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Abstract Conventionally the pressure containers were constructed from isotropic materials such as steel and aluminum.
Structures prepared by isotropic materials are not as much of efficient since the longitudinal stresses use only half that of the
structure capabilities but now, with the advent of composites, the material can be tailor-made so that more fibers are laid in
the direction where the stresses are high. The versatility of filament winding saves weight by adapting the winding patterns to
carry the loads. Netting Analysis is used in predicting stresses in a fiber reinforced composite by neglecting the contribution
of the resin system. The cylinder of the filament wound pressure vessel was basically composed of helical and hoop layers.
Since it is not possible to wind hoop layers on the end domes directly by filament winding technique, an additional layer a
unidirectional fabrics are placed on the end domes. Generally it is assumed that, in continuous fibers like helical layers
transverse shear forces will not be present but in present study transverse shear forces were considered in between gap of
hoop and doilies. A software code is developed using shear deformation theories to predict the inter-laminar stresses and
strains of composite pressure vessel. The theoretical results were validated with experimental results. The results show that
the FEM and TOSDST are more significant than CLST & FOSDT to predict the complete structural performance of
composite pressure vessel.

Keywords Composite pressure vessel, Filament winding, Netting Analysis, Classical Lamination shell Theory, First
Order Shear Deformation shell Theory, Third Order Shear Deformation shell Theory, Finite Element Analysis

1. Introduction Ply-wise design is carried out to find the number of hoop and
helical layers of the pressure vessels.
Fully automated filament winding machines are producing

structures such as pressure bottles, pipes, tubes, storage tanks .

and motor cases are extensively used in aerospace 2. Literature Slll'VCy

applications. In filament winding process the resin
impregnated fibers are placed in a predefined trail on the
mandrel and cured in oven to form high strength and light
weight reinforced pressure vessel. Composite Pressure
Vessel design emphasis in determining the variable
thickness of entire vessel, number of helical and hoop layers
and plies sequence to be laid on the mandrel. The filament
winding angle along the meridian on the composite pressure
vessel is developed by Euler’s method are shown in figure 1.
The mathematical modeling is developed for the pressure
vessel with design pressure of 50 bar by using netting
analysis to originate variable thicknesses on entire structure.

R. Rikards et al [8] deals with development of triangular
finite element for buckling and vibration analysis of
laminated composite stiffened shells. X. Huang et al [9]
presents a simple and efficient method is used for buckling
analysis of a laminated circular cylindrical shell based on a
two-surface theory. C.M. Mota Soares et al [12] presented
structural and sensitivity analysis for the optimization of
laminated axisymmetric shells subjected to static constraints
and arbitrary loading. T. Kant et al [18] presents a
higher-order displacement model for the behavior of
symmetric and un-symmetric laminated composite and
sandwich cylindrical shells based on C° finite element

£ dine auth discretization.
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the finite element analysis (ANSYS Software) of the
pressure vessel based on a progressive failure criterion. The
procedure to understand the layer wise stress and strain
components are not available unless each layer is modelled
respectively. Madhavi. M et al [2] has developed a
methodology based on classical lamination theory in
MATLAB software. The various failure criteria of
composite pressure vessel were computed.
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Figure 1. Winding angle along the meridian on the composite pressure
vessel

Previous research about shear deformation theories is
categorized into higher order shear deformation theory
applied for analysis of laminated multilayered plates and

3. Materials and Process

The main components of the pressure vessel and the
materials utilized for the development are furnished in
Table 1. The dimensions of the pressure vessel and locations
of the strain gauges are shown in Figure 2.

3.1. Design Loads

1. Maximum expected operating pressure (MEOP) = 40
bar;
2. Design pressure = 1.25*MEOP= 50 bar.

Table 1. Details of the materials utilized in the development of pressure

vessel
S.No. Component Material Process
E-Glass roving .
1 Main casing /Epoxy LY556 & ];l]liir:ililm
hardener HY5500 &
’ Liner with polar Linear low density Injection
bosses poly-ethylene Moulding
3 End Closures Nylon Lathe machine

3.2. Netting Analysis

The angle of winding and the end dome contours are two
important parameters that, in addition to factors like loads
and strength of the composite, affect the ply thickness
requirements. The hoop, helical and doily thickness were
calculated using netting analysis. To prevent the failure in
the dome or by boss blowout, the pressure vessels were
designed with 0.6 to 0.8 stress ratio [5].
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Figure 2. Dimensions of the pressure vessel and locations of the strain gauges
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Figure 3. Ply sequence of composite pressure vessel

3.3. Ply Sequence

The number of helical plies and hoop plies are calculated
based on the above equations (1), (2) & (3). The designed ply
sequence on the pressure vessels were shown in Figure 3.

