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Executive summary
[bookmark: _Toc127000571][bookmark: _Toc127000591][bookmark: _Toc127001216][bookmark: _Toc127761665][bookmark: _Toc127001217][bookmark: _Toc130697443]The design calculations in accordance to BS EN 13445-3: Design - Unfired Pressure Vessels have been completed for the vertical section of DFX Prototype cryostat. A formulaic approach was applied to determine the minimum thicknesses for the simple tubular, domed and conical sections. A representative finite-element (FE) model was developed to assist the design process and retrieve the safe design thicknesses of more complex components, such as flanges, eccentric sections and supporting structures. The FE model consisted of a “half model” cross-section and included both the cold helium and surrounding vacuum volumes. The two volumes were connected at two locations (vacuum barrier and horizontal restraints). The interaction of these connection locations with the external fixing location points to ground required extensive optimisation to find a suitable and optimised mechanical and thermal solution  	Comment by Yann Leclercq: What about horizontal section ?
[bookmark: _Toc130697436][bookmark: _Toc32468178]Introduction
The distribution feedbox (DFX) of the HL-LHC houses the splices between the SC-Link cables to the bus-bars of the inner-triplet magnets. Different from the setup in the current LHC machine with local power converters, the HL DFX is also required to supply the helium gas (GHe) for the SCLink within the flexible cryostat stretching over 140 metres between the shaft exit in the tunnel and new gallery for remote powering via HTS current leads in DFH. The control of helium gas generation with heaters submerged in liquid helium (LHe) for a desired GHe flow rate while maintaining the liquid level is a new and crucial function of the HL-LHC DFX.

The final design of DFX-proto solved all of the key challenges raised during both the Conceptual Design Review (CDR) in Jan 2019 and Detailed Design Review (DDR) in July 2019. The content of this reports includes the engineering calculations and finite element modelling performed in accordance to the rules in BS EN 13445-3: 2014+A4:2018 – Unfired pressure vessels – Part 3: Design [1] and Pressure Equipment Directive 2014/68/EU [2] for the vertical section of the DFX prototype cryostat. The technical and functional specifications for DFX prototype [3-4] were continually updated in parallel to the design process as new information became available. These documents have now been formalised in preparation for the Design Readiness Review (DRR) in Feb 2020. 

[bookmark: _Toc32468179]	DFX – Vertical section design
A 2-D view of the DFX vertical section is shown in Figure 1. The basic construction consists of the inner vessel (blue) containing liquid helium inside an outer vessel (grey), which is evacuated. The inner vessel is supported by the outer vessel at the vacuum barrier (red). The vacuum barrier consists of a flexible bellows (membrane) and an outer mechanical cage. Figure 2 shows a simplified 3-D view of the vacuum barrier and enlarged dome section which is the most challenging element included within the overall design.
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[bookmark: _Toc32468358]Figure 1: 2-D drawing of the DFX cryostat – vertical section
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[bookmark: _Toc32468359]Figure 2: 3-D drawings of the vacuum barrier configuration: a) top dome, b) top dome, top dome large ports, c) top dome small ports, d) bottom dome, e) ring flange for joining to vacuum barrier membrane, f) vacuum barrier membrane, g) cage, h) cage spines 

As required in accordance to EN 13445-3 [3] and Directive 2014/68/EU [4], the definition of the working fluid, operating temperature, base material, design pressure and test pressure are listed in Table 1. The full selection of solution annealed austenitic stainless steels that can be used at 4.2 K are listed in EN 13445-2 “Materials”, Table B2-11. The list of austenitic stainless steels has been reduced further by CERN to those listed in Table 2. One of the governing requirements for use in the LHC tunnel is the control of cobalt (Co) within the austenitic stainless steel to a maximum content of 0.15 %. Content of other impurities such as (P, S, B) shall the lowest achievable level, especially silicon (S < 0.010 %). CERN have requested for the interconnecting flanges assembled and welded with “lip weld” feature are manufactured from 3-D forged austenitic stainless steel grade AISI 316LN. (Note: these types of flanges are normally deployed in cases where an extended length (lip) is required to enable several cuts and re-welds to simplify general assembly or for future intervention. The majority of the welds will be performed in-situ by CERN in the LHC tunnel, with the exception, of two lip welds. One weld located in the top dome included as contingency for lowering the SCLink down through the DFX vertical cryostat during intervention of the MgB2-NbTi splices and a second in the middle of DFX cryostat joining the elbow section to the rest of the vertical section will be completed as part of the DFX manufacturing process.

