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This work deals with the development of a numerical tool for the design of filament wound submersible composite cylinders. A genetic algorithm coupled with analytical shell models allows stacking sequences to be optimized in order to increase the buckling pressures. The examples presented concern IFREMER's current studies and characteristic lamination patterns have been obtained. FEM calculations confirm the gains corresponding to the solutions obtained. The robustness of the optimized laminations is attentively studied. The peiformances of the optimization procedure are also discussed. RESUME: Ce travail concerne /'elaboration d'un outil numerique d'aide a Ia conception d 'enceintes so us-marines cylindriques composites realisees par enroulement filamentaire. Un algorithme genetique couple a des modeles analytiques des coques permet d'en optimiser Ia stratification a fin d 'accroitre Ia limite de flambage. Les applications presentees sont liees aux travaux actuels de l'IFREMER. Les calculs d'optimisation ont conduit a /'obtention d'un type de stratification caracteristique. Les calculs MEF confirment /'interet des solutions optimisees. Une attention particuliere est accordee a /'etude de Ia robustesse de ces solutions. De plus, les peifonnances de Ia procedure d' optimisation sont analysees.

Introduction

The use of composite materials in the manufacturing of submersible structures allows low weight to displacement ratios and long endurance for devices of limited energy carrying capability [YIN 92] [GRA 95]. Various potential applications, such as autonomous underwater vehicles and submarine exploration hulls, are currently developed by IFREMER with participation in European BRITE and MAST programs [DA V 96]. Figure 1 presents an application with a towed acoustic sonar. The cylindrical hulls used for such structures are composed of multilayered thin or medium-thick composite cylinders, obtained by the filament winding process [DVO 96], and closed by rigid metallic end-closures as shown in Figure 2. Experimental tests of cylindrical highly pressurized hulls (60 MPa service pressure) have been carried out by IFREMER. These tests, validated by numerical studies using FEM models, have confirmed the risk of failure due to buckling caused by the external hydrostatic pressure [DAY 96].

All cylinders investigated so far used orthotropic [ +55° N] (angles measured with respect to the cylinder axis) stacking sequences. This choice is due to the ratio between the circumferential and the axial load components resulting from the pressure [GAY 97]. Such a lamination pattern, classical for thin tubes submitted to internal hydrostatic pressure, does not take into account the instability risk.

Figure 1. Example of application

Figure 2. Cylindrical hull

This paper deals with an optimal design tool for submersible composite cylinders, allowing the search for lamination patterns that increase the buckling pressure Pa. The approach developed consists in coupling analytical models of cylindrical composite shell buckling with an optimization procedure based on a genetic algorithm directly manipulating the integer design parameters. The numerical applications presented, including specific manufacturer constraints, are connected with IFREMER's current studies. FEM models are applied to verify the stability limit increases corresponding to optimized stacking sequences. The performances of the optimization procedure are studied. Moreover, the robustness of the optimized solution patterns is also enhanced by analyzing the influences of the material characteristic values and the geometrical imperfections.

Cylinder modeling

The geometry of the cylindrical shell is characterized by the length L, its meanradius R and the wall-thickness h. As shown in figure 3, the u, v and w displacements are expressed in the (x,y,z) coordinate system related to the cylindrical mid-surface. Each k 1 h composite layer characterized by the filament winding angle noticed fA (measured in degrees with respect of the cylinder axis) is cross-ply, i.e. made up of equal amounts of fibers in the +Bk and -Bk directions. According to previous modeling studies [GUG 95] [PAP 98], the cylinders are assumed to be simply supported at their ends. The geometrical imperfections are the main source of buckling load reductions for both isotropic and composite thin-walled cylinders under hydrostatic pressure [TAB 97]. These geometric defects lead to considerable discrepancies (sometimes exceeding 50%) between experimental results and perfect cyJinder model predictions [BAR 83]. For several years, many authors have studied and developed analytical models of imperfect laminated cylinders subjected to buckling. Those formulations have been based on two main features [TEN 71]:

-The geometrical imperfection is modelled by an axisymetric, waving, modal deflection of the mid-surface of the cylinder. This assumption is an extension of previous analysis, concerning the buckling of isotropic imperfect cylinders.

