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Abstract

Multi-objective parametric optimization problem is presented for overwrapped composite pressure
vessels under internal pressure for storage and heating water. It is solved using the developed
iterative optimization algorithm. Optimal values of design parameters for the vessel are obtained
by varying the set of parameters for composite layers, such as the thickness of layers and radii of
polar openings, which influence the distribution of fiber angles along the vessel. The suggested
optimization methodology is based on the mechanical solution for composite vessels and the
satisfaction of the main failure criteria. An innovative approach lies in the possibility of using the
developed optimization methodology for designing vessels with non-symmetrical filament
winding, which have unequal polar openings on the domes. This became possible due to the
development of a special numerical mechanical finite element model of a composite vessel. A
specific Python program provides the creation of a model and controls the exchange of data
between the modules of the iterative optimization process. The numerical model includes the
determination of the distribution of fiber angles on the domes and cylindrical part of the vessel as
well as changes in layer thicknesses. The optimization problem solution is provided using a Multi-
Island Genetic Algorithm, this type of method showed its efficiency for such applications, by
allowing to avoid local solutions. Thus, optimal parameters of a composite vessel were found by
minimizing composite mass and thickness and maximizing the strain energy. Test solutions using
the developed methodology are presented for three types of composite materials to evaluate their

possibility for integration into the vessel design model.
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Composite pressure vessel design, Multi-objective optimization, Filament winding, Failure
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1. Introduction

The pressure vessels are critical mechanical structures that are generally used to store gases and
liquids above atmospheric pressure, under various pressure and temperature conditions, depending
on industrial application [1-3]. Of particular interest are Composite Overwrapped Pressure Vessels
(COPV), Type IV, with polymer liners, which are popular due to their weight efficiency and good
strength properties [4]. The filament winding, using dry fiber passed through liquid resin or
preimpregnated tapes, is the most popular manufacturing process to create COPVs. Winding is
applied in helical and hoop wraps for cylindrical vessels. Composite vessels could also be used for
storing hot water, thus they must withstand temperature changes, pressure, and chlorine corrosion.
It offers an alternative to metallic vessels (stainless or enameled steel) conventionally used in
domestic hot water boilers. The goal is a durable design with optimal thermal properties and low
energy consumption, good performance, recycling, and the possibility of modifications. At the
design stage, the study of mechanical and thermal phenomena and selecting optimal composite

structure parameters involves formulating and solving an optimization problem [3,5,6].

Structural optimization is crucial for achieving a balance between manufacturing costs and design
characteristics like strength, stability, and weight [7—12]. In recent years, several works have been
published focusing on the optimization of COPV to reduce weight and cost while enhancing
reliability and safety for a variety of applications [2,3,6]. The composite layers design is one of
the main factors that directly influence the working pressure and fatigue performances of COPV.
Therefore, most of the researches were focused on: 1) the design of the composite shell; 2) the
thickness and number of layers; and 3) fiber orientation, which will have a direct impact on the
weight and cost of the vessel. Additionally, the purpose can be an increase in its working pressure
and service life extension [13-16]. The solution of optimization problems is often based on
mechanical or thermomechanical models of vessels [15,17], using finite element (FE) modeling
and analytic approach. To create numerical models of composite overwrapped vessels, some

commercial FE software such as Abaqus and Ansys can be used with commercial plug-ins, such
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as Wound Composite Modeler for Abaqus, or self-scripts [3,6,14,16,18,19]. The numerical models
are based on axisymmetric or cyclically symmetrical [1,2,14], three-dimensional models, or

numerical models of a separate cylindrical part or domes of the vessel [6].

The formulation of the optimization problem as well as choosing the correct objective function,
design variables, constraints, and method of solving are the main components of such a study. For
example, in work [16], as the objective function, the authors studied the maximum axial buckling
load by variating fiber orientation angles. The solutions on maximum burst pressure, by changing
fiber angle variation for COPV are also provided in work [2]. Of particular interest is the variety
of methods used to solve the optimization problem. Recently, the application of population-based
methods for optimization tasks is increasingly in demand [15,16,20,21]. They are based on the
biological phenomenon of natural evolution behavior [6]. Thus, to maximize the strength ratio,
based on Tsai-Wu criteria for composite layers, the authors of work [20] find the optimal fiber
angles and volume by implementing a hybrid method of Genetic Algorithm (GA) with Particle
Swarm Optimization (GA-PSO) coupled with local sensitivity analysis. For minimization of the
specific strength and the cost factor and satisfying the failure criteria, the Big Bang-Big
Crunch (BB-BC) population algorithm is used in work to optimize lay-up configurations and
thicknesses of COPV [22]. Methodologies for weight minimization are performed in works [6,21]
using GA and Simulated Annealing (SA) methods. The combinations of GA with other techniques
are also presented. Authors of work [18] combine GA with direct search to minimize thickness
and maximize the stiffness of composite pipes. The combination of Sequential Quadratic
Programming (SQP) with GA was applied in [23] to choose the material properties, such as
Young’s modulus, Bulk modulus, and Poisson’s ratios, maximizing the strength ratios for all
laminas, varying the fiber angles. The use of population-based methods in combination with neural
networks has also shown its effectiveness in the optimization of composite structures [24—26].
They solve the problem of finding the optimal geometric design and stacking sequence, providing