[bookmark: _Toc32452986]Table 1:  List of design parameters for DFX: (Note: these design parameters are applicable for both the vertical and horizontal sections
	Design parameter
	

	Working fluid 
	Helium liquid/gas

	Inner vessel operating temperature
	4.2 K

	Material
	Austenitic stainless steel 
(Cobalt content <0.15 %)

	Normal operating pressure
	1.3 bara

	Design pressure
	3.5 bara



[bookmark: _Toc32452987]Table 2:  List of austenitic stainless steels as defined by CERN within the functional specification EDMS 1905633 [5], EDMS 1380627 [6] and EDMS 790774 [7]
	EN number according to EN 10088-1
	EN symbol according to EN 10088-1
	AISI name

	1.4306
	X2CrNi19-11
	AISI 304L

	1.4404
	X2CrNiMo17-12-2
	AISI 316L

	1.4435
	X2CrNiMo18-14-3
	AISI 316L

	1.4429
	X2CrNiMoN17-13-3
	AISI 316LN



[bookmark: _Toc32452988]Table 3:  Mechanical properties at room temperature of selected austenitic stainless steel from EN 10222-5:2017 [8]
	
EN number according to EN 10088-1
	AISI name
	0.2 % proof strength
Rp 0.2

[MPa]
	1.0 % proof strength
Rp 1.0

[MPa]
	Tensile strength
Rm

[MPa]

	1.4306
	AISI 304L
	180
	215
	460

	1.4404
	AISI 316L
	190
	225
	490

	1.4435
	AISI 316L
	200
	235
	520

	1.4429
	AISI 316LN
	280
	315
	580



[bookmark: _Toc32468180]
4.0	Calculation of tube/dome thicknesses: Design By Formula (DBF)

Applying the design rules described in EN 13445-3: Section 7, the minimum thicknesses of tubes and sections formed from tubes can be determined through engineering formulae. All tubes that form the enclosed helium volume will be manufactured from austenitic stainless steel EN 1.4435 (SS 316L) using properties listed in Table 3. The following section provide minimum wall thicknesses for cylindrical shells, domes and conical sections. 

In most instances, the minimum allowable wall thickness for shells determine for the working pressure and temperature conditions is comparatively small and therefore the final selection of tube/dome wall thickness is governed by the wall thickness that can be sensibly procured. 

[bookmark: _Toc32468181]4.1	Cylindrical shells

The minimum thickness (e) for cylindrical shells is calculated by equation 7-4-1 or 7-4-2 in EN 13445-3

[bookmark: _Toc32452989]Table 4:  Parameters and expressions used to determine the minimum wall thickness for cylindrical shells outlined in EN 13445-3
	
Parameters
	Description
	Additional notes

	f
	Design stress
	0.2 % proof strength (Rp 0.2)  / safety factor (1.9)

	e
	Thickness of cylindrical shell in mm
	

	Di
	Inside diameter of cylindrical shell in mm
	

	Do
	Outside diameter of cylindrical shell in mm
	

	Z
	Joint coefficient
	Z = 1

	P
	Design pressure in MPa
	0.35 MPa



[bookmark: _Toc32452990]Table 5:  Results for minimum wall thickness of cylindrical shells
	
Description
	CERN Part number
	Tube inner diameter
Di
(mm)
	Minimum thickness
e
(mm)
	Assigned thickness

(mm)

	Outer Fountain Wall
	
	525.0
	1.34
	3.00

	Inner Fountain Wall
	
	350.0
	0.90
	2.00

	Horizontal tube section
	
	213.3
	0.55
	2.00

	Splice box section
	
	266.0
	0.68
	2.00





[bookmark: _Toc32468182]4.2	Torispherical ends

All torispherical ends that form the helium volume will be manufactured from austenitic stainless steel 1.4435 (SS 316L). Properties listed in Table 3.