-The geometrical defect effects are assumed to be of the second order. Only the nonlinear terms of deformation take into account this modal imperfection. This assumption leads to complex nonlinear formulation, then requiring specific and expensive solving procedures. A new formulation was developed for our study: by analogy to their real shapes [DVO 96], each ply is assumed to have a thickness defect modeled by an axisymetric modal waviness defined as:

w =a sin (mnxj L)
where a is the equivalent maximum imperfection amplitude related to each ply. As for the classical imperfection modeling [TEN 71], [BAR 83], the number of the longitudinal half waves m is related to m. The global geometrical imperfection of the cylinder is then assumed to be generated by all of these ply defects. The effects of the ply imperfections are introduced in the problem by correcting the stiffness coefficients of the laminate. The final linear form of the eigen-value problem of buckling is obtained using Galerkin's method. The formulation of these geometrical imperfection models, tests and comparisons with FEM results are detailed in [MES 99].

FE models

The finite element modeling has been performed in order to verify the critical load increases for optimized stacking sequences. A linear analysis of stability has been carried out using the Samcef FEM code for three types of composite laminated shell elements: hybrid (neglecting the shear transverse effects), Mindlin and volume elements. The rigid end-closures were modelled by rigid body elements leading to simply supported boundary conditions [GUG 95] [PAP 98]. Moreover, the hybrid shell element model allows the buckling analysis of geometrically imperfect cylinders. As for the most part of the standard FEM codes, the global geometrical imperfection is modeled by introducing a modal deviation in the coordinate values of the nodes. Independently, calculus has been performed using the Adina code and FE model, similar to the Samcef Mindlin one. Moreover, some comparisons have been realized applying a laminated shell element (neglecting the transverse shear effects) of the Solvia FEM code [PAP 98].

Optimization procedure

GAs principle

Among several computational techniques developed to deal with discrete engineering optimization problems, the promising applications of Genetic Algorithms (GAs) have been explored intensively in recent years. GAs are a class of computational models inspired by evolution, which may be used directly to solve non differentiable and discontinuous problems. They are particularly effective in the case of many locally optimal points. Numerous recent applications of GA to various engineering problems presented in the literature have shown the usefulness of this class of search procedures. The standard GA manipulates a fixed number of individuals, each corresponding to a potential solution of the optimization problem. A measure of performance, called fitness and corresponding to the objective function, is associated with each of them. The starting population is randomly created. The process of evolution is simulated using a set of biologically inspired operators (selection, crossover and mutation). Accordingly to evolutionary theories, the most suited elements, having the higher fitness values, are likely to survive and to produce next generations of "children" by recombining the features of "parents". Then, each iterative step creates a new generation of possible solutions. Finally, the GA sends back the best individual. This simulated evolution process is detailed for example in [GOL 94], [MIC 96] and [SEB 96].

Variable encoding and genetic operators

For a large majority of GAs applications in structural optimization, the design parameters are binary encoded and manipulated as bit strings called chromosomes [GOL 94]. This technique seems to be quite natural in many problems, for example in the case of topological optimization, where a value of binary gene can indicate the presence or absence of material in a given part of a structure [PYR 98]. Some authors [SEB 96] mention however a risk of processing of binary encoded variables due to epistasis phenomenon [MIC 96]. For the present study an "integer" version of GA, manipulating directly integer parameters, has been created. The whole arithmetical crossover operator is applied. This technique is defined as follows, where x 1 and i 2 are "parents", and .X' 1 and i' 2 are the corresponding "children": {

x

' 1 = I nt [ r x 1 + (I -r) x 2 ] with 2 2 1 /nt = mterger part r randomly generated x' = Int [r x + (I -r) x J j .
The selection procedure of the genetic algorith It)tStr $\1~5mqtM:tep}6Jluctive chances to the more fit individuals. The created GA applies the tournament procedure [SEB 96]: the bettern one of two individuals randomly selected is then chosen. This technique, inducing a constant selective pressure [SEB 96], can enhance efficiently GA search [Y AN 97]. The elitist selection technique is used and the best chromosome is automatically reproduced in the next generation. Moreover, the random uniform mutation [MIC 96] is applied.