weight reduction.
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Pressure vessels often take the form of cylinders, spheres, or cones. The vessel optimization,
specifically focusing on the dome shape and its composite layer, was explored in [27,28]. The
authors proposed optimal meridian profiles for the dome based on non-geodesic trajectories for
fibers, aiming to minimize strain energy. The study of optimal dome contour design using the
feasible direction method to maximize the shape factor is discussed in [29]. The methodology of
vessel design, based on bend-free methodology for superelipsoid of revolution, searching for

optimal stiffness by fiber steering was proposed in works [19,30].

Another important geometrical factor in composite vessel design is the presence of unequal polar
openings on each of the domes, which leads to changes in the fiber trajectory and fiber angles.
Thus, in [31], the trajectory of the fiber is obtained as the solutions in several design sections, for
the geodesic and non-geodesic fiber path, with further approximation for the entire vessel model.
Special spline interpolation for designing geodesic and semi-geodesic fiber paths on cylinders and
cones is used in the work [32]. Testing of the suggested approach on elbows (pipeline fittings)
shows good results. Issues of influence of unequal radius of opening on fiber trajectory are
considered also for isotensoid vessels in [33]. Such techniques calculate the fiber trajectory based
on a mathematical description of the curvature of the mandrel surface, changing its angles of

inclination to the vessel axis, for various vessel geometric shapes, convex and concave [34].

Despite the numerous references presented, there is still a lack of a global methodology for the
structural multi-objective optimization of non-symmetric pressure vessels with unequal openings,
involving both vessel geometry and composite stacking sequence, under mechanical and
thermomechanical loading. In this paper, a novel approach for obtaining optimal solutions for non-
symmetrical filament-wound structures is proposed. The proposed structural optimization
methodology, as a first stage of research, was realized on the base of a numerical mechanical model
of a composite vessel, considering both geodesic and non-geodesic fiber trajectories and unequal
polar openings on each dome and for each layer. To demonstrate its efficiency, two classical failure

criteria were implemented: one is the principal stresses in the fiber direction and the second is the
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Tsai-Wu quadratic criterion. The methodology was also applied to three different composite
materials (carbon fibers, glass fibers, and flax fiber-based thermoplastics) to provide a

comprehensive numerical strategy for minimizing the total mass of the hot water storage tanks.
2. Composite pressure vessel design
2.1. Filament winding parameters

Two types of layers are used to create a filament winding for pressure vessel: hoop layers, which
are 90° with the axis of the vessel (in practice, between 85° and 90°), and helical layers, with
angles in a range of 0° to less than 90° (effectively between 5° and 85°) [35,36]. The hoop layers
are designed to resist tangential forces, created by internal pressure, and provide radial resistance
to the structure. They are located on the cylindrical part of the vessel. Helical layers provide the
strength of the reservoir domes and are also involved in the perception of axial loads. Each cross
layer consists of two helical layers with opposite balanced helical angles in the form of +a. The
fiber orientation angle of helical winding depends on the opening radius, ¢ which is the initial

radius of the dome and r is the current radius (Fig. 1) [36,37]:

a(r) = arcsin (%") +6 (ﬂ)n, )

R—T'O

where r - is the radial distance between the central axe to a point on the dome; R — is the radial
distance on the cylinder; § = a, — arcsin (Tr—") - parameter for geodesic winding controlling; n -

friction interpolation parameter. Eq. 1 describes two types of fiber trajectories: geodesic in the case
when § = 0 and non-geodesic § # 0.

A geodesic path ensures that fibers are wound along the shortest distance between two points on a
curved surface (Fig. 1). This type of trajectory is the simplest since it does not have friction, which
prevents the fiber from sliding along the surface of the mandrel. A non-geodesic trajectory is a

deviation from the geodesic path in the presence of friction.
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Fig.1. Fiber path during filament winding.

The thickness of the composite layer on the vessel depends on the number of rolled-up layers. On
the cylindrical part, it is determined by the number of helical and hoop layers. On the domes, it is
determined only by the helical layers, that can be wound on this region. Thus, the thickness of the

composite changes according to the following law [37]:

th(T) _ thecos(ag) T )

cos(a(r)) r+2w3(§—r )4 :
=

where th,. - helical layers thickness on cylinder; a(r) - fiber angle on the dome; wg - bandwidth.

