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Use of virtual reality for optimizing the life cycle of a fusion component

Efficient development of a complex system such as a fusion component needs a stringent integration of standard and new constraints. For example, compared to the previous fusion experimental devices, remote handling (RH) and safety requirements are in ITER key parameters which must be integrated since the earliest design. For optimizing such integration studies, CEA, IRFM decided in 2010 to implement the use of virtual reality (VR) tools during the life cycle (from design to operation) of a fusion component. This paper describes a first feedback of such use for fusion engineering purposes.

After a short overview of the CEA, IRFM VR platform capabilities, three main uses will be described: design review, simulation of remote handling and hands-on operations, with man in the loop.

The Design review mode was intensively used within the framework of a fruitful collaboration with ITER design Integration Team. This mode, fully compatible with CAD software, enables scale one data visualization with stereoscopic rendering. It improves the efficiency in detecting inconsistencies inside models and machine sub-system design optimization needs. Several accessibility cases of major Safety Important Components (SIC-1) were studied giving important requirements to the design at an early stage.

CEA, IRFM, in close collaboration with expertise of CEA, LIST for VR simulation software, applies VR technologies for designing RH maintenance scenario for ITER Test Blanket System (TBS) and Ion cyclotron Resonance Heating (ICRH) Port Plugs. RH compatibility studies using VR pointed out major design drivers while helping to propose credible solution. VR platform is intensively used in the design of WEST (Tungsten (W) Environment Steady-state Tokamak) components and assembly studies, providing important information about the feasibility of assembly processes, optimization of physical mock-ups and ergonomic posture and gestures of operator.

Finally, new perspectives, as the integration of safety constraints (dose calculation) will be described, demonstrating the powerful of VR tools at different stages of the component lifecycle.

Introduction

Fusion machines are designed to reproduce sun reaction on Earth. In this context, fusion machine must be composed of high strength materials and actively cooled components which have to sustain severe operating conditions. All these key components have to be assembled around a toroidal chamber with magnets, so a finite and close volume. Maintenance accesses and scenario have also to be designed. All these stages of maturation of a fusion component, since its preliminary design so it assures its function, its integration, assembly and maintenance could be a very long process if all the steps are managed in series. Major R&D projects such as ITER require building a complex machine. Multiple key components have to be designed in parallel with many integration, assembly and maintenance issues which could have an impact on the design. Moreover, the schedule of such projects is generally very tight due to the R&D and complexity of the components that have to be developed. One key to success to cope with tight schedule is the consideration of all set of constraints earlier in the design of the component.

In the context of ITER, the component must meet new requirements: the component has to be remote handleable and/or to be maintained by operators that lead to provide operator protection. In the last years, the advent of virtual reality technologies has opened new perspectives and solutions to take into account all these operating constraints in the earliest design of the fusion component itself. Indeed, the performance offered by simulation means allows now real time interaction with bigger numerical models.

In 2010, CEA, IRFM has taken the benefit of French "plan de relance" to build a VR platform in order to improve the efficiency in the design, and to optimize the integration of complex components for fusion reactors.

In this paper, we will first introduce VR room architecture. Then, this paper will describe the three modes offered by this platform. Their application for the design of components for ITER and WEST will be described in the third part and an overview of the results, experience collected along these projects and perspectives for these tools will be proposed. In term of conclusions, the last part is dedicated to perspectives in term of development aiming to integrate the dose parameter in the design of fusion components for extreme environment such as ITER and other industrial installation in the nuclear field.

CEA IRFM virtual reality platform -objectives

CEA, IRFM has a long experience in the design and operation of fusion components facing very tight schedule, budget and high performance constraints.

"Integrated design process" involving the collaboration of all contributors in the earliest design of the fusion component from conception to operation is a way to improve efficiency in the design and to optimize the integration of complex components for fusion reactors.

Virtual Reality technologies are one solution that was chosen by CEA, IRFM. The aim is to gain in efficiency during the design process. This 3D immersive tool is very practical since it is directly integrated to Computer Aided design (CAD) software used in the institute (Catia V5, Creo, 3D Via Composer, SolidWorks). This tool is a numerical mean that enables the user to evolve in a simulated environment. It helps to imagine what will be the real environment and if maintenance and accessibility to critical components is feasible. CEA VR platform is operational since December 2010 and has proved its interest and efficiency through several activities mainly focused on integration and maintenance.

