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With the increasing use of advanced composite materials in aerospace structures, comes the matter of the optimal design of composite structures. Indeed, even after several decades of experience, the aeronautic industry is still looking for the best practice for designing composite structures. The most advanced methods that are currently used are either very computationally expensive, or require massive and costly experimental validations, thus limiting the use of these methods to the most critical parts only.

For the more common parts, design is conducted with the traditional approach which relies on very conservative guidelines that hamper the development of design tools that would really take advantage of the freedom-of-design offered by composite structures. The consequence is the oversizing of the structures, as a mean to compensate for their lack of sound physical basis. As a result, the specificities and advantages of the composite materials are not fully exploited, and composite solutions are often undervalued compared to metallic solutions, much more readily available. This issue is just as critical for the spatial industry, and in particular for CNES, the French space Agency, which design tools have proven to be outdated with regard to the design of the Ariane VI launcher.

Indeed, as the aerospace industry always require lighter, reusable and cheaper launchers, research effort is needed to devise new design tools for launchers structures. As in the aeronautic industry, the use of CFRP materials has always been seen as a key driver to maximize payload while maintaining high structural integrity. However, unlike aircraft industry where use of composite has been driven by aeroelastic issues in addition to weight savings, there is no part of the launcher where unconventional mechanical couplings have been seen as useful as, for instance, the shear/tension coupling in a composite wing. Nevertheless, composites have naturally been integrated into launchers as their use has always been reported beneficial for bending-dominated and prone-tobuckling structures, which launchers typically are.

(Figure 1, view of the Ariane V SYLDA).

Historically, and very similarly to aircraft structures, design approach for buckling of composite structures in launchers rely on the former NASA Technical Note from 1968 (NASA SP-8007) that considers the laminate as a kind of special metal and rely on traditional design approaches for metallic structures. In particular, the stacking sequence is often considered fixed and is not a full design variable. This traditional approach, so-called 'black metal' by its simplicity and proximity to metallic structures has often been the only design approach for space structures. The drawback of this method is once again that it does not fully benefit from the use of composites.

Over the recent years, the space industry has been experiencing a revolution with the arrival of SpaceX and their reusable launchers that will dramatically decrease the cost of launch. As a result, the competition between launcher manufacturers, with respect to the performance/cost ratio of these structures, has probably never been as fierce. It is expected that the massive use of new materials and new manufacturing processes will lead to a leap in those performances. According to the European Space Agency, the Future Launcher Preparatory Program will integrate many new CFRP components, both in unpressurised and pressurised (cryogenic propellant) structures.

In this context, in order to face the increasingly complex design of composite structures, and owing to the relative absence of integrated design composite tools, CNES and ONERA have decided to join their efforts in developing a novel tool for the optimal design of composite structures, which aims to cover the whole design process of a structure, from the search for the structural concept to the prediction of damage and failure in the most critical areas. This tool would take into account a large number of the specificities of these materialsanisotropic nonlinear behaviour, manufacturing constraints,… --and would be applicable to a large range of structures, from cylindrical shells to lattice structures, and of processes (e.g. draping, fibre placement, thermomoulding, etc…). This article presents the outcome of the first step of this large project which has taken place from 2015 to 2017, and has resulted in the development of a prototype tool implemented in Python 3. This prototype carries out a new global design strategy that allows to size large-scale composite sandwich structures. In the following we describe how this tool interacts with commercial FE software (MSC Nastran), and demonstrate its efficiency on the testcase of the SYLDA payload adapter (see Figure 1).

Overview of the optimisation strategy (Figure 2, workflow of the XComp optimisation tool)

Figure 2 shows the principle of the global design strategy used in this work. It follows in essence the indirect two-step approach described in the literature [ref], where the material is first seen as an homogenised equivalent material, characterized by its total thickness and a set of stiffness parameters that fully define the elastic behaviour of the material. These continuous parameters are then used as design variables for a first optimisation step of mass minimisation, where the mechanical specifications of the structure are enforced as the optimisation constraints. Then, the continuous thickness distribution and stiffness distribution are used as the target for a second optimization problem, where the variables are the number and the orientations of the layers that define the composite lay-ups. The outcome of the second optimisation step is a fullydefined composite structure.