The thickness of the composite layer on the dome also depends on r,. The main originality of this
work lies in the consideration that each composite layer has its polar opening. By varying the
opening radii, it is possible to ensure the required strength characteristics of the vessel and
minimize the mass of a composite structure [37]. On the other hand, the presence of unequal polar
openings on different domes of the vessel requires providing a solution that considers changes in
the fiber angle on the cylindrical part of the vessel for each composite layer [31,32]. Thus, to
complete a global optimization methodology, a special solution should also be provided for the
slippage angle of the cylindrical section. In this work, it is assumed that the fiber angle changes
linearly along the cylindrical part.

Schematic trajectories of fibers for helical windings of the first and the second layers are shown in

Fig. 2a,b respectively. The openings of the first helical layer Toup, and ro4, (Fig. 2a) are

technological constraints and, thus, the whole surface should be covered by composite. All
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subsequent helical layers are the layers with openings Toup, and roq; (i=2...n, for n is the total

number of helical layers).

th,

Fiber path
for unequal
polar opening

thy,

acl_d (/

/| forequal

A
|, Fiber path

polar opening

T0d4

Fiber path
for 1st layer

Fiber path
for 2nd layer

Tod,

th,

thy,

a) b)
Fig .2. Schematic representation of helical winding fiber path with unequal openings: a) for one

layer; b) for two layers.

2.2. Failure criteria

The composite material considered for COPV can be modeled as the unidirectional composite
material with orthotropic or transverse isotropic material behavior [38]. Design criteria can be
based on a variety of currently existing failure criteria. In this work, we selected one of the often-
used Tsai-Wu quadratic criterion [20]. According to this criterion, the destruction of an orthotropic

material is achieved when the following condition is satisfied:

Flo'l + F20-2 + F110'12 + F220'22 + F660-62 + 2F120-10'2 = 1 (3)
. 1 1 1 1 1 1 1 1
with, F; = X X F, = v, Y. Fy = XX, Fpp = Yov. Fee = 52,0 Fip = _5\/F11F22,

where X, X - longitudinal tensile and compressive strength of composite; Y;, Y. - transverse tensile
and compressive strength of composite; S;,- shear strength. However, it is classified as an
independent criterion that does not consider the effects of the different failure modes (fiber failure;

matrix failure; delamination damages) [1,39]. Tsai-Wu criterion can be considered more
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conservative and may give an overestimated result for the first-ply failure pressure in composite,
therefore, for a more accurate determination of failure pressure and failure modes, it is proposed
to use dependent criteria, such as Hashin or three-dimensional invariant-based failure criteria
[1,40,41]. The purpose of this study was to develop an optimization methodology that allows
determining the optimal parameters of the considered structure, where the failure criteria are used
as constraints, one of them is the Tsai-Wu criterion, which takes into account the 3-dimensional
stress state of the structure. And the other one, as an alternative approach for a quick estimation of
the thickness of the plies, is the criterion of maximum principal stresses in the fiber direction,
which is used for a “netting analysis”, that allows a comparison of the obtained results [37,42]:

o1 < X; 4)
These two criteria were selected for this study, but the methodology is not limited to them.

2.3. Material properties

For our study, the following three types of composite materials were used for optimization:

a) Polypropylene (PP), reinforced by glass fibers (GF) (Polystrand, Avient [43])

b) Polyamide (PA), reinforced by carbon fibers (CF) (Toray Cetex [44])

c) Polylactide (PLA) with flax fibers (FF) (Lincore, Depestele [45])

All these materials are available in the market. The collected from the manufacturer and the
estimated mechanical properties of those materials are given in Table 1. To complete the missing
material elastic constants for transversally isotropic material and strength properties for (Eqg. 1),
the well-established system of Chamis’ rules [38,50] (see Appendix 1, Eq. A1) was used. In this
work, we used material data presented in the literature [46—48]. It should be noted that we use the
same material polypropylene (PP) for the liner and the composite of the pressure vessel for each

solution [46]. For the accuracy of further comparison of calculated results, all values of material
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properties were recalculated for a 0.45 fiber volume fraction for all composite materials presented

in Table 1.

Table 1. Mechanical properties

Material PP (liner) GF-PP CF-PA FF-PLA
v/ 0.45 0.45 0.45
Eu, MPa 1300 34500 90296 30643
E2», MPa 3450 6111* 5621*
Vi 0.42 0.28 0.28* 0.41*
Vi3, V23 0.25 0.31*
G, MPa 2140 2763* 1908*
Gz, MPa 2279*
X1, MPa 25 765 1710 295
Xc, MPa 357 337 170*
Y1, MPa 30 13.1 (24%) 65.8* 35*
Yc, MPa 38.3 (36.6*) 71.6* 52*
S, MPa 22.1 39 40*
p, 10° 1.63 1.47 1.3
t/mm3

*values, estimated using Chamis’ rules (see Appendix 1 Eq. Al).