[bookmark: _Toc32452991]Table 6:  Parameters and expressions used to determine the minimum wall thickness of the torispherical dome ends outlined in EN 13445-3 
	
Parameters
	Description
	Additional notes

	f
	Design stress
	

	es
	Thickness of end to limit membrane stress
	Eq. 7-5-1

	eb
	Thickness of knuckle to avoid plastic buckling
	Eq. 7-5-2

	ey
	Thickness of knuckle to avoid axis-symmetric yielding
	

	Z
	Z = log10 (1/Y), Y = min(e/R; 0.04)
	Z = 2.3

	P
	Design pressure in MPa
	0.35 MPa

	β
	Factor for torispherical ends
	Figure 7-5-1

	fb
	Design stress for buckling
	Eq. 7-5-5



[bookmark: _Toc32452992]Table 7:  Dimensional parameters to determine the wall thickness of the torispherical dome ends 
	
Description
	CERN Part number
	Dome inner diameter
Di
(mm)
	Inside spherical radius
R
(mm)
	Knuckle radius
r
(mm)
	Torispherical end factor
β

	Top dome
	
	525.0
	914
	50
	1.325

	Bottom dome
	
	350.0
	700
	50
	1.325



[bookmark: _Toc32452993]Table 8:  Results for minimum wall thickness of torispherical dome ends
	
Description
	Thickness to limit membrane stress
es
(mm)
	Thickness of knuckle to avoid plastic buckling
eb
(mm)
	Thickness of knuckle to avoid asymmetric yielding
ey
(mm)
	Assigned thickness

(mm)

	Top dome
	0.72
	1.78
	3.64
	6.00

	Bottom dome
	0.55
	1.43
	2.93
	6.00




[bookmark: _Toc32452994]Note: The determination of the minimum dome thickness presented in Table 8 does not include the effect of the port holes required in the top dome for services. Thus, the assigned thickness of the top dome in Table 8 has been further validated by the Direct Route and finite-element modelling, using a fully representative geometry that includes the correct number, positions and diameters of port holes.

[bookmark: _Toc32468183]4.3	Conical junction

The conical junction between lower elbow and the largest ring flange in the DFX vertical section will be manufactured from austenitic stainless steel 1.4435 (SS 316L). Properties listed in Table 3.

[bookmark: _Toc32452995]Table 9:  Parameters and expressions used to determine the minimum wall thickness of the conical junction outlined in EN 13445-3 
	
Parameters
	Description
	Additional notes

	f
	Design stress
	

	ej
	Thickness of conical junction
	Eq. 7-6-12 and Eq. 7-6-20

	Dc
	Mean diameter of cylinder adjust 
	

	P
	Design pressure in MPa
	0.35 MPa

	β
	Factor for conical intersection
	Eq. 7-6-11 or Figure 7.6.3

	α
	Angle of conical transition
	

	ρ
	Large end of cone to cylinder – Factor 1
	Eq. 7-6-18

	γ
	Large end of cone to cylinder – Factor 2 
	Eq. 7-6-19



[bookmark: _Toc32452996]Table 10:  Dimensional parameters to determine the wall thickness of the conical junction
	
Description
	CERN Part number
	Large cylinder  mean diameter
Dc max
(mm)
	Small cylinder mean diameter
Dc min
(mm)
	Length of conical junction
l2
(mm)

	Cone section
	
	558.5
	441.5
	115



[bookmark: _Toc32452997]Table 11:  Results for minimum wall thickness of conical junction 
	