The major advantage of the two-step approach is to deal separately with structural analysis and laminate combinatorial optimisation which enables to optimize complex composite structures within practical computational time. Indeed, the first step combines computationally expensive finite element analysis of the structures with efficient gradient-based optimisation while the second step combines computationally expensive laminate lay-up combinatorial optimisation with analytic evaluation of the homogenised shell stiffness. Nonetheless, this strategy comes with a significant disadvantage. Since no structural analysis is performed at the second optimisation step, it falls to the designers to check that the design fulfils its specifications and then to repair the solution as needed. To overcome this limitation and adapt the tool for composite sandwich materials our approach differs from the general twostep scheme in several ways. First, the material here is a composite sandwich, that is to say a thick shell made of two identical thin monolithic composite skins, and a thick NIDA core in between them. However, for any given material for the NIDA core, a sandwich shell can be treated as a homogeneous shell, whose behaviour is fully described by the thicknesses of both the skin and the core, and the stiffness properties of the skin. These properties are thus the variables of the first optimisation step. Indeed, the membrane and bending stiffness matrices of the sandwich panels are parameterised using the stiffness of the skins, the thickness of the core material as well as the thickness of the skins. Additionally, for thick sandwich shells, transverse shear stiffness cannot be neglected. In the present work, the transverse shear stiffness matrix of the sandwich material is evaluated as a function of the design variables, using a dedicated response surface.

In the second optimisation stepstacking sequence retrievalthe composite skins are not represented as the usual lay-up of unidirectional layers. Rather, we use the Stacking Sequence Table (thereafter SST) representation.

(Figure 3, view of a Stacking Sequence

Table),

This representation allows us, among other things, to enforce manufacturing constraints related to the blending of the composite panels, in a variable thickness structure (for instance, the proper spacing of ply-drops). The corresponding stacking sequence retrieval problem is solved using a dedicated evolutionary algorithm [REF].

Finally, we introduce a third optimisation step, which goal is to restore the feasibility of the final result, with respect to the mechanical constraints. Indeed, when optimising the composite lay-ups, the thickness of the structure at any given location is rounded to a discrete number of layers. It is then very likely that at least one of the mechanical constraints will be violated in the process. This last step allows the design to evolve slightly (adding or substracting at most one layer) in order to ensure that the final solution remains within the feasible domain. As a final note, the first and third optimisation steps are run with the FE optimization software MSC Nastran SOL 200, while the second step (Layup optimisation) is performed through the use of an in-house code.

Optimisation of Ariane 5 SYLDA.

The application case showed here is derived from a typical aerospace structure : the Ariane 5 SYLDA payload adapter.

(Figure 4, geometry of the A5 SYLDA).

Let us note however that we do not intend to reproduce or elaborate on the actual design process of this part. Rather, we use its mechanical specifications to define an optimization problem that will be solved using our global design strategy. The results should thus not be interpreted as potential gains on the real structure, since a significant number of constraints and specifications of the real structure are not considered here, but as a proof of concept of this strategy.

The objective of the overall design problem is to minimize the weight of the structure while enforcing several mechanical constraints :

 obtaining a minimal global stiffness of the structure,  preserving the initial performance w.r.t. buckling,  ensuring that no failure occurs in the composite skins.

The optimization variables are the thickness of the skins and the core, as well as a set of stiffness parametersthe lamination parameters [ref] that fully characterize the behavior of the sandwich shell. A dedicated GUI is used to enter the parameters of the optimization problem, such as the materials for the elementary layer and the core, or the admissible range for the variables. The user is also allowed to subdivide the part as needed in order to design separate composite lay-ups. Here for instance we choose to separate the upper and lower cones from the center cylindrical body of the SYLDA, as shown in Figure 3.

Below we show the results of this test run on the Ariane 5 SYLDA, when only the global stiffness constraint is enforced.

Table 1 gives, for each zone of the structure, the optimal composite lay-up of the sandwich skins, as well as the optimal core thickness. This design results in a gain of 11.5% on the total weight of the structure, while the mechanical constraints remain valid. The gain in weight was achieved mainly thanks to fewer plies in the skin. Let us note again that the proposed design may not be technologically feasibleespecially considering the excessively thin cores of the sandwich shellsbut still shows that the global design strategy developed in this work is able to significantly improve a design based on a given bill of specifications, while being readily available for use in a design office. Indeed, as far as computation times are concerned, the whole process lasted less than fifteen minutes.

In the light of these promising results, further work is currently in progress in order to improve the tool and expand its capabilities. For instance, the analysis described above is being performed again but with a much broader set of mechanical constraints, in order to validate the strategy on a realistic test case. Additionally, this optimization tool will soon be applied to stiffened panels, and is expected to be able to find the number, shape, and lay-ups of composite stiffeners optimal for any given structure.

Conclusion

In this paper we introduced a novel global design strategy for composite structures. The goal of this strategy is to improve the design of a composite structure based on its specifications, while taking into account a large number of the specificities of these materials. A prototype version of this design tool shows very promising results. As a result, the development of an advanced version of this tool is underway. This advanced version will introduce new functionalities, such as taking into account damage initiation or failure prediction, or optimizing a structure with respect to cost/process constraints. Ultimately, the tool would also be able to guide the designer in finding the optimal shape and process for the part, in order to, finally, fully exploit the potential of the composite materials in aerospace structures.
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