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The pre-conceptual design of the European DEMO fusion tokamak is currently being developed under the coordination of the EUROfusion Consortium. This paper reports the mechanical analysis of the Central Solenoid (CS), which comes right after the phase of definition of the winding pack proposed by the CEA. The first step consists in a draft-sizing of the tie-plates pre-compression structure. Then a global Finite element Analysis (FEA) of the CS, considering a sector-symmetry model and smeared winding pack properties is built-up in order to check this pre-load structure, and to identify the most critical loading scenario for the conductor. Finally, an axisymmetric local FEA of the CS winding pack is performed in order to study in detail the stress level in the conductor jacket and in the insulations layers. This pre-conceptual analysis procedure allowed to assess the acceptability of stress for the CEA winding pack proposal, and will be operated during the future magnetic system design iterations.

Introduction

In the EU-DEMO 2015 reference design, the Central Solenoid (CS) coil assembly is a stack of 5 electrically independent module coils, which mainly provide the flux variation during the plasma initiation, and in addition the capability to sustain a wide range of scenarios through plasma shaping. For some scenarios, two adjacent coils may be fed by currents in opposite directions, resulting in significant repulsive forces within the CS system. It is thus necessary to introduce a vertical Pre Load Structure (PLS) in this system in order to keep the modules in contact and maintain their axes aligned along the scenario.

More specifically, the vertical preload is driven by the need of preventing separation of the modules when they are fed with reverse current, avoiding tensile stress between modules. Also, in case of non-axisymmetric disruption of the plasma, any lateral motion or twisting of the CS module must be prevented by the action of the only effect of the friction.

Consequently, a sufficient amount of vertical preload force must be applied during the CS coil assembly, and such that at least 25% of their interface surface is kept in contact with each other [START_REF] Libeyre | An Optimized Central Solenoid for ITER[END_REF].

In this structural pre-conceptual study, the section 3 presents a global Finite Element Model (FEM) of the overall CS structure, which is built in order to check the preload stress and contact status under various plasma scenario. Additionally, in section 4, the stress state at the level of the conductors jacket and insulation of the most loaded module, is analyzed by implementing a local FEM of a set of 3 pancakes.

Inputs and Design approach

The models are built-up on the basis of the 2015 CAD configuration, considering the 2016 CEA optimized Winding Pack (WP) proposal [START_REF] Torre | EU-DEMO TF and CS Magnet Systems Design and Analyses Performed at CEA[END_REF]. The driving dimensions are summarized in table 1.

The layout and coil numbering are given in figure 1. This optimized WP configuration allows to increase the gap between Toroidal Field (TF) and CS coils in order to accommodate pre-compression tie-plates. In this regard, the coil external and internal radius are modified, and consequently the CS and PF currents defined in the magnetic scenarios given by [START_REF] Ambrosino | Reference Flat Top Equilibria for DEMO with AspectRatio 3[END_REF] are increased in order to keep the same maximal magnetic field than that of the original design (see table 2). This choice is conservative since the magnetic flux is increased. In order to compute the Lorentz forces acting on the coil modules, and locally on the winding pack, a global electromagnetic analysis is performed using the Cast3M software [4]. The force density is then integrated over each module to study the balance of loads, the CS system being considered to be supported from its lower plate to the TF coil. The maximal repulsion occurs for the Start Of Flat-top (SOF) case, between module CS1 and CS2L. The maximal compression occurs for the End Of Flat-top (EOF) case (between CS1 and CS2L), and an unbalance of 186 MN needs to be counteracted by the PLS in order to avoid the separation of the lower module from the bottom supporting plate.

The PLS is usually based on tie-rods located at the inner and outer diameters of the coil. Flat Tie-Plates (TP) can be used in order to save space in between the CS and the TF coils. Before going to a detailed global FEM of the CS system, a first draft of the PLS must be established, on the basis of the following criteria:

1. the preload must be larger than the unbalance load between modules 2. the tie-plates elongation under preload must be larger than the addition of : a. the coil axial shrinkage induced by the electromagnetic load b. the differential thermal contraction between coil and tieplates during cool-down 3. the stress in tie-plates must be lower than 2/3 of the yield strength of the material.