Description
	Thickness to conform to large cylinder
ej
(mm)
	Thickness to conform to small cylinder
ej
(mm)
	Assigned thickness

(mm)

	Cone section
	5.42
	4.35
	6.00






[bookmark: _Toc32468184]5.0	Calculation of thickness of complex features and components: Design By Analysis (DBA)

Applying the design rules described in EN 13445-3: Annex B – Direct Route enables the minimum wall thicknesses of more complex features, flanges and components to be validated by Finite Element Analysis (FEA). The construction of a representative model was key to this process. Subsequently, both the vacuum and helium volumes were included to accurately replicate (as well as possible) the mechanical interactions between both volumes. The geometry built for studying the vertical section of the DFX cryostat in ANSYS and COMSOL is shown in Figure 3. The geometry was defeatured where possible, (i.e. removing bolt holes, grooves and chamfers to simplify the mesh and reduce the computational time. The geometry included the asymmetry created by the uneven distribution in size and number of ports in the top dome for cryogenic the services, safety devices and additional ports ensuring the DFX prototype could be used as a spare cryostat to locate in any of the four LHC tunnel locations. For this reason, a full asymmetric model was produced to study the thermo-mechanical behaviour of the vertical under a range of pressure and temperature combinations. 

The meshed generated using ANSYS is also visible in the images presented in Figure . The mesh density was relaxed on the vacuum vessel components and tailored and refined on components such as the cage, vacuum barrier membrane and elbow section to optimise the computation time and data fidelity.

[image: ]
 
[bookmark: _Toc32468360]Figure 3: 3-D views of the meshed model of DFX proto “vertical section”



[bookmark: _Toc32468185]5.1	Material selection

Specific components were defined as a particular material or defined with particular material properties in the FE model. Material property data with respect to temperature between 300 K and 4.2 K were obtained from the NIST material database and integrated into the model. Figure 4 shows the envelope assigned as austenitic stainless steel 316L that include all of the vacuum vessel components and the vast majority of the helium vessel components.

[image: C:\Users\wosb\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Stainless steel bodies.png]

[bookmark: _Toc32468361]Figure 4: Selected components (bodies) assigned as stainless steel 316L in the ANSYS model


The cage structure and adjoining flanges (Figure 5a) were assigned as stainless steel 316L, but adapted to  include bi-linear plastic behaviour with a threshold yield stress of 150 MPa and tangent modulus slope of 10 MPa. The horizontal restraining tie bars (Figure 5b) were assigned as Invar 36 to utilise its low thermal contraction in the cryogenic temperature range in the design.
[image: C:\Users\wosb\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Plastic bodies.png]a)
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[bookmark: _Toc27380625][bookmark: _Toc32468362]Figure 5: Selected components (bodies) assigned as follows; a) stainless steel 316L with bi-linear plasticity, b) Invar 36 



[bookmark: _Toc32468186]5.2	Physical boundary conditions

The following boundary conditions were imposed at specific interfaces:
· Figure 6 - Bottom flange of vacuum cross piece (brown surfaces) fixed to ground	Comment by Yann Leclercq: For my curiosity, why not fixing the top flange rather than the bottom flange ? it doesn’t change much… just for simplicity of calculations I guess, right ?
· Figure 7 – Mechanical connections between the room temperature (vacuum vessel) and 4.2 K (helium vessel) (green parts). Note: the vacuum barrier membrane (bellows) connects between the two vessel but is not relied on mechanical stiffness and stability 
· Figure 8 – a) Atmospheric pressure of 1.0 bara applied to exterior surfaces of vacuum volume (red surface), b) standard gravity applied to all bodies (yellow arrow)
· Figure 9 – An axial load of 1260 N and a bearing load of –190 N (i.e. downwards) applied to horizontal tube section connected to the bellows in the horizontal section, to represent the reaction force developed by the universal expansion joint (UEJ) configuration formed in the horizontal section when the helium vessel is operating at 4.2 K (resultant direction of force indicated by red arrow, acting on cylindrical surface highlighted in red)
· Figure 10 –  Friction contact applied at the bolted interface where the Invar tie bar is fixed to the vertical rib attached to the elbow. By applying a common metal-metal friction coefficient of 0.2 at this interfaces where the faces of the nuts (green) interact with the surface of vertical rib avoid generation of high thermal shear stresses developing because of the differential thermal contraction between stainless steel and Invar.
[image: ]