Platform description

The platform is a meeting room that can welcome about 15 persons in front of a high resolution screen of 4 m × 2.5 m (Fig. 1). Users can interact intuitively with real scale numerical models of large components for instance ITER equatorial port plugs. The interaction is done in real time with the virtual environment through peripherals using:

-A haptic device called Virtuose 6D 35-45 for force feedback rendering. -A motion head tracking system and eight IR cameras to follow the user's point of view. -A flystick to evolve in the 3D immersive model with natural interaction.

This advanced design tool offers three different modes which are presented hereafter.

Design review mode

The platform uses Techviz software for direct visualization of CAD numerical models in stereoscopy. Navigation and interactions with the numerical mock-ups are allowed: visualization from all angles and other functions that already exist in CAD environments (cuts, measure).

During the past four years, CEA IRFM was involved in several studies in support of ITER Organisation design Integration team for integration of Safety Important Components (SIC) components, assembly and accessibility studies. The fruitful collaboration and experience collected through these different contracts will be described in Section 3.

Interactive simulation of operations with man in the loop

CEA, IRFM is collaborating since several years with CEA, LIST laboratory for the development and use of immersive simulation software for design purpose. Spatial immersion is a psychological state when the user as the perception to be deepens in the model, as if he was evolving in the building for real. Neofit is the simulation tool developed by CEA, LIST and running the Extended Dynamical Engine (XDE) (Fig. 2). This physical simulation engine provides real-time collision detection between complex objects and allows avoidance of unwanted collision with the real environment [START_REF] Merlhiot | Extension of a time-stepping compatible contact determination method between rigid bodies to deformable models[END_REF]. XDE library is used for mission preparation and supervision of masterslave manipulators [START_REF] Geffard | TAO2000 V2 computer-assisted force feedback telemanipulators used as maintenance and production tools at the AREVA NC-La Hague fuel recycling plant[END_REF].

CEA, IRFM VR platform is using and improving these immersive technologies for design purpose of complex components for fusion machine. These tools enable the user to interact in real time with the part to assemble or repair. Such technologies are very convenient for simulation of hands-on or remote handling operations (Fig. 3).

A haptic device, Virtuose 6D 35-45 (Fig. 4) can be connected as a master arm to a virtual slave robot in a 3D scene. The operator can feel the force feedback when the robot interacts with the elements of the environment.

The overall tools presented before are precious for numerical mock-up and scenarios validation while the design is not completely frozen. It enables the user to take into account assembly and maintenance constraints in the earliest design. RH compatibility assessment of fusion components can be run with VR tools during the component design process. It helps to optimize the physical mock-up, and thus to reduce time and cost.

CEA IRFM was involved between 2009 and 2012 working on the design of the ICRH antenna and TBS system within Fusion for Energy (F4E) grants. Several design proposals were done based on VR simulation results. Experience collected through these two activities will be described in Section 4.

Assembly scenario and maintenance operations

CEA VR platform offers also a third mode for design purpose. Animated sequences directly created in the CAD software can be played in the VR platform while the user evolves in. Compared to a classic method when clash detection is done on key positions, here the component path can be followed continuously. Interfaces with surrounding components can be checked during the entire path by changing the operator point of view on a scale 1 numerical model of the complete environment. It is then checked that no collision happens, and if the assembly clearances and the functional gaps seems well considered and sufficient.

In addition to this animation mode, Neofit simulation software can be employed. It enables to evolve in real-time with a virtual manikin in an environment. It enables to perform accessibility and ergonomics studies, and hands-on operation simulations in the earlier design. Improvements on the manikin behavior are under consideration and its interactions with the environment are studied within the framework of collaboration with Centre de Réalité Virtuelle de la Méditerranée (CRVM), a research lab working on motion sciences in Aix/Marseille University.

Neofit software offers another function where simulation of part trajectory can be computed with real time clash detection with the environment. At the same time, the simulation is displayed on VR room display to a better awareness of the real size of the component.

CEA IRFM is using these tools on Tore Supra WEST project and the experience collected will be summarized in Section 5. A more detailed analysis and comparison with physical mock-ups is presented in [START_REF] Pilia | Application of virtual reality tools for assembly of WEST components: comparison between simulations and physical mockups[END_REF].

Design review mode -application to design integration of ITER -results and issues

Between 2010 and 2013, CEA, IRFM and IO design integration team have worked in close collaboration to perform clash detection during the design process.