2.4. Material section assignments

The changes in the fiber angles and the thicknesses of each layer on each dome are considered,

according to Egs. 4 and 5. They depend on the polar openings for each layer and on the upper

(r"upi’ “"Pi,-) and down domes (rogq;, adi].) separately. It should be noted that each composite

layer, in the numerical mechanical model, means the set of layers of winding with the same polar

opening on the dome, further called a layer. Also, because of the modeling of helical winding, it

assumes the existence of paired layers with the angles i—aupl_j and tay,;.

On the other hand, for the considered model of a composite vessel, due to the design features, the

presence of unequal polar openings during winding on each dome is assumed. As mentioned

earlier, the angle of fiber trajectory along the cylindrical part is determined, depending on the value

of the polar opening. So, for each dome at the point of intersection of the meridian of the dome

with the cylinder, we obtain different fiber angles. This leads to the changes of fiber angles on the
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cylindrical part of the vessel. The changes in fiber angle in the composite layer are modeled as a
piecewise linear approach. To do this, the cylindrical part of the vessel is partitioned into sections

(Fig.3a). Special arrays of fiber angle values for each composite layer (acl.].), depending on the

polar radii of the opening on the domes, and for each section are determined.

2.5. Geometry, loadings and boundary conditions

In this work, an industrial application example, a new design of a composite water storage tank,
was studied. The optimization problem (Fig. 4) was implemented for a composite pressure vessel
with a volume of 180 L, the main geometrical parameters and values of applied loads are presented

in Table 2.

Table 2. Main initial values of geometrical parameters for composite vessel and loading

conditions
Geometrical parameters, mm Loads, MPa
Height of | The radius | Height of Height of Liner’s P, Phya
cylinder, of the upper dome, | down dome, thickness,
H, cylinder, Pup ha thin
R
819 250 123 123 4 2 0.01

To find the optimal design of the considered composite vessel, an FE mechanical numerical model
was developed within Abaqus/Standard [11] using a specially developed Python script, which
covers all geometrical and material features discussed above. Quadrilateral conventional shell
elements S4R were used for the cylindrical part and domes (Fig. 3c). The modeling of composite
layers was accomplished using the composite section technigque for conventional shells in Abaqus,
employing the calculated values of angles and thicknesses for different layers. The mesh

convergence study determined an average optimal finite element size of 10 mm.
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Fig.3. Numerical model: a) geometrical partitions; b) loadings and boundary conditions;
c) finite element model.

The vessel is subjected to internal uniform pressure (Fig. 3b) of amplitude Pm = 2 MPa. The
hydrostatic pressure from water acts on the inner surface of the vessel. This pressure is proportional
to gravity and increases linearly with height due to the increasing weight of water, which exerts
increasing force on the walls. Therefore, it is zero at the top of the reservoir and maximum at the
bottom: Pnyd = pgh, where p - water density; g - acceleration of gravity; 4 - total height of vessel.
The vessel is fixed at two points 1 and 2 in (Fig. 3b) were created as the boundary conditions, first,
to prevent the vessel from moving in the axial direction (Y: Uy=0). In addition to eliminate vessel
rotation, the fixations were added in a (X-Z) plane, parallel to the cylinder axis (Ux=0 in point 1,2,

Uz=0 in point 2).

After each simulation, the stress components, failure indices and strain energy were passed to the

optimization module.

3. Multi-objective optimization problem.

The mathematical formulation of the optimization problem is to find the minimum or maximum

of objective function or functions f(x), k = (ﬁ) subjected to constraints ¢;(x) =0, j =
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1L,my; ¢j(x) =0, j=my+1,m, so tofind the vector of variables x* = [x7], x3, ., xp]Tfor

which these conditions can be satisfied [7,8]:

Min(max) fi.(X), k= 1,1;
Subjected to: (5)

pj(x) =20, j=1,my;
Yij(x) =0, j=m;+1,m;

In this article, we address the challenge through parametric optimization. This approach enables
us to identify the optimal combination of parameters that are essential for pressure vessel design.
The optimization process is constructed to ensure mechanical performance along with
minimization of the total mass, and, thus, directly a total cost of the composite. Two key
parameters have a direct influence on the mass: the thickness of each ply and the radius of the
polar openings for each helical layer. These openings, in turn, impact the fiber angles along the
vessel during winding, subsequently affecting the mechanical response of the vessel.

Thus, the multi-objective parametric optimization problem is formulated as shown in Fig. 4. The
objective functions are the total mass of the composite and the total thickness of the composite on
the cylindrical part of the vessel. The aim is to minimize these functions to reduce the cost of the
studied structure. Simultaneously, we search to maximize strain energy to enhance the mechanical
capability of the vessel.