[bookmark: _Toc32468363]Figure 6: 3-D view of the bottom flange of the vacuum vessel cross piece designated as a fixed surface to ground


[image: C:\Users\wosb\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Load bearing fixations.png] b)
a)

[bookmark: _Toc32468364]Figure 7: Mechanically rigid components connecting the vacuum and helium vessels, a) cage structure supporting the vertical section, b) horizontal Invar tie bars restraining the elbow section 
[image: ]b)
a)

[bookmark: _Toc32468365]Figure 8: a) external surfaces exposed to atmospheric pressure, b) yellow arrow indicating the activation and direction of gravity applied to all bodies
[image: ]
[bookmark: _Toc32468366]Figure 9: Red arrow showing the designation of a force to represent the spring constant of the UEJ (double bellow configuration) included in the horizontal section of DFX when the system is cold

[image: C:\Users\wosb\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Frictional Connections.png]

[bookmark: _Toc32468367]Figure 10: Application of friction between the contacting surface of the Invar nuts (green) and the stainless steel vertical rib attached to the elbow



[bookmark: _Toc32468187]5.3	Activated surface pressures

The DFX vertical has three effective zones that varying in pressure:
· Helium volume can be 0 bara, 1.5 bara or 3.5 bara
· Vacuum volumes (upper and lower) can be 0 bara or 1.5 bara* (see Note)

Figure 11 highlight and define the zones exposed to different pressures under certain operating or fault conditions: 
a. All surfaces contained within the helium volume
b. All surfaces contained within the upper vacuum volume (SCLink vacuum)
c. All surfaces contained within the lower vacuum volume (DFX vacuum)
[image: ]c)
b)
a)

[bookmark: _Toc32468368]Figure 11: Selected surfaces exposed to pressure in DFX vertical; a) helium volume, b) SCLink volume, c) DFX volume 




*Note: Vacuum upper (SC-Link vacuum) and vacuum lower (DFX vacuum) are separated by a vacuum barrier membrane, thus creating additional cases when a differential pressure exists across the vacuum barrier. The elevated pressure of 1.5 bara that has been assumed for sudden loss of vacuum is governed by the pressure relief setting of the safety devices for these spaces. 


[bookmark: _Toc32468188]5.4	Activated surface/body temperatures

The DFX vertical has three effective zones that varying in temperature:
· Helium volume can be at a temperature of 4.2 K or 300 K. 
· Vacuum volumes (upper and lower) always at 300 K

The thermal boundary conditions applied the DFX vertical model with the helium volume set to 4.2 K and the vacuum volume to 300 K is shown in Figures 12a and b). 


[image: ]

[bookmark: _Toc32468369]Figure 12: Thermal boundary conditions applied to DFX, a) blue bodies = liquid helium temperature, b) red bodies = room temperature

The FE model initially solves the temperature gradient for the vacuum barrier membrane, cage and horizontal Invar tie bars before applying mechanical loads and pressures. Figure 13 shows the temperature distribution that is produced.



[image: C:\Users\wosb\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Temperature Distrbution.png]

[bookmark: _Toc32468370]Figure 13: Temperature distribution  developed by applying the correct material selection and thermal boundary conditions


[bookmark: _Toc32468189]5.5	DFX 4-bar restraint mechanism 

Figures 14–15 show a simplified series of diagrams that highlight the locations where load is transmitted from the helium vessel to the outer vacuum vessel. In Figure 18, the direction of the forces is included and how the addition of internal pressure applied to the helium vessel create a counter clockwise moment due largely to the inclusion of the elbow section and subsequent imbalance in pressure acting on opposing surfaces.