4. Shell Theories

For the Structural Analysis of Composite pressure vessel
the Classical lamination shell theory, first order shear
deformation shell theory and higher order shear deformation
shell theory were considered. A software code “Optimized
SHELL Analyzer” is developed using all the three theories.

4.1. Classical Lamination Shell Theory

Classical lamination shell theory (CLST) is the simplest
method used for the analysis of the shell structure. The most
important lamination of classical lamination shell theory is
that each ply is assumed to be in a state of plane stress and
those transverse shear stresses were neglected. The
constitutive relations for any layer in the shell are in equation

().
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The general laminate Force-Deformation equations are
defined in equation (5).
oy [A e
=l T 1Br el ®)

Where €*(€y, €y,€y,) are mid-plane strains and
k*(ky, ky, ky, ) are mid-plane curvatures and the laminate

stiffness coefficients (A}‘j , Bl-*j, Dl-*j) are defined as.
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The governing equations of normal forces and bending
moments may be derived by equation (6) and transverse
shear forces may be derived by the moment equilibrium
equations (7) & (8), when the composite pressure vessel is
subjected to internal pressure P [1-9].

Ngo z* 1
MB@ = f_zz* O’gm VA dZ (6)
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In which 6,0 are the symbols of circumferential and
longitudinal ~ directions. Nyy(Nx,Ny & Nxy) are unit
normal forces along longitudinal, transverse directions and
unit central shear force, Myy(Mx, My & Mxy) are unit
bending moments, 0,; are normal stresses and Z is
thickness. From the equations (6), (7) & (8) Unit normal
forces and normal transverse shear forces of laminated
cylindrical shell and laminated hemispherical dome were
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derived to predict Strains along fiber direction and strains
transverse to fiber direction, transverse shear strains and
transverse shear stresses of fiber at 5 different locations on
the composite pressure vessel. For a balanced symmetric
laminates, N, ~=M=M,=M,,=0, The Bending-Extension
coupling stiffness matrix [B] =0, Bend Twist coupling
D,s=Dy=0, Shear-Extension coupling A;s=A=0. The
analytical solutions of the composite Pressure vessel are
obtained by using above equations and predicted strains
were shown in figure 6.

4.2. First Order-Shear Deformation Shell Theory

First order-shear deformation shell theory (FOSDST)
extends the kinematics of the classical lamination shell
theory by including a gross transverse shear deformation in
its kinematic assumptions; i.e., the transverse shear strain is
assumed to be constant with respect to the thickness
coordinate. As in CLST, FSDST also assumes each ply is in
a state of plane stress condition but transverse shear stresses
are not neglected. The constitutive relations for FOSDST
were derived using lamina constitutive equations (4) and the
equations (9).

[TyZJ _ Qi Q45] [Vyz ©)
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i1 = Qua(1®) + Qs5(m?)
Qis = (Qas — Qs5)lm

Qit = Qs5(1%) + Qua(m?)
In which

Qa4a = G135 Q55 = Gp3, 1 = cos(6); m = sin(6).
The general laminate Force-Deformation equations for
FOSDST are defined as in equation (5) and the laminate
stiffness coefficients (AU, U,D_ij) are defined as in CLST.
In addition to CLST equations in FOSDST the Shear
Force-Shear Deformation are defined as.
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The analytical solutions of the composite cylinder are
obtained by using above equations and predicted strains
were shown in figure 6, whereas transverse shear stresses
and transverse shear strains were tabulated in table 4.

(10)

4.3. Third Order-Shear Deformation Shell Theory

Third order shear deformation shell theory (TOSDST) is
based on the same assumptions as the Classical and First
order shell theories, except that the assumption on the
straightness and normality of a transverse normal after
deformation by expanding the displacements as cubic
functions of the thickness coordinate. The stress resultants
are related to the strains by relations given in equation (11)
& (12).
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For Third order shear deformation shell theory,

Nxy = My = Py = Rgp = 0 The analytical solutions

of the composite Pressure vessel are obtained by using

above equations 11, & 12 and predicted strains were shown
in figure 6, whereas transverse shear stresses and transverse

shear strains were tabulated in table 4.