Scope of the studies

The studies concerned components located in the cryostat (invessel and in the overall cryostat) and diagnostics buildings. Priority was given to these areas as the configuration management models were close to be delivered to F4E and architects.

Objectives

Integration checks

The work concerned the identification of inconsistencies in the numerical mock-up (Fig. 5). The clashes detection consisted to visually identify the interferences between components, the insufficient gaps, the modeling errors and sometimes an optimization of the design like standardization of pipe radius. Priorities for inconsistencies detection were defined by ITER depending on the components design advancement and on the studied area.

Accessibility and assembly studies

Several accessibility and assembly studies have been realized. In the VR platform, the user can navigate in the virtual mock-up during the animation. In very tight areas, the operator checked that no collision happens and that the assembly clearance and operation functional gaps are well considered and sufficient. Based on the animation results, alternative conceptual design could be proposed for the optimization of the assembly process. At the same time, conceptual design for tools was also studied (Fig. 6).

First feedbacks

One could compare the clash detection (CD) activity to automatic clash detection integrated to CAD software. Depending on the criteria defined by the CAD designer, it has the advantage to guarantee the CD exhaustivity. One drawback is that this listing is generally very long and then the time saved during the CD phase is spent on the classification of clashes and their resolution. Moreover, this tool is only accessible to CAD designers. Advantages of using VR are that immersion in virtual mock-ups provides an accurate and fast understanding of the errors and their level of priority, allowing fixing them more easily and smartly. On exhaustivity of the clash detection, a systematic check of the components interfaces was ensured due to a strong methodology that consisted to test all components by pairs. Each event is reported in a listing and all 3D coordinates of a clash is indicated by a marker into the CATIA file to easily identify it. Moreover, the fact that components can be displayed on a big screen gives a better awareness of the real size of components. The responsibility for modifications becomes more obvious and communication between different teams is much improved. At last, the model can be shared by all contributors, leading to save time and cost in the project [START_REF] Cordier | Overview of the ITER design and integration status[END_REF][START_REF] Keller | ITER design, integration and assembly studies assisted by virtual reality[END_REF].

One limitation could be the difficulty to load big CAD models. Performance of computers will face this problem in the next years. Anyway, CAD models can be limited to Configuration Management Models (CMM) if only the interfaces between components are looked at. For specific component design, smaller detailed models can also be used. Immersion can also generate bad feelings on some patients. Some labs, more focused on the effects of VR technologies on Human, work on the subject to improve these technologies.

Thus, since 2014, ITER Design Integration Team is using a similar VR room fully integrated to design integration validation process.

Design of remote handling scenario -application of VR tools to TBS and ICH&CD antenna -results and issues

VR tools have been used within the framework of F4E Grants between 2009 and 2012 for the conceptual design of TBS components (pipe forest) and ICH&CD Port Plug (design of maintenance scenario of the Rear Vacuum Transmission Line).

Objectives

TBS

For both systems, the simulation of RH maintenance scenario was done in the earliest design. For TBS, the maintenance scenario concerned operations in the port cell. The working zone is located in front of the Bioshield. Operation is this zone will require a specific ALARA analysis concerning intervention in the Port extension. Anyway, at the conceptual design stage, the feasibility to perform this operation by means of robotic system had to be validated. Thus, the design has to cope with both scenarios: human and robotic access constraints. The simulation had to show that connection/disconnection of pipes on the interface between the pipe forest and the TBM Port plug is feasible with a set of standard industrial robotic arms. Only accessibility was analyzed, further concerns like radhardening were not considered and could be relevant for further industrial developments if needed in a more detailed design phase.

ICH&CD

The objective was to demonstrate the feasibility of replacing RVTL in the Hot Cell Facility by means of a RH system and Hot Cell toolings.

At this stage of the project, the HCF and HC toolings were not yet defined. CEA has therefore made assumptions and proposals to transport supplies in the HC (trolley, tilting machine, crane, frames) and for manipulators. Dexterous tasks identified for the ICRH maintenance and constraints regarding payload and workspace has lead CEA IRFM to propose a MASCOT arm to perform these operations. This arm is already in use on JET to perform Remote Handled tasks in tritiated and activated environment.

In both studies, the objectives were to perform a RH compatibility assessment using VR. The aim was to identify impossible tasks by means of RH systems and so design drivers and impacts through optimization of the Port Plug design.

