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Abstract - The purpose of this study is to optimize the
design of the composite laminate vessel for minimizing the
stress concentration. The optimum design of this study uses the
finite element method combined with the simplified conjugated
gradient method (SCGM) to find the minimization of Von
Mises stress of the vessel. In this study, the composite laminate
vessel with the aluminum liner and the carbon fiber/epoxy
layer are considered. The winding angle and the thickness of
composite layer are proposed as the optimal design variables.
Through this optimization, the best combination of the
thickness and the winding angle of composite layer can be
obtained to reach the minimum stress concentration.

Index Terms--Composite laminate vessel, Stress concentration,
Optimal design, SCGM

I. Introduction

The composite laminate vessel consists of a thin,
non-structural liner wrapped with a structural fiber
composite, designed to hold hydrogen fuel under the
designed pressure. The most material commonly used to
wrap the composite pressure vessel is fiber reinforced
polymers (FRP), carbon or Kevlar fibers. Carbon fiber is
most popular used as a composite laminated structure.

In recent years, many previous studies related the
composite laminates have been examined, such as the stress
and optimal design [1, 2], the combining of internal pressure
and thermo mechanical loading [3, 4], the analytical
analysis [5] and progressive failure analysis [6]. The failure
analysis of the fiber/aluminum liner composite laminates is
studied in the application of the hydrogen storage vessel [7,
8]. Liu and Tsai [9] build the progressive quadratic failure
criterion in the failure analysis for laminated composites.

A large amount of research is presented many
methods to optimize the composite laminate with various
purposes such as minimum weight, strength and stiffness,
suich as the simple mathematic method [10-14],
deterministic and stochastic algorithm [15], artificial
immune system [16] and the gradient search method [17].

This research is to demonstrate how the application of
numerical optimal simulation techniques can be used to
search for an effective and robust optimization of the vessel
design. Therefore, the optimal design of the pressure vessel
for obtaining the minimum stress concentration is achieved
in the present study. The numerical design is developed by
combining a direct finite element solver with an optimal
method (the simplified conjugate gradient method, SCGM
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[18]). A finite element analysis model ANSYS is used as the
subroutine to solve the stress-strain profile associated with
the variation of the geometry of the vessel during the
iterative optimal process.
II. Numerical analysis and optimization methods

The following analysis focuses on the cylindrical part
of composite vessel. The cylindrical part of composite
vessel consists of two parts. The first part is made of
6061-T6 aluminum liner layer and the second part is 7,
carbon fiber/epoxy composite layers. The liner is considered
to be an isotropic and the carbon fiber/epoxy composite is
transversely isotropic. The winding angles at the cylinder is
900, -900, ag, =Co, ..., Go, =G, 900, -90° in turn.

The outer radii of the cylindrical structures is written as
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where e;, e, is the thicknesses of the liner and single
composite winding layer, r; is the inner radii of the
cylindrical structures.

For the ™ layer, the equilibrium equation in the
absence of body forces under the cylindrical coordinate is
given by
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The stress-strain relationships of the k™ layer for
anisotropic materials are expressed by
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where 61_]_(1', j=123,6) is the off-axis elastic

constants of materials.
In terms of small deformation, the strain-displacement
relationships are written as

du(k) du(k)
e A
dz dz

where ¥ is twist per unit length.

The radial displacement of the ™ layer is calculated as
[19]
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For anisotropic  materials, C g ) / ég ’>0 and

ég) ég )%0 are approved. From the Eqgs. (1)-(5), the

radial, hoop and shear-stress of each layer can be obtained,
respectively [1].

If the carbon fiber/epoxy composite layers are
considered transversely isotropic with same elastic
properties on the plane (2-3), the on-axis stiffness matrix C*
of the ™ layer is given by
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where Sand C is the on-axis compliance and stiffness

tensors, v is the Poisson’s ratio, respectively.
By introducing a stiffness transformation matrix
T (¢) which is a function of the angle ¢ . the

relationships between the off-axis and on-axis elastic
constants are expressed as

C=T(p)CT (¢) (11)
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where m, nis cos¢ and sin¢, respectively.
Thus, the off-axis stress is obtained by
c=Tc (14)

where ¢ and o is the off-axis and on-axis stress tensors,
respectively.

Failure criteria

The maximum shear stress and Tsai-Wu failure criteria
are considered for the liner material and carbon fiber/epoxy
composite layers, respectively. The quadratic Tsai-Wu
failure surface for a 3D stress state is expressed in the
following form

F(G) =loc,+Foo. =1
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where F, and E-]-
strength tensors depending on the tensile, compressive and
shear strengths of the composites, respectively.