The fulfilment of the criteria #2 requires to minimize the TP section in order to maximize the spring effect, whereas criteria #3 requires to maximize the TP section in order to minimize the stress. A trade-off is then necessary between these two criteria, which are antagonistic.

The use of 316L type steel [5] for both conductor jacket and TP does not allow a good trade-off. In this case, the allowable stress is limited to 159MPa at Room Temperature (RT), and the preload decreases significantly during the cooling-down.

The use of a Nitronic 50 type steel (which has a higher yield strength) is favorable to the fulfilment of criterion #3. In this case, the allowable stress is 266MPa at RT [6], but the loss of preload during the coolingdown is further increased, since this type of material has a lower thermal contraction than that of 316L.

If a JK2LB type steel is used in conjunction for the conductor jacket (very low thermal contraction of 2.1 mm/m [START_REF] Sgobba | Physical Properties of a High-Strength Austenitic Stainless Steel for the Precompression Structure of the ITER Central Solenoid[END_REF]), the preload will increase during the coolingdown and make it possible to meet criterion #2 as well.

Under these conditions, a preliminary design of the pre-compression system is established on the basis of analytical calculations, considering 10 identical TP at the internal and external radii. The dimensions of these plates are 60mm by 275mm (see figure 2).

Global FEM of the CS coil assembly

In order to allow a detailed analysis of the precompression system, taking into account precisely the rigidity and thermal contraction of the winding, a global finite element model is built using an Ansys® FEA [8]. This allows also to consider the coil bending effects which are not captured by a mono-dimensional analytical model. A sector of 18° is considered, taking into account the symmetries of geometry (see figure 2). The displacement on the nodes of the lateral symmetry planes are constrained in the azimuthal direction. The material properties are given in table 3. The homogenized material properties of the coil winding are considered. These are computed separately, by implementing a local model of the winding at the scale of the conductor, a considering micro-mechanical analysis on a representative unit cell of the WP. The evaluations are carried out for 316L and JK2LB jackets, with an insulating layer in G11. The wires bundle is not considered. This local FEM leads to orthotropic properties that represent globally the coil behavior (see table 4). Contact with friction (µ=0,2) is considered between modules and inter-module plates made of G11. The tie-plate dimensioning is analyzed considering several material options for tie-plates and conductor jackets. All the results are expanded in table 5. Two criteria are taken into account to assess the acceptance of the design:

• the axial stress at the mid-plane of the tie-plates should remain lower than the material allowable (RT is the most unfavorable situation)

• the gap between coil modules must be closed on at least 25% of the coil's section.

The first case A1 considers a 316L stainless steel for the tie plates and conductor jackets made of 316LN with a pre-load of 225 MN at RT. In this case, the axial stress in the tie-plates (250 MPa) is much larger than the allowable, and some gaps between CS modules remains open under electromagnetic loads.

The second case B1 considers a Nitronic 50 stainless steel for the tie plates and conductor jackets made of 316LN with a pre-load of 246 MN at RT. In this case, the axial stress in the tie-plates (273 MPa) is at the limit of the allowable, but some gaps between CS modules still remains open under EMAG loads. Increasing the tieplate section, allowing to increase the pre-load, does not lead to a situation where the gaps are kept closed.

The situation is better if a JK2LB stainless steel is considered for the jackets (case C1 to C6). For the C1 case, the pre-load (150 MN at RT) is too small to achieve the closing of the gaps. For a pre-load of 225 MN, the axial stress in the TP is close to the allowable. Increasing the pre-load at RT up to 240 MN allows to achieve the closure of the gaps up to 25% of the coil's section, but the axial stress in the TP is slightly exceeded (case C4). For a preload exceeding 240 MN, the axial stress in the tie-plate largely exceeds the allowable (380x2/3=253 MPa @ RT [6]). The results of the global model are expanded for the C4 case, which is considered as the reference situation for this design study (see figure 3). In terms of displacement, the coil is compressed axially by about 5 mm under PL and reaches 49 mm after cool-down. The axial compaction is maximal under Pre-Magnetisation (PM) scenario; it totals up to 74 mm.

Under EOF scenario, the axial compaction is 69 mm. The radial expansion is maximal under PM scenario and reaches 6 mm.