The solution to the optimization task is intended to satisfy two types of failure criteria, serving as
constraints. The first criterion is based on the maximum principal stresses in the fiber direction
(Eq. 4). This research aims to estimate the thickness for a specific case in the optimization problem
and compare the results with values obtained using the estimated formula for the thickness of a
composite cylinder in an equal stress state [37,42]. This type of estimation is commonly used for
industrial purposes to determine vessel thickness. The second type of solution to the optimization
problem is based on the Tsai-Wu failure criterion Eq. 3. Also, as for constraints, manufacturing

constraints are used, such as constant polar opening for the first helical layer on each dome.
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The summary of the parameters of the optimization problem is listed in Fig. 4. The developed

optimization methodology allows us to use as variables the geometrical sizes of vessels, material

properties, thicknesses and polar openings for each wounded composite layer.

Objective functions Foy;:

min Mass (M), Composite thickness: Th,
: 1
max Strain energy: U = - 0;&;
Subjected to:

e Failure criteria (failure index FI):
-Principal stress o1 < X,
or
-Tsai-Wu<1
e Manufacturing constraints.
(Toup, = 20 mm, roq; = 125 mm)
Variables:

Variables applied for current solutions:
e Polar openings: Toup, Tod;;

e Thicknesses of composite helical and hoop layers:
th; and th90;;

Available variables for optimization:

e Geometrical sizes: H, R, h,,,, hy;

e Thickness of liner: thy,;

e Material properties: E, G, v, X;, X, ...

up’

th90;

th;

Y

Qi

Fig.4. Summary of the multi-objective parametrical model

4. Optimization method and implemented algorithm

As a numerical platform for the optimization problem, the Simulia Isight [49] software package is

used for the automation of all steps of the optimization. To solve mechanical problems

Abaqus/Standard FE solver is used. There are several optimization techniques available for

parametric optimization in the Isight optimization module. A study of the use of various

optimization methods showed that gradient methods are not suitable for the considered problem

and have bad convergence. The main cause is that this type of method provides solutions for very
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local extremums, requires the calculation of the objective functions’ gradients at each step, and

strongly depends on the initial approximation [8,15,16].

Better results give the application of non-gradient methods from the family of direct search
methods, such as Hooke-Jeeves. This technique uses a combination of objective and constraint
penalties as the objective functions and does not use derivatives of objective functions. Instead of
this, the algorithm examines points near the current point by perturbing design variables, one axis
at a time, until an improved point is found. In such a way the favorable direction is found until no
more design improvement is possible [7,10]. The disadvantage of such methods: they stop the
search when a local minimum or maximum is found, but with a correctly selected initial
approximation, a suitable optimal solution can be obtained. The main advantage of this method
includes its fast convergence; a small number of iterations are required. The runtime of the solution
process for the considered model takes an average of 110 min for 200 iterations (calculations were
carried out on a PC with processor Intel(R) Xeon(R) W-1250 CPU @ 3.30GHz and memory RAM
64Gb). Considering the aforementioned, and according to the literature this method can be used

for the assessment of the optimal solution [18].

Another type of optimization technique based on GA is also tested for the solution. The provided
literature review showed the efficiency of the application of GA for such type of structural
parametric multi-objective optimization problems [6,16,18,20,21]. They belong to the family of
population methods that simulate the phenomenon of natural evolution. Each design point is an
individual for objective function and constraints. An individual with a better value of the objective
function and constraints has a higher fitness value. Each population of individuals (a set of design
points) is obtained by the genetic operations of "selection”, “crossover", and "mutation”. A new
population of designs is selected from the original set of designs, the best individuals from the
previous generations. These techniques are well-suited for different design spaces, and for multi-

objective optimization, no need for the calculation of function gradients. However, a long

computational time is required [49]. For the presented research, the Multi-Island Genetic
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Algorithm was applied (MIGA). Like other genetic algorithms, in MIGA each design point is
perceived as an individual. Each individual is represented by a chromosome in which the values
of design variables are converted into a binary string of 0 and 1 characters, and participate in

forming a population.

Having studied all the stages for designing the considered composite vessel for heating and storing

water, a special algorithm for parametric optimization was suggested (Fig. 5).

Initial parameter values
0 0 0 (
ro“pi, rod‘., th, 4 th90,

Y

Mechanical FE model

(Abaqus) | Updated parameters ’
aqus k k k k

; Toun: Tod:» Lhi, th90;

(Python script) | o SR :

' . Optimization module ) ( Output results

Output mechanical task _ (Isight) ‘ Tupy T, thy, th907;

Mk, Thk, U%; Fooj: min (M, Th.), max U | —5 SR

FI* @;: FI (Tsai-Wu <1 or 0% <X7) ‘ ‘ Qupyjs Xy Ky

Var: rl(;up;'rgdi' th¥, thook M",Thg, U™ FI"

Fig.5. Proposed optimization algorithm.