For the anisotropic composite laminate, the quadratic
Tsai-Wu failure criterion can be written in the following
form

Elclz +F22022 + F66062 tFho, + b0, +2F,00,21 (16)
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is the second-order and fourth-order

where O; and O, is the on-axis stresses in the

longitudinal and transverse directions, and Og is the
on-axis in-plane shear stress.
The strength parameters FH, Fzz, FGG , Fl F2

and Flz are given by
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where

X, and X, : the longitudinal tensile and compressive

strengths, respectively.
Y, and Y, : the transverse tensile and compressive

strengths, respectively.
S: the in-plane shear strength.

Modeling description

The 6061 Al-T6 liner-carbon and 700 fiber/0164 epoxy
composites are employed for numerical calculations. The
number of the number of the composite layer is 7, = 10. The
thickness of each composite layer is 1.2 mm and the liner is
3 mm. The capacity of the composite vessel is I = 0.01 m’,
the inner radius and length of cylinder are 100 mm and 220
mim, respectively. At the head of model, NE, R/ and RO
have dimensions 50 mm, 7 mm and 11 mm, respectively.
The working pressure is assumed as 40 MPa. A 30°
axisymmetric parametric finite element model is established,
the 3D cight-node solid eclement SOLID95 and 3D
eight-node anisotropic solid element SOLID64 are adopted
from ANSYS.

Fig. 1 shows the mesh model with mesh element of
composite pressure vessel for analysis which assembled
from a 6061-T6 aluminum liner layer and 10 layers of
carbon fiber/epoxy composite is presented for analysis.

Optimization method
The objective function .J of this study is the
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minimum Von Mises stress of the vessel. The Von Mises
stress (as known as equivalent stress o, o) is given by:
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(18)

where o, ., O,

tangential and radial stresses, respectively.

The SCGM method is capable of obtaining the
minimized objective functions easily, and calculating fast
than traditional conjugated gradient method. This method is
successfully employed in the optimization of the heat
concentration on the high power LED array [18], the design
of the flexible pyroelectric temperature sensor [20] and the
LED package [21].

Beside, A is the iteration number in the optimal
design process.

In addition, we assume {al-, i=l,2,...,l} be the
set of the undetermined coefficients. The variables @, are

treated as the optimal variables which are to be designed in
this study to minimize the objective function. Different
combinations of these coefficients represent the variation of
the pressure vessel’s geometry. In other words, in the
optimization process, the undetermined coefficients are
updated iteratively toward the minimization of the object
function.

In this manner, as the objective function is approaching
its minimum value in the optimal process, with the

definition of ./, the temperature distribution gradually
reaches a uniform distribution. This implies that the
phenomena of stress concentration will be decreased.

The minimization of the objective function is
accomplished by using the SCGM. The method evaluates
the gradient functions of the objective function and sets up a
new conjugate direction for the updated undetermined
coefficients with the help of a direct numerical sensitivity
analysis.

We perform the direct numerical sensitivity analysis to
determine the gradient functions

{(aj/aai)”, i:l,2,...,l} inthe n, step. First, give a

perturbation (Aal.) to ecach of the undetermined
coefficients, and then find the change of the objective
function (AJ ) caused by Aa,. The gradient function

with respect to each of the undetermined coefficients can be
calculated by the direct numerical differentiation as
o] AN
ca, Aa

i
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Then, we can calculate the conjugate gradient
coefficients, ¥, and the search directions, 711.'”1, for each

of the undetermined coefficients with
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The step sizes {Tl., i=1, 2,...,1} will be assigned

ey

for all the undetermined coefficients and leave it unchanged
during the iteration. In this study, the fixed value is
determined by a trial and error process, and the value is set

tobe 1.0x107° typically. The difficulty lies with the fact
that how to decide the suitable value of the step size. The
undetermined coefficients will be updated.
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The procedure for applying the SCGM method is

described briefly in the following:

(1) Make an initial guess for the shape profile by giving
initial values to the set of undetermined coefficients.
With initialization accomplished, the run itself can
begin.

(2) Use the direct problem solver to predict the stress
concentration and stress distribution of the pressure

vessel, and calculate the objective function ./ by Eq.
(18).

(3) When the objective function reaches a minimum, that is
to say, the relative criteria is satisfied, the solution
process is terminated. Otherwise, proceed to step (4).

(4)Through the Eq. (19), to dectermine the gradient
functions.

(5) Through the Eqgs. (20) and (21), to calculate the

conjugate gradient coefficients, }/l.", and the search

. . 1 .
directions, 711.'H , for each of the undetermined

cocfficients.

(6) Assign a fixed value to the step sizes for all the
undetermined coefficients and leave it unchanged
during the iteration.

(7) According the Eq. (22), to update the undetermined
coefficients and re-new the geometry of the pressure
vessel, and go back to step (2).

It is important to mention that the emphasis of present
study is put on the optimization of the pressure vessel. To
the authors’ knowledge, it’s a new view to deal the
stress-strain problem by using the optimal method of
SCGM.