The contact condition is fulfilled for the 3 magnetic situations. The contact is closed in the inter-module regions, and partly opening in the end-plate region, but the contact is closed over an area which is superior to 25% of the coil's section. It has been checked that the coefficient of friction has a limited influence on the results. Among the scenarios available at the time of this study [START_REF] Ambrosino | Reference Flat Top Equilibria for DEMO with AspectRatio 3[END_REF], the PM situation is the most demanding in terms of "smeared" stress intensity (385 MPa). This stress state requires to be analysed in detail by a local model of the winding of the coil, which is reported in the next section. [mm] 7.44 7.17 5,22 (≈25%) (≈25%) The electromagnetic loads are transferred from the electromagnetic analysis (see section 2) as body force density, and redistributed on cable (equivalent pressure is considered on jacket outermost inner edge, as illustrated in figure 4). The nodal displacements of the upper edge of the model are coupled in the vertical direction in order to avoid local effects. The premagnetization situation is the most critical. The peak stress reaches 1010 MPa, on the second turn of the pancake (counted from inner radius).

(>25%) (>25%) (>25%) Gap between modules [PL+CD+SOF] [mm] 0 0 0 0 0 0 0 0 Gap between modules [PL+CD+EOF] [mm] 1.65 1.51 (≈25%) 0 0 0 0 0

Local FEM of the most loaded pancake

In order to assess the strength of the conductor jacket, the stress must be analyzed across a path which cross the structure in the most loaded region. Here, 6 paths are considered (see figure 5). The Tresca stress is linearized along these path and decomposed in the membrane and membrane+bending components, which can be compared to material allowable. This stress linearization process leads to a maximal primary membrane stress of 653 MPa under the PM situation (paths 2 and 5). The acceptability of this stress state requires a material which yield strength is superior to 980 MPa @ 4K. This condition is at the limit of the allowance of 316LN, but is satisfied by JK2LB, which has a yield strength of 1128 MPa @ 4K, and this is all the more so since the fatigue conditions have not been analyzed. This situation fits perfectly with the need for such a material for the PLS, and corresponds to the ITER design.

The shear and compressive components of the stress in the turn insulation at the interface with the jacket has been analyzed. The ITER insulation shear criteria [START_REF]ITER Magnet Structural Design Criteria -Part 2: Magnet Winding (ITER_D_2ES43V)[END_REF] is fulfilled on the lateral sides of the jackets, and in the inter-pancakes insulation layers. But tension stress arise in a direction perpendicular to the interface in the corner radius region, at a level of 58 MPa. This situation tends to violate the ITER criteria, which forbids tension stress in this direction, unless a test or analysis can prove that cracks or de-bonding relieve the stresses [START_REF]ITER Magnet Structural Design Criteria -Part 2: Magnet Winding (ITER_D_2ES43V)[END_REF]. It has been checked that lowering the outer corner radius of the jacket (ignoring the associated manufacturing issues) can reduce the stress in the jacket, but the tension stress is amplified in the insulation layers. 

Conclusion

A pre-dimensioning analysis allowed to define a layout for the pre-compression tie-plates of the preload system of the CS, which served as a basis for the global FE analysis. This analysis allowed to verify that a design based on N50 tie-plates, JK2LB jackets in the conductors and a 240 MN room temperature pre-load allows to maintain the compaction of the CS during the cooling-down and the energization of the magnet. Under nominal pre-load, the maximal axial stress in the tieplate is 267 MPa @ RT. The maximal radial expansion is lower than 6 mm in the case of the pre-magnetization scenario.

At the level of the winding pack of the coil, the local stress linearization revealed a primary membrane stress of 653 MPa, requesting a minimal yield stress of 980 MPa at 4K for the conductor jacket. This situation can be satisfied if JK2LB is used, thus completing the need to use this material for the proper operation of the axial preload system. Tensile stress across insulation layers exist in the region of the corner radius of the conductor jacket, and is difficult to avoid. Further test or analysis should be operated in order to prove that cracks or debonding relieve the stresses. This procedure will be repeated to design and evaluate the mechanical structure of the CS, as part of the future configuration iterations of EU-DEMO.
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 2 Fig. 2. Global FEM of the CS coil assembly.