Therefore, the management of the thermal contraction during cool down may be interrupted as follows:

Horizontal
· The Invar rods effectively fix the cylindrical axis of the vertical inner vessel relative to the fixed warm vacuum vessel. 
· The vertical helium vessel contracts symmetrically in the horizontal direction, leading to bending moments at A/B/C in the opposite to the inner pressure 
Vertical
· The contraction of the upper vessel is restricted by the vacuum break, which bears the loads

a. With Invar rods fixed at their room temperature end; the thermal contraction of the lower vessel is restricted, but modestly (i.e. 2.1 mm instead of 2.6mm free contraction) because of the flexibility and bending tolerated by the long-and-thin Invar rods	Comment by Yann Leclercq: You mean total deformation, not vertical one, as we already discussed
b. If the Invar rod were allowed to pivot at their room temperature end; the restricting of the lower vessel contraction is moderated but results in the bending of the vertical vessel. 
c. With Invar bars free to slide transversely in the x-y plane at their room temperature end, the lower vessel is virtually free to contract vertically. 


Option a) was adopted as the final solution to best manage the combination of thermal contraction and reaction force reaction generated when the helium vessel was pressurised.
[bookmark: _Toc32468190][image: ]

[bookmark: _Toc32468371]Figure 14: 2-D diagram showing the interaction points between the helium and vacuum vessels 
[bookmark: _Toc32468191][image: ]

[bookmark: _Toc32468372]Figure 15: 2-D diagram showing the net distribution of force acting on the vertical section of DFX proto

[bookmark: _Toc32468192]5.6	Combined pressure and temperature scenarios

In accordance to the design approach described in EN 13445-3: Annex B – Direct Route, the possible combinations of pressures and temperatures that could occur during normal operation or during fault conditions where a particular safety device is activated are presented in Tables 12 and 13. Suffixes A and B describe the temperature condition of the helium volume (A = 4.2 K), (B= 300 K). By examining the interaction of the following the design rules in EN 13445-3 Section 6.1.

[bookmark: _Toc32452998]Table 12:  Mechanical design target at liquid helium temperatures 
	A
	
	Pressure locations
	Model type
	Criteria

	
	
	Upper Vacuum
	Lower Vacuum
	Helium Volume
	
	

	A.1
	[bara]
	0
	0
	3.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa	Comment by Yann Leclercq: Didn’t you set this value to 150 MPa ? you mention before yoou set the ideal plastic (10 MPa slope) at 150 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.2
	[bara]
	0
	1.5
	3.5
	· Linear-elastic-plastic model Stress/deformation
Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.3
	[bara]
	1.5
	0
	3.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.4
	[bara]
	0
	0
	1.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.5
	[bara]
	0
	1.5
	1.5
	· Linear-elastic-plastic model Stress/deformation
Buckling on vacuum barrier
	· Max. Stress < 170 MPa

< 5 % Strain, Pbuck > 1.5 x PS

	A.6
	[bara]
	1.5
	0
	1.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.7
	[bara]
	0
	0
	0
	Linear-elastic-plastic model
· Stress/deformation
Buckling on vacuum barrier
	· Max. Stress < 170 MPa

< 5 % Strain, Pbuck > 1.5 x PS

	A.8
	[bara]
	0
	1.5
	0
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	A.9
	[bara]
	1.5
	0
	0
	· Elastic-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier

	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS




*Note: For safe compliance against buckling instability, the equivalent plastic strain is evaluated at an elevated pressure determined from the multiplication of the relevant partial safety factor for instability (PS = 1.5) and the design pressure for the relevant vacuum space (1.5 bara) = 2.25 bara.
[bookmark: _Toc32452999]
Table 13:  Mechanical design target at room temperature
	B
	
	Pressure locations
	Calculation type
	