In the proposed algorithm, at each iteration, a finite element model of the vessel is built, using the

Python script. Depending on the current values of the polar opening radii Toup» Tod; and the
thicknesses of the composite layers (th¥, th90%) the special arrays of distribution of fiber angles
along the vessel (““Pij’ L2 Olc,-]-) are calculated, and also the changes in thicknesses on each
dome (th’é i th,’jp i), according to (Eq. 2). The mass of the composite and its thickness are also

determined (M*, Th¥;). The solution to the mechanical problem provides values of strain energy

(U*) and failure index (FI¥) at each iteration.
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It is important to ensure the correct and fast exchange of optimization parameters at each cycle
and the calculation of the in-line values of the studied quantities. Data exchange between modules
is provided by the Python program using input and output files. Values for objective functions,
constraints and parameters are transferred to the optimization module. After the optimization
solution, data is exchanged again with the mechanical module. The automatic update of the input

and output parameters is also controlled by the Python program.

5. Results and discussion

To find the optimal solution according to the proposed algorithm we fix the geometrical sizes of

the vessel and vary the polar radii of the openings on each dome (rOupi, Tq,) for helical composite

layers, and the thicknesses of each composite layer (th¥, th90%). The solution model of the vessel
includes four hoop layers and three helical layers, which consist of paired layers with the angles

ta;;. At the same time, the values for the first composite layer remained constant (rg,,. =
j Pq

20 mm, roq, = 125 mm), following the imposed manufacturing features (Fig. 2).

Two groups of solutions are provided: 1) the first group is based on the maximum principal stresses
in the fiber direction failure criterion, and 2) the second group is based on the Tsai-Wu quadratic
failure criterion. The goal of this work was to develop an efficient methodology for structural
parametric optimization of a non-symmetrical composite pressure vessel designed for storing and
heating water, aiming to create a functional and intelligent design for the vessel as a whole. The
obtained optimal values of the main vessel parameters can guide the further choice of composite
material. To confirm the proper performance of the suggested optimization scenario, the first group
of solutions, using the maximum principal stresses in the fiber direction failure criterion, serves to

estimate and compare the results with the “netting analysis” [37,42]. Such a simplified approach
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is often used in the classical design of symmetrical composite pressure vessels for quick estimation

of the main parameters.

The results of the first group solutions are presented in Table 3 for three types of composite
materials presented in Table 1. It gives us a rough estimation of vessel thickness, considering the
equal uniform stress state [37,42]. In this case, the total thickness of the composite (both hoop and

helical layers) on the cylindrical zone can be evaluated as:

th =28 ©)

20'1

The thickness of the composite in this case directly depends on the value of X, as the maximum
value for o; which is the stress value in the fiber direction. So, it is the relevant first estimation of
vessel thickness, using only strength properties in the fiber direction. The results of the calculations
show a good agreement with the values, obtained by Eq. 6, which can prove the developed

approach.

Table 3. The summary of the calculations based on the maximum principal stress criterion

Netting analysis Max Principal stress
Materials Total thickness, Total thickness, Difference, (%) The total mass of
according to (Eq. 6), obtained (mm) composite, (kg)
(mm)
GF-PP 0.98 1.04 6.1 3.3
CF-PA 0.43 0.47 9.3 1.5
FF-PLA 2.54 2.65 4.3 5.9

The second group presents the solutions based on the Tsai-Wu failure criterion as a constraint (Eq.
3), where the action of different stress components is considered. It allows obtaining the reliable
values of main parameters, applying suggested multi-objective optimization for non-symmetrical
composite vessels. These calculations are provided also for three types of composite materials for
the studied model. The main goal of the optimization solution is to minimize the amount of

composite material and maximize the strength capacity of the vessel. The summary of the main
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results for the second group is presented in Table. 4. Changes in the main characteristics (thickness,
mass, opening radius, and density of strain energy) during the optimization iterative process are

presented in Fig. 6-9 for the two groups of solutions.

Table 4. The summary of the calculations based on the Tsai-Wu criterion

Results of calculations
Material of [ Mass of composite The thickness of the
composite (kg) composite on a cylinder
(mm)
initial final initial final
GF-PP 26.7 20.8 10.6 8.1
CF-PA 38.8 4.5 16.8 1.9
FF-PLA 27.3 16.8 11.3 7.5

The minimization of the total thickness of the composite is illustrated in Fig. 6 for three types of
composite materials used for simulations (GF-PP, CF-PA, FF-PLA) for two groups of solutions.
This value includes the thicknesses of all helical and hoop layers on the cylinder. Fig. 7a shows
the total output composite thickness along the vessel height with a characteristic composite
thickness profile with a constant thickness in the cylindrical part and variable thickness in both

domes.