Numerical applications

Cylinders considered

The applications presented concern IFREMER' s current studies carried out in connection with the manufacturer CNIM (Constructions Navales Industrielles de Ia Mediterannee). The structures considered are small scale cylinders having a 400 mm length and a 175 rnm internal diameter. The material is a carbon fiber reinforced epoxy resin. According to previous experimental and numerical studies [ 

Solutions including manufacturing constraints

The optimization problem is formulated as follows:

to maximize the objective function: F = Per

According to the manufacturer constraints, the filament winding angle values are subjected to the five following values (expressed in degrees):

8; E { 30 ,' 45 ,' 60 ,' 75 ,' 90}

For each thickness case investigated and for each analytical model used, 20 runs of GA program were performed. The following values of GA operator probabilities [GOL 94] have been applied in the optimization code: 80% for crossover and 0.8% for mutation. The numbers of individuals and numbers of generations are detailed in § 4.3 . The best stacking sequences (leading to greater Per values) obtained using the Sanders and the CT3 models coupled to the GA are presented in figure 5 and6, respectively. In these figures, the lamination plies are numbered from the inner to the outer surface of the cylinder. For each optimized stacking sequences, a table presents the critical pressures values calculated using different analytical and Samcef models. The shapes of buckling modes are similar to those presented in Figure 4. The increase of critical pressure, deducted from optimized stacking sequences (with respect to the [55N] initial solutions), is evaluated using the gain G and the nondimensionalized gain factor y defined as follows:

where Per ( [55 N]) corresponds to the limit of stability presented in table 3. The buckling pressure increase calculated using the FE models appears to be substantial.

As shown in Figures 5 and6, it is worth noting that the optimization procedure leads to typical, similar [90NI I a I 30N 2 I f3 I 90N 3 ] laminations, where a and f3 indicate plies of transition zones. However, the optimized solutions obtained using the Sanders-type model provide lower buckling pressure values than those obtained using the CT3 model. Thus, in spite of small differences on the buckling pressure values between the Sanders-type and the CT3 models (see Table 2 and Figures 5 and6), the optimization results appear to be sensitive to the shear transverse effects, especial1y for the thicker cylinders.

Additional buckling calculus, concerning the optimized stacking sequences presented in Figure 6 have also been performed using the Adina and Salvia FEM codes. The results, presented in Tables 4 and5, confirm significant buckling pressure increases. Moreover, we can notice that these critical loads are greater for all cylinders than the stability limits of In the case of cylinder number 6, an additional manufacturing requirement has been included in the optimization problem: five successive plies whose angle values are less than 75° are compulsorily followed by a 90° ply in order to compact the resin and so therefore to regularize the fiber ratio. Figure 7 presents the corresponding result, obtained using the CT3 model. In spite of this additional constraint, the [90N 1 I a I 30N 2 I f3 I 90N 3 ] pattern is preserved. Additional calculus have been carried out in order to improve the influence of the manufacturing constraints. The optimization of cylinders was then performed for ply angles changing from 0° to 90° by step of 1 o. The additional fiber regularization manufacturing constraint previously considered for the 32-ply cylinder, was not included. Figure 8 presents the best stacking sequences obtained (after 15 GA runs) using the CT3 model. The indicated y values are calculated using the Samcef Mindlin shell model. These optimized laminations are very similar to the ones obtained previously, always leading to [90Nl I a I ON2 I {3 I 90N 3 ] laminations. The y values are slightly greater than those obtained including manufacturing limitations. As noticed in § 4.2, the results corresponding to the Sanders-type model (not presented) also lead to lower buckling pressure values, especially for the thicker cylinders. Figure 9 presents the similarity between a [90Nt I ON 2 I 90N 3 ] lamination pattern and an 1-section beam. Thus, considering this analogy, we can conclude that the optimized laminations act as circumferential stiffeners.

