five input parameters. It can be seen Equivalent stress decreases at ply
land 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 perforioedhe 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 uniformittkness 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, whietd noreatDesign 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 inplesign 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 tlalowable 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%

FIBER

COMPOSITE

RESIN MATERIAL

Fig. 1 Formation of a composite material using fibers andine

30mm

7
>
5170mm / Axis of pressure vessel
—_ p— p— J— ﬁ

.
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N

Pressure vessel end

<4— 4000mm 4>|

Fig. 2 Geometric dimensions for one half pressure vessel.
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Fig. 3 Pressure vessel created by ANSYS design modeler and meshed by ANSYS design
meshing.

A: Static Structural
Static Structural
Time: L s

. Pressure: Lo MPa
. Frictionless Support

Fig.4 Pressure Vessel model for analysis and Boundary conditions.
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A: Static Structural

Equivalent Stress

Type: Equivalent fron-Mises) Stress
Unit: kPa

Tirme: 1

. 122.94 Max
115.48
— L0332
— L0L76

. 94.706
8T.648

— #0.59
13,531

I fi6.473
29.415 Min

Fig. 5 Equivalent (VoMises) Stress from ANSYS.
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4™ Layer +15° Enlargedview

Fig. 6 Four layerBber angle [+15°/15°/-15°/+15°] of pressure vessel.
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C: Static Structural

Total Deforrmation
Type: Total Deformation
Unit: rarn
Tire: 1

27.445 Max

24,045

23.445

19,946

17,446

14,946

12.447

49,9464

T.4472

49474 Min

Fig. 7 Total Deformation [+15°-15°]s.

C: Static Structural

Middle Principal Stress
Tywpe: Middle Principal Stress
Unit: MPa
Tirme: 1

130.69 Max
116,16
10164
a7.115
T2.596
58.073
43.551
29.028
14.506
-0.016696 Min

C: Static Structural

Equivalent Stress

Type: Equivalent fwon-Mises) Stress
Unit: MPa
Time: 1

314.41 Max
280,93
247.45
213.97

1805

147.02
112.54
80.059

46.58
13.101 Min

Fig. 8 Equivalent Stress [+1521/5°]s.

Fig. 9 Principal Stress [+15215°]s.

C: Static Structural

Total Deforrnation
Type: Total Deformation
Unit: mrn
Time: 1
16.491 Max
15.04
13,588
12,137
10.686
90,2343
1.7829
6.3316
48802
3.4289 Min

Fig. 10 Total Deformation [+30°-B0°]s.

C: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Tirme: 1

248.73 Max
222.07
195,28
68,7

142.02
115.22
88,651
6LA6T
35.284
8.6008 Min

Fig. 11 Equivalent Stress [+30°30°]s.
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C: Static Structural
kiddle Principal Stress
Type: bMiddle Principal Stress
Unit: hPa
Tirme: 1

103.66 Max
92.532
21404
T0.275
59.147
43.019
36.891
25.763
14.635
3.5067F Min

Fig. 12 Principal Stress [+30°30°]s.

C: Static Structural C: Static Structural
Total Deformation
Type: Total Deformation

Equivalent Stress
Tywpe: Equivalent (von-hises) Stress

Unit: mm Unit: MPa

Tirme: 1 Tirme: L
9.9122 Max 137.8 Max
9.2069 125.23
&.5016 112,67
T.7963 0.1
7.0909 87.529
6.3856 74961
56803 62,392
4,975 40,824
4.2697 37.256
2.5643 Min 24.687 Min

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

C: Static Structural

Fiddle Principal Stress
Type: Middle Principal Stress
Unit: MPa
Tirme: L

63.4921 Max
56.39
49,358
42,227
235,294
28.265
21234
14.202
F1TLL
0.1399 Min

Fig. 15 Principal Stress [+45%45°]s.
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C: Static Structural
Total Deformation
Tywpe: Total Deformation
Unit: mimn
Tirme: L

33.958 Max
30.944
27.93

24,915
21901
18,887
15,872
12,852
9.8439
6.8206 Min

Fig. 16 Total Deformation [+60°-60°]s.

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm
Tirne: 1

44745 Max
39.981
35.216
30.452
25.687
20.923
16.158
11394
B.6296
1.8652 Min

Fig. 19 Total Deformation [+75°-75°]s.

C: Static Structural
tdiddle Principal Stress
Type: Middle Principal Stress

Unit: MPa
Tirme: 1

61.798 Max
54,901
48,004
41.107
3421
27313
20,415
13.518
B.6213

-0.27581 Min

C: Static Structural
Equivalent Stress
Type: Equivalent (van-Mises) Stress
Unit: kP
Tirne: 1

171.91 Max
15482
137,73
120.64
103.55
86,459
69.368
52.278
35.187
18.097 Min

Fig. 17 Equivalent Stress [+60°60°]s.

Fig. 18 Principal Stress [+6060°]s.

C: Static Structural

Equivalent Stress

Tywpe: Equivalent (von-hises) Stress
Unit: MPa
Tirne: 1

155.22 Max
130.86
124,48
19,12
93,752
78,382
63.012
47,641
32.271
16.9 Min

Fig. 20 Equivalent Stress [+75%75°]s.
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C: Static Structural

Middle Principal Stress
Type: Middle Principal Stress
Unit: MPa
Time: L

70.82 Max
52,947
55.075
47.202
39.33
3L.457
23.585
15.712
7.8398
-0.032738 Min

Fig. 21 Principal Stress [+75°7/5°]s.

C: Static Structural
Equivalent Stress
Type: Equivalent (wvan-Mises) Stress

C: Static Structural
Total Deforrmation

Type: Total Deformation U.nit: hAPa
Unit: rarm Tirne: 1
Tirne: 1
139.46 Max
125.04
45.961 Max 110,62
40.883 96,207
35.805 L.74
30,727 67.374
25649 52,957
20,571 38,54
15.493 24,124
10.415 9.7068 Min
5.33712
0.25924 Min

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

C: Static Structural

Middle Principal Stress
Type: Middle Principal Stress
Urit: hPa
Tirne: 1

89.842 Max
79.548
(9.856
59.864
48,871
39.878
29.885
19,882
9.8989
-0.094075 Min

Fig. 24 Principal Stress [+90290°]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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