Figure 4. Composite pressure vessel filled with water and subjected to
hydraulic pressure for hydraulic test

5. Experimental Set-up

In this experimentation LDPE liner with polar bosses is
developed on Injection Moulding Machine. As per the
design given in Figure 3, the layers were wounded on the
surface of the LDPE liner. After the development of the
pressure vessel the entire shell is cured in an air circulating
oven as per the curing cycle of the Epoxy LY556 & hardener
HY5500 grade. The developed 50 bar capacity composite
pressure vessel will be subjected to hydraulic test.
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The 3-Element Rectangular Rosette is used to obtain the
longitudinal strain along fiber direction, strain transverse to
the fiber direction and shear strain on the cylindrical portion,
Whereas uniaxial rosettes are used on the dome portion to
obtain the longitudinal strain along fiber direction only. The
dome is having greater angle of winding compare with
cylindrical portion as a result the helical thicknesses are also
more. Because of the larger thicknesses the strains along
transverse direction to the fiber and the shear strains were
negligible. Hence uniaxial rosettes are used on the dome
portion.

5.1. Hydraulic Testing

The water is filled in the pressure vessel by holding the
test article inclined about 5°, with input dome at the bottom
pit. Further the water is pumped into the test article from the
input dome as shown in Figure 7. Venting tube is provided at
the output dome for the air vents to move out. The data
acquisition set up is arranged for automatic recording of
strains.
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Figure 5. Data acquisition setup
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Figure 6. Comparisons of Micro strains on different locations of Composite pressure vessel
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Figure 7. Axial dilation of composite Pressure vessel at 50 bar pressure
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Figure 8. Radial dilation of composite Pressure vessel at 50 bar pressure
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Table 2. Comparisons of stresses at different locations of Composite pressure vessel

. CLST FOSDST TOSDST FEM
Stresses Location
(Mpa) (Mpa) (Mpa) (Mpa)

Location 1 (on cylindrical portion) 947 947 947 952
Location 2 (on dome at PCD 341.78 mm) 387 387 387 304
Stress along fiber direction Location 3 (on dome at PCD 308.6 mm) 406 406 406 206
Location 4 (on dome at PCD 280.64 mm) 914 914 914 920
Location 5 (on dome at PCD 224.62 mm) 385 385 385 272
Location 1 (on cylindrical portion) 141 141 141 149

Location 2 (on dome at PCD 341.78 mm) 130 130 130 91

Stress transverse to fiber direction | Location 3 (on dome at PCD 308.6 mm) 133 133 133 97
Location 4 (on dome at PCD 280.64 mm) 295 295 295 216
Location 5 (on dome at PCD 224.62 mm) 289 289 289 237

Location 1 (on cylindrical portion) 0.26 0.26 0.26 1.8
Location 2 (on dome at PCD 341.78 mm) 0.69 0.69 0.69 0.51
Shear Stress to fiber direction Location 3 (on dome at PCD 308.6 mm) 0.16 0.16 0.16 0.56
Location 4 (on dome at PCD 280.64 mm) 1.47 1.47 1.47 0.95

Location 5 (on dome at PCD 224.62 mm) 0.76 0.76 0.76 1.1

Table 3. Comparisons of Axial and Radial Displacements of Composite pressure vessel
Axial Displacements (Uy) Radial Displacements (Ux)
Experimental Experimental
Pressure
(mm) FEM (mm) FEM
(Bar)
Average (mm) Average (mm)
LVDTI1 LVDT2 . LVDT3 LVDT4 .
displacement displacement

10 1.9 1.1 1.5 1.9 0.4 0.8 0.6 1.3

20 2.7 2.1 2.4 3.8 0.9 1.9 1.4 2.7

30 4.1 33 3.7 5.7 1.7 35 2.6 4.1

40 52 4.6 4.9 7.6 2.9 4.9 39 5.4

50 7.3 5.7 6.5 9.5 43 5.9 5.1 6.7

FOSDST FOSDST
. TOSDST FEM TOSDST
Pressure (Micro Stresses FEM
Propert . Micro Micro Stresses
perty (Bar) Strains) (Mi (Mic (Mpa) (Mpa)
Strains) Strains) (Mpa)
K=2/3 K=5/6 K=2/3 K=5/6
10 14.41 11.53 15.83 10.3 0.34 0.34 0.43 0.36
Transverse Shear 20 28.82 23.06 31.63 21.8 0.67 0.69 0.86 1.0
direction 30 43.23 34.60 47.44 37.8 1.01 1.03 1.29 2.8
(x,2) 40 57.64 46.11 63.25 61.9 1.35 1.36 1.72 2.1
50 72.05 57.64 79.06 85.7 1.69 1.70 2.15 34
10 3.63 291 3.58 11.1 0.07 0.07 0.13 0.18
Transverse Shear 20 7.26 5.81 7.16 15.5 0.13 0.13 0.25 0.75
direction 30 10.90 8.72 10.75 233 0.20 0.20 0.38 0.40
.2 40 14.53 11.62 14.33 12.8 0.26 0.26 0.50 0.45
50 18.16 14.53 17.91 16.6 0.33 0.33 0.62 1.30
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Comparisons of Transverse Micro shear strains and Transverse shear Stresses of Composite pressure vessel at the junction of Cylinder and
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Strain-Smart is a ready-to-use, Windows-based software
system for acquiring, reducing, presenting, and storing
measurement data from strain gauges, strain-gauge-based
transducers. Using the parameters input for sensors,
materials, and instrumentation hardware, Strain-Smart
automatically outputs the results of the test data in
engineering units. The data acquisition setup is as shown in
Figure 5. And the experimental results acquired from the
Data acquisition setup were compared, validated and
discussed by using Classical lamination shell theory, First
order shear deformation shell theory, Third order shear
deformation shell theory and Finite Element Method (FEM).