Figure 9. Analogy with an /-section beam

The search for the worst stacking sequences, providing the lowest buckling pressures, was performed as well in order to verify how distant they are from the optimized solutions. For ply angles changing from 0° to 90° by step of I 0 , the worst solutions obtained always give [ON] laminations. Table I 0 presents the corresponding buckling pressure and the y values (then negative) calculated using the Samcef Mindlin shell model. These results complete the previous interpretation and the analogy presented in Figure 9: the worst laminations [ON] provide the lowest bending stiffness in the (y, z) plane and consequently lead to the lowest buckling pressure values. 

cylinder n°

Performances of GA

This paragraph concerns the study of performances of the GA procedure for calculations performed in § 4.2.I and the reproducibility of the corresponding solutions presented in Figures 5 and6. The manufacturer angle constraints (cf. § 4.2.I ), limit the space design of the optimization problem to 5N different lamination solutions for a N-plies cylinders. Table 7 presents these cardinality values (i.e. the number of different possible solutions) for each cylinder thickness case. The number of individuals and generations used for the GA code and the corresponding CPU time (on a Sun Ultrasparc workstation) are also indicated. It is worth noting that the ratio between the number of buckling analyses realized during a GA run and the cardinality of the discrete optimization problem is about 0.1 % for the cylinder number 1 and less than 3.5 • 1 o-16 % for the cylinder number 6. 8 presents the average fitness (and the corresponding standard deviation) values of the best individuals obtained for these 20 optimization calculations performed using the CT3 model. The average values appear to be very close to the ones presented in Figure 6. The corresponding st~ndard deviation values indicated very small discrepancies. Moreover, all of the best laminations obtained for each of the 20 runs are always [90N 1 I a I 30N2 I {3 I 90N3] lamination patterns, having few numbers of angle value differences with respect to the solutions presented in Figure 6. The results deduced from the calculation using the Sanders-type model are similar. Thus, the GA procedure always provides similar solutions by exploring a very small number of possible configurations. 

Sensitivity to material parameters

The experimental difficulties in characterizing properly the material of the structures under consideration [ DA V 96] induce doubts about the exactness of the orthotropic characteristic values presented in § 4.1. In order to evaluate numerically the influence of these uncertainties, 50 runs of GA, including the angle constraints (cf. § 4.2.1) have been carried out for each cylinder case. The CT3 shell model is used. Each of the nine orthotropic parameters is randomly and independently generated for every calculation within the following range of values (modulus in GPa):

102.9 The interval values are related to the study presented in [CHA 99] and correspond to variations of the fiber ratio and the longitudinal fiber Young's modulus. Figure 10 presents the average and the corresponding standard deviation values of the lamination angles for the 50 best solutions obtained for each cylinder case. As shown, for example, for the optimized lamination of the cylinder 1, only the plies number 3 and 9 vary (equal to 45, 60 or 75°). Thus, the [90NI I a I 30N 2 1 f3 I 90N 3 ] typical laminations are always preserved. Such a lamination pattern appears to be stable and robust in spite of uncertainties over material characteristics. 

Conclusion

An optimal design tool for submarine composite, laminated cylinders exposed to instability risk has been developed using a genetic algorithm coupled with analytical buckling models. It allows the optimization of the stacking sequences in order to increase the buckling pressure values. Numerical applications concerning IFREMER's studies have been performed including the manufacturing constraints.