Feedbacks

The use of such VR software enables to provide synergy between the design and Remote Handling needs. In the case of TBS and ICH&CD, major design modification needs were pointed out like the size of the corridors, toolings and pipes arrangement [START_REF] Keller | ITER equatorial Port Plug engineering: design and remote handling activities supported by virtual reality tools[END_REF][START_REF] Ferlay | First analysis of remote handling maintenance procedure in the hot cell for the ITER ICH&CD antenna -RVTL replacement[END_REF].

When the design will be more detailed, validation on physical mock-ups and adequation with nuclear environment will have to be deepened. The simulation of RH scenario performed by CEA, IRFM were done with Neofit which is also used as a supervisor in the experimental area of La Hague nuclear reprocessing plant which gives confidence in the system and realism of the kinematics chains used for robotic simulation.

Use of VR tools for designing WEST components and assembly studies

Within the framework of the WEST project, Tore Supra initially built in the 1980s is now being updated. The objective is to offer an ITER relevant test bed for ITER tungsten divertor and qualify this key component in a long pulse fusion environment.

If the construction of a new fusion machine is not obvious, it can be even more complicated to upgrade an existing machine. To be relevant of ITER operating conditions, the inner chamber has to offer the maximum volume. This constraint has an impact on in vessel components and their integration. The use of the latest CAD technologies available to validate integration and assembly principle in the earliest design on numerical mock-ups has been set up (Fig. 7). real time collision detection is required. Therefore, it is possible to realized simulation with real time clash detection. The simulation is displayed on VR room display for a better awareness of the real size of the component.

Comparison of simulation tools on physical mock-ups.

A paper mockup of one of the most important WEST component was built up to 5 mm bigger than the theoretical model (Fig. 8). Therefore, real simulations are conservative and validate the previous VR study. Moreover, further comparisons campaign will be performed during the real assembly phase of WEST project to improve studies. 5.1.2. Human accessibility check 5.1.2.1. Simulation. Tore Supra is a complex and close shape environment. Another major challenge is to insure that all systems are accessible by humans for their installation but also for their maintenance. Operator posture and ergonomy of the task are checked within Neofit software (Fig. 9).

The user is wearing a special suit with targets and virtual manikin is steered in real time as the positions of all targets are measured by the eight infrared cameras of the VR platform. The physical engine computes collisions between the manikin and the environment in real time.

Comparison with physical mock-ups.

A comparison with the real operation on a scale one stainless steel mockup of a part of the divertor was done. Same posture and gesture was noticed and high needed was confirmed by the experimented welder (Fig. 10). 

First feedbacks

VR platform is intensively used in the design of WEST components and the definition of assembly and maintenance studies. Several changes in the design were pointed out already after VR simulations were done. Of course, such modifications would have been noticed during the assembly phase, but could have required adaptation of parts and delays in the schedule.

If Neofit is accurate and powerful software, it nevertheless needs to be validated on physical mock-ups for critical components. The use of such tools on WEST project is the opportunity to compare and validate the pertinence of VR technologies on real mock-ups. First results are very encouraging and will be more deeply studied during the assembly phase of WEST.

Conclusions and perspectives

VR simulation tools were used through the different projects listed in this paper. Of course, one could say that in the past these tools did not exist and complex machines were built successfully. However, in project like WEST or ITER were margins and schedule are very tights, VR tools can help the designer to anticipate many issues before the assembly phase which lead to save time and cost.

First comparison on real physical mock-ups gives confidence in these tools as simulation seems conservative. Nevertheless, further tests will have to be done during WEST assembly campaigns. Concerning ergonomy and human accessibility, design can be impacted in order to be compliant with security operational rules.

Perspectives concern the optimization of VR tools to bring them to an appropriate level of maturity for a CAD use. Level of realism of the virtual manikin is also studied. The feedback to the operator when a collision occurs between the virtual manikin and the environment is also studied (integration of sensorial feedback through vibrator for instance).

CEA, IRFM is also collaborating with other CEA divisions to enhance the simulation tools and to integrate dose computation in the simulation of maintenance scenario. Like Remote Handling, safety constraints are an additional parameter in the design of the fusion component. Both must be taken into account at the earliest stage of the design and VR is a very powerful tool to do it. These enhancements are on-going developments.
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