One of the key aspects of MIGA methods involves the necessity to set the correct range for
parameters. This ensures that, in the process of searching for an optimal solution, the generated
values remain within the allowable range of the geometric parameters of the mechanical model.
The initial values of all input parameters, including thicknesses, are randomly generated. For each
designed layer, the thickness ranges are set from 0.01 to 2 mm, and orientation angles from 0° to
90°. MIGA is applied, with 10 generations, 10 islands, and 10 subpopulations, and solution time
for 1000 iterations takes an average of 510 min. This number of iterations (1000 iterations) can be

considered sufficient at this stage in our case since the algorithm converged without further
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improving the minimum feasible values of the objective functions of thickness (Fig. 6) and
composite mass (Fig. 7b) at maximum values of strain energy. The comparison of thicknesses,
obtained using two types of criteria for each material shows that the difference is lower for the
material with better mechanical characteristics (Table 1), such as CF-PA. Test studies were carried
out for three types of composites in order to assess the cost-effectiveness of selecting a composite
material for the considered water tank. As can be seen from Fig. 6 and Table 4, for CF-PA we
obtained thickness and weight 4-4.5 times less compared to other composites (GF-PP, FF-PLA),

which is reasonable due to the high carbon material properties.

For each mechanical solution, we obtain the density of strain energy as an output value. The
maximum value changes are shown in Fig. 8. The solutions of the first group are characterized by
a strong increase in the density of strain energy compared to the solution of the second group. This
difference is mainly explained by the fact that initial geometrical parameters and thicknesses for

the first group were far from the optimal solution.

They mm GF-PP Th,, mm CF-PA The, mm FF-PLA
21.0 21,0 21,0
18.0 18,0 18,0
15,0 15,0 15,0
12,0 i 12,0 12,0 yid
9.0 2.0 2.0
6,0 6,0 6,0
. 2 II ,
3.0 I 3.0 3.0 I
0,0 - 0.0 0.0
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
number of iteration number of iteration number of iteration

Fig.6. Iterations in total thickness of composite on the cylindrical part during optimization with
different failure index: I — principal stresses criterion; Il — Tsai-Wu criterion.
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Fig.7. Results of optimization solution for GF-PP with different failure index: 1 — principal
stresses criterion; 11 — Tsai-Wu criterion: a) distribution of total composite thickness along the
vessel; b) changes of composite mass during optimization.
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Fig.8. Changes of the maximal density of strain energy during optimization with different failure
index: | — principal stresses criterion; Il — Tsai-Wu criterion for GF-PP.

The calculations thus point to optimal values for the polar opening radii and, as a consequence,
changes in fiber angle for all designed layers in the composite. The changes in polar openings,
considering the vessel geometry, are specified for each radius separately. The results are presented
for the values of polar opening for upper and lower domes for GF-PP (Fig. 9). Variation during
the optimization process lies in the range of feasible values. It can be noted that the radius of the

second polar opening on the upper dome Toup, tends to be the first Toup, = 20mm (constant) in

the iterative process as the thickness of the composite decreases, which provides better strength on

the upper dome. The third opening radii Toup, and roq4, tend to have approximately the same

values on the upper and down domes.

Second polar openings on two domes, Third polar openings on two domes,
Fy, UM GF-PP Fo, Hiim GF-PP
160.0 200,0 r
rl]dz 0d3
Nerdsinsiass
120.0 150,0
80.0 To 100,0 Toup,
40,0 50,0
0,0 0,0
0 200 400 600 800 1000 0 200 400 600 800 1000
number of iteration number of iteration

Fig.9. Changes of second and third polar openings for GF-PP during optimization with Tsali-
Wu criterion.
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The developed algorithm allows us to obtain the distribution of fiber angles for each helical paired
layer along the height of the vessel, according to the suggested approach. Obtained initial and final
distributions are presented in Fig. 10a,b,c for GF-PP, CF-PA, FF-PLA, respectively. The
distributions of fiber angles for each package of helical layers (a4, a,, a3) are fully dependent on

the polar openings on each dome (r°ul’1’ Toup,» Toups: Tody: Tody Toqz) (Table 5). Toup,
and roq, remain constant during optimization, according to the manufacturing constraints. The

zones of the down and upper domes are characterized by a sharp increase in the fiber angle up to
90° at the polar openings. Initial values are estimated, according to the initial random values of
polar openings on each dome. It can be noted also from the final redistribution in fiber angles, for
each composite material, that the distribution of angles in 3 layer tends to the constant values on

the cylindrical part with equal polar openings on each dome.
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Initial angles, FF/PLA Final angles, FF/PLA
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Fig.10. Initial and final distribution of 1, 2 and 3 helical layers (the calculations based on

the Tsai-Wu criterion): a) for GF-PP; b) for CF-PA; c) for FF-PLA.