The optimized cylinder laminations are based on a typical pattern [90NI I a I 30N 2 I f3 I 90N 3 ] similar for all analyzed examples. The FE modeling has confirmed the significant increases (exceeding several tens of percent) of buckling loads of optimized stacking sequences with respect to classical [55N] laminations. Additional studies have confirmed that such laminations of [90NI I a I 30N2 I f3 I 90N 3 ] type are robust and preserved even if mechanical properties are uncertain and if structures are geometrically imperfect. Moreover, the numerical applications have shown the usefulness of the GA optimization procedure. Large discrete design spaces were processed and solved in acceptable CPU times.

An experimental study concerning the carbon reinforced epoxy resin and having the optimized laminations presented in this paper, is currently being performed in IFREMER laboratories. Some buckling tests on glass/epoxy cylinders with [55N] and optimized stacking sequences are also being performed on a special testing device described in [GIN 99]. The first results indicate a substantial increase of buckling pressure for the optimized laminations.
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Table 1 .

 1 DA V 96] [PAP 98], the following orthotropic mechanical properties are considered (modulus in GPa): £ 1 =156~ £2=9.65; £ 3 =6.57~ G 12 =5.473; G 13 =2.8; G 23 =3.925; v 12 =0.27~ v 13 =0.34; v 23 =0.492. Each cross-ply is about 0.624 mm thick [PAP 98]. Six cylinders, thin-walled and half-thick, are investigated. Table1presents the corresponding numbers of plies and thicknesses.Table2shows values of critical pressure, calculated using both the analytical and FE models, for the initial cylinders having [55N] lamination pattern. As mentioned in § 2.1, buckling modes obtained from FE and analytical models always match one of the shapes presented in Figure4. For the thicker cylinders, the shear transverse effects appear to have a great influence on the buckling pressure calculated using FE models. The results corresponding to the Sanders-type model are always similar to the CT3 ones. However, these values are lower than the FE results for the thinner cylinders and higher for the thickest. Thickness of the cylinders

	cylinder number	1	2	3	4	5	6
	number of plies N	10	13	16	19	26	32
	thickness h (mm)	6.2	8.1	10.0	11.9	16.2	20.0

Table 2 .

 2 Buckling pressures of the [55Nl cylinders 4.2. Optimization results

Table 4 .

 4 [90M I eM] laminations studied in [PAP 98]. Results obtained using Adina

	cylinder Per (MPa) G (MPa) f(%)	cvlinder Per (MPa) G (MPa) y(%)
	1	30.0	8.7	40.8	1	29.1	I 0.1	53.2
	2	54.7	13.3	32.1	2	56.4	17.8	46.1
	3	89.6	21.4	31.4	3	95.6	29.8	45.3
	4	133.4	31.4	30.8	4	145.0	45.8	46.2

Table 5 .

 5 Results obtained using Salvia

Table 6 .

 6 Buckling pressure and y loss values for the [ON] cylinders

		1	2	3	4	5	6
	Per (MPa)	4.7	8.1	13 .0	19.3	39.6	63.4
	r (%)	-74.5	-77.0	-77.4	-76.9	-72.7	-69.4

Table 7 .

 7 Cardinality and population parameters of the GA

	cylinder n°	1	2	3	4	5	6
	Cardinality	9.8•10 6 1.2•1 0 9 1.5•10 11 1.9•10	13 1.5•10 18 2.3•10	22
	number of individuals	50	60	70	80	90	100
	number of generations	200	300	400	500	600	800
	CPU time (minutes)	9	18	31	46	64	98
	As mentioned in § 4.2.1, 20 successive runs of GA have been performed for each
	cylinder case. Table						

Table 8 .

 8 The [90N 1 I a I 30N 2 I {3 I 90N:d laminations appear to benefit from a high reproducibility. Statistical results of the GA runs

	cylinder n°	1	2	3	4	5	6
	Fitness average	31.46	53.21	80.95	118.70 246.41 404.52
	standard deviation	0.14	0.18	0.66	0.95	1.02	1.07
	4.4. Robustness of the optimized solutions				
	4.4.1.						
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