  Five load-steps are analyzed: the preload [PL], the situation after cooling down at 4K [PL+CD], and three operating conditions under electromagnetic load [PL+CD+PRE], [PL+CD+SOF], [PL+CD+EOF]. The displacement is locked after first load-step. Lorentz forces are transferred from the electromagnetic analysis (see section 2) as body loads. Gravity is taken into account, but has very low impact on stress levels.
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 3 Fig. 3. Contact status / coil radial expansion (C4) [mm].
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 4 Fig. 4. Local FEM of the CS1 module (central pancakes)
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 5 Fig. 5. Tresca stress in the conductor jacket.

Table 1 .

 1 CS Winding Pack parameters.

	Parameter		unit	value
	Conductor Size (insulated)	mm	61.0
	Turn Insulation		mm	1.0
	Cable size		mm	33.4
	Jacket thickness		mm	12.8
	Inter-pancakes	insulation	
	thickness		mm	1.0
	Ground insulation thickness	mm	8.0
	Number of turns		-	13
	Number of pancakes in CS3U/CS2U -	44
	Number of pancakes in CS1	-	90
	Number of pancakes in CS2L/CS3L -	44
	Total number of pancakes	-	266
	External radius of CS winding	mm	3200
	Internal radius of CS winding	mm	2391
	Height of CS3U/CS2U winding	mm	2789
	Height of CS1 winding		mm	5687
	Height of CS2L/CS3L winding	mm	2789
	Central channel external diameter	mm	10
	Central channel spiral thickness	mm	1

Fig. 1. Magnets layout (length unit=meter).

Table 2 .

 2 CS and PF reference scenario currents set for three defined moments.

			current [MAt]	
	Coil	Premag	SOF	EOF
	TF	14.28	14.28	14.28
	CS3U	30.73	9.85	-0.25
	CS2U	30.73	6.13	-30.71
	CS1	62.78	-9.66	-62.78
	CS2L	30.73	7.67	-30.46
	CS3L	28.54	12.3	-21.99
	P1	12.38	12.28	-7.80
	P2	4.63	-7.44	-8.00
	P3	-3.41	1.01	-0.30
	P4	4.34	-8.82	-9.23
	P5	-3.20	-7.35	-7.75
	P6	19.20	18.31	7.70
	PLASMA	0.00	19.60	19.60

Table 3 .

 3 Material properties considered at 4K

	316L (isotropic)		
	elastic modulus	E	205. GPa
	Poisson's ratio	NU	0.29
	int. thermal contraction	ALP	-3.0 mm/m
	JK2LB (isotropic)		
	elastic modulus	E	205. GPa
	Poisson's ratio	NU	0.29
	int. thermal contraction	ALP	-2.1 mm/m
	Nitronic 50 (isotropic)		
	elastic modulus	E	195. GPa
	Poisson's ratio	NU	0.29
	int. thermal contraction	ALP	-2.8 mm/m
	G11 (transverse isotropic in the plane of wrapping 1-2)
		E1	20. GPa
	elastic modulus	E2	20. GPa
		E3	12. Gpa
	Poisson's ratio	NU12 NU13	0.17 0.33

Table 5 .

 5 Summary of the global mechanical analysis (values in red / orange correspond to unfavorable / unacceptable configuration).

			A1	B1	C1	C2	C3	C4	C5	C6
	Jacket Material		316LN	316LN	JK2LB	JK2LB	JK2LB	JK2LB	JK2LB	JK2LB
	Tie-Plate Material		316L	N50	N50	N50	N50	N50	N50	N50
	Tie-Plate allowable stress [Sm@RT]	[MPa]	159	253	253	253	253	253	253	253
	Tie-Plate allowable stress [Sm@4K]	[MPa]	407	776	776	776	776	776	776	776
	Tie-plate pre-Load @ RT	[MN]	225	246	150	208	225	240	260	275
	Tie-plate pre-Load @ 4K	[MN]	186	180	195	253	270	285	305	320
	Axial stress in TP [PL]	[MPa]	250	273	167	231	250	267	289	306
	Axial stress in TP [PL+CD]	[MPa]	207	200	217	282	300	317	339	356
	Axial stress in TP [PL+CD+PRE]	[MPa]	0	0	0	20	39	55	77	95
	Axial stress in TP [PL+CD+SOF]	[MPa]	202	198	214	278	298	314	337	349
	Axial stress in TP [PL+CD+EOF]	[MPa]	0	0	0	0	82	99	121	138
	Gap between modules [PL+CD+PRE]									
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