Table 5. Values of polar openings on the upper and down dome for three packages of helical

layers, for the second group (the calculations based on the Tsai-Wu criterion)

Material/ GF-PP CF-PA FF-PLA
o, MM Initial |  Final Initial | Final Initial | Final
1o, for a,
Toup,=CONSt 20.0 20.0 20.0
Toa,= CONSt 125.0 125.0 125.0
o, for a,
Toup,, 76.9 29.0 76.3 55.4 86.3 23.1
Tod, 129.9 132.0 130.3 134.8 130.4 129.7
ro,for as
Toup., 103.5 134.3 131.6 123.6 117.7 126.2
Tods 144.8 173.6 161.4 167.3 173.0 146.0

Numerical solutions using the developed methodology also revealed a significant dependency
between components of material properties and obtained results. The values of strength
components of composite mechanical properties have a notable impact on the resulting optimal
thickness, even with just one component. However, accurately assessing their values is often
challenging. While Chamis’ formulas (Appendix 1, Eq Al) can be utilized, it has been observed
that they may provide an overestimated result for the strength components; for instance,
considering the value Y: for GF-PP. The experimental value is 13.1 MPa, while the calculated

value is 24 MPa. This component affects the value of the Tsai-Wu criterion (Eq. 3) and,
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consequently, the final values of composite thickness and mass. The results of calculations in
Table 4 are presented using available data for this material, but, the using of the calculated value
24 MPa leads to the decrease of the final optimal thickness value, for example for GF-PP, from
8.1 mm to 6.7 mm (17%). A similar effect can be observed for the values of other components.
This highlights the importance of considering this factor when designing a composite vessel using
the proposed algorithm. Therefore, the optimization task is highly sensitive to the choice of the
failure criterion, and the values of mechanical properties for the composite material are crucial for

finding an optimal solution for the composite pressure vessel design.
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6. Conclusions

In this work, a newly developed iterative algorithm for the design optimization of a composite
pressure vessel based on multi-objective parametric optimization is presented. The criterion for
choosing optimal parameters is the assessment of the mechanical state of the vessel, fulfilling the
failure criterion. The main originality of the developed optimization methodology is that it
provides an efficient tool for the design of composite vessels with unequal polar openings. Another
originality is the integration of different opening radii for each helical layer as independent

optimization parameters, that provide the non-symmetry of a model.

A special Python script was developed that considers manufacturing features of filament winding,
such as the distribution of fiber angles for geodesic and non-geodesic paths on each dome and
changes in thickness. Also, due to the presence of unequal openings for winding on each dome, an
approach was implemented that includes piecewise linear modeling of fiber angle changes along

the cylindrical part of the vessel.

The solution to the optimization problem was provided in the optimization module using a genetic
algorithm. According to the literature review and own test calculations genetic algorithms allow
us to avoid obtaining local solutions for such types of optimization problems, then, for example,
gradient or direct search methods. The optimal parameters of a composite vessel were found by

minimizing the composite mass and thickness and maximizing the strain energy.

Testing of the developed optimization methodology was carried out for a composite vessel for
storage and heating water. Calculations were provided for three types of composite materials (CF,
GF, FF) to evaluate the mechanical capability and economic profitability of their use for such a
design model of the vessel. Also, the influence of material properties of the composite on the final
result was estimated. It was obtained that vessels made of CF-PA can have much lower thickness
and weight compared to other composites under consideration (GF-PP, FF-PLA). However, the

cost of CF-PA would be much higher. Of course, other aspects must also be considered when
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choosing a material. The economic study that would follow this work will have to consider the
material cost, the mass of materials, but also other criteria such as the recyclability and value of
the recyclable material. The considered iterative algorithm determines the optimal vessel
parameters, based on the mechanical problem and some design features. For a complete analysis,
the heat transfer and thermomechanical problem should also be studied, which may be a topic for

further research.
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Appendix 1

All elastic and strength properties for the three used materials should be estimated. In this work,

the Chamis’ micromechanical model was used [38,50].

Eyy = V/E[, + VE™

Em

1-yvf{1-E"/
EZZ

Eyp =

Vi = V13 = VfV{z + vam

_ Exp
V23 = 26,3
Gm
Gip =
1—Jv_f<1—0m f>
GlZ
Gm
Gz = - (A1)
1-/vf[1-C™
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where E;4, E,, - Young’s modulus along fiber direction and in transverse direction; vy, V43, Va3 -

Poisson's coefficients, G;,, G,3 - shear modulus. V' - component volume fracture, subscripts f and

m stand for fiber and matrix material respectively.
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