Figure 2 presents a flow chart of the optimization
process. Note that the optimizer (SCGM) is integrated with
the ANSYS code by means of a self-developed interface
program written in APDL script. As shown in Fig. 2, the
values of the undetermined coefficients suggested by the
optimizer are sent to the direct problem solver in order to
update the geometrical model and grid system. The direct
problem solver then utilizes this updated information to
determine the stress of the pressure vessel and to compute
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the corresponding value of the objective function. The
outputs of the direct problem solver are then transferred
back to the optimizer in order to calculate the new iteration.

II. RESULTS AND DISCUSSIONS

This research aims to design the optimal composite
laminate vessel. The objective function of this design is to
approach the minimum stress concentration under the
internal pressure P=40 MPa. The simplified conjugate
gradient method (SCGM) is used as the optimal algorithm.
This study discusses the variables of composite layer (/)
and the winding angle (ag). The range of the thickness of
composite layer is bounded from 1.2 mm to 1.6 mm and the
bounded of the winding angle from 10° to 45° for the
condition of optimal process.

The stress distribution of initial model is shown in Fig.
3. Here, a 30° axisymmetric finite element model is used.
The simulated region is from the center of the cylinder part
to the head. The winding angles of each composite layers
from the inner 1* layer to the outer layers are 90°, -90°,
18.9°, -18.9° 90°, -90° 18.9°, -18.9°, 90° -90°
respectively and the thickness is 1.2 cm. A cylindrical
coordinate system is defined and r, 6, z denote the radial,
hoop and axial directions, respectively. Perfect bonding
between the aluminum liner layer and carbon fiber/epoxy
composite layers are assumed. The symmetric constraints
are acting on the symmetric sides and the pressure P is
loaded on the inner surface of the liner layer. The result of
this initial model exists a high stress concentration (687.83
MPa) appeared on outer composite layers of model. The
location is close to the bottom of the simulated region, i.c.
the center of the cylinder part.

Using SCGM in the optimal process shows the profile
of the stress concentration in Fig. 4. Here, the step size of
SCGM is 0.01 which is the best step size evaluated among
the three values including 0.01, 0.001 and 0.005. The stress
concentration drops dramatically up to approximately 490
MPa then decreases slightly approaching the optimal stress
concentration is 490.03 MPa with the iteration is 138 and
the winding angle is 36.2° and 1.6mm thickness. The
optimal thickness of the pressure vessel is the maximum
thickness in the variable range. It matches the well-received
knowledge. We still assume two variables to process the
optimal calculation, but emphasis the effect of the winding
angle not the well-received results of the thickness of
pressure vessel.

The effect of the winding angle will be discussed in
details for enhancing the knowledge of the composite
pressure vessel. Fig. 5 demonstrates the profile of stress
concentration with the winding angle from 10° to 45° at the
thickness of composite layer is 1.6 mm. The stress
concentration increases from 497.62 MPa to 498.28 MPa as
the winding angle is changed from 10° to 13° and decreases
from 498.28 MPa to 489.54 MPa from 13° to 36.54°, then
rises up from the minimum value to 496.56 MPa as the
winding angle increases to 45°. The reduced stress resulted
from the variation of winding angle is 8.74 MPa, about 6%
of the effect of the layer thickness. This study depends on
the optimal method to search the optimal winding angle and
obtain the result.

IV. CONCLUSIONS

This paper presents the optimal method (SCGM) to
obtain the minimum stress concentration of composite
pressure vessel. The winding angle and the thickness of the
composite layer are the design variables in the optimal
process. The optimal result is 489.54 MPa at the thickness
of composite layer is 1.6 mm and the winding angle is
36.54°.

We notice that the variations of all variables will make
the benefit of the safety of the pressure vessel. The
thickness variable is dominant and the winding angel is still
not negligible in this optimal design.

In conclusion, the stress concentration occurred on the
region of cylinder part will be reduced through this
proposed optimal process. It can be proof that this proposed
method is effective. Therefore, the findings and implications
of the study should be generalized to the extent that future
performance designs of the commercial product
development.
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Figure Captions

Fig. 1 The mesh model of the 30° axisymmetric model with head of Al-carbon fiber/epoxy hydrogen
pressure vessel.

Fig. 2 The flow chart of the optimal process.

Fig. 3 The initial stress distribution of the 30° axisymmetric model with head of Al-carbon fiber/epoxy
hydrogen pressure vessel.

Fig. 4 The maximum stress profile with the SCGM iteration, the winding angle is [10° - 45°], the
thickness of composite layer is [1.2 - 1.6 mm.].

Fig. 5 The stress concentration with the winding angle from [10° - 45°] at the thickness of composite

layer is 1.6 mm.
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Fig. 1 The mesh model of the 30° axisymmetric model with head of Al-carbon fiber/epoxy hydrogen pressure vessel.
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Fig.2 The flow chart of the optimal process.
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Fig. 4 The maximum stress profile with the SCGM iteration, the winding angle is [10° - 45°], the thickness of composite
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Fig. 5 The stress concentration with the winding angle from [10° - 45°] at the thickness of composite layer is 1.6 mm.