6. Results and Discussions

The micro-strains along fiber direction, micro-strains
transverse to fiber direction and shear strains to fiber on
cylindrical portion were measured by 3-Element
Rectangular Rosette, the micro-strains along fiber direction
on dome at four different locations were measured by
uniaxial gauge and shown in figure 6 for the comparison of
Experimental, CLST, FOSDST, TOSDST & FEM. By
observing the figure 6, the micro-strains along fiber
direction by using shear deformation theories shows 85%
accuracy on cylindrical portion and 48% to 66% accuracy
on dome portion, whereas FEM shows 91% accuracy on
cylindrical portion and 40% to 95% accuracy on dome
portion. And the micro-strains transverse to fiber direction
by using shear deformation theories shows 58% accuracy
and FEM shows 49% accuracy on cylindrical portion
whereas micro shear strains by using shear deformation
theories shows only 3% accuracy and FEM shows 91%
accuracy with experimental results on cylindrical portion.

The Stresses along fiber direction, stresses transverse to
fiber direction and shear stress to fiber on cylindrical
portion and on dome at 4 locations were predicted by CLST,
FOSDST, TOSDST & FEM, and the results were tabulated
in table 2.

In finite element analysis, Ux represents the radial
displacements and Uy indicates the axial displacements of
the composite pressure vessel. The four LVDT (Linear
Variable Displacement transducers) were used to measure
the axial and radial displacements of a composite pressure
vessel when subjected to pressure as shown in figure4. The
measured displacements and displacements simulated by
finite element analysis as shown in figure 7 & 8 were
tabulated in table 3.

To predict transverse shear strains and transverse shear
stresses of the Composite Pressure vessel FOSDST,
TOSDST and FEM were considered. In FOSDST two cases
(shear correction factors K=2/3 and 5/6) were considered
for the prediction of transverse shear strains and transverse
shear stresses whereas TOSDST requires no correction
factors. The predicted transverse shear strains and
transverse shear stresses were tabulated in table 4.

7. Conclusions

The CLT and First-order shear deformation theory (FOST)
generally provide an acceptable compromise between
accuracy and economy in predicting the global responses of
thin and relatively thin composite laminates. But these
theories fail to give accurate results for the through- the-
thickness stress response in regions of discontinuity such as
cut-outs, holes, and boundaries. Morecover these theories
require shear correction coefficients to rectify unrealistic
variations of the shear strain/stress through the thickness.

Because of the complexities, analytical solutions for the
prediction of transverse/inter-laminar stresses exist for
composite laminates with simple geometry, loading and
boundary conditions. Therefore more emphasis has been
placed on the use of numerical methods when the composite
laminate problem involves complicated geometry, loading
and boundary conditions. Among the various numerical
techniques available, it is seen that the Finite element method
is not only simple but straight forward for efficient
programming and also versatile enough to cover all types of
problems relevant to practical situations.

The experimental Strains were validated by using
Classical Laminated Shell Theory (CLST), First Order Shear
Deformation Shell Theory (FOSDST), Third Order Shear
Deformation Shell Theory (TOSDST) and Finite Element
Method (FEM). By using FEM, TOSDST and FOSDST the
transverse shear stresses and transverse shear strains are also
predicted. The transverse shear force is one of the reason for
de-lamination and failures at junctions, at pole openings and
hoop-doily junctions. By predicting the transverse shear
stresses and strains we can able to understand the failure
criteria of the pressure vessel in transverse direction.

The mathematical model developed for the composite
pressure vessel is experimentally validated. The design is
safe for the given design pressure of 50 bar where as the
Composite Pressure Vessel was burst at 55.3 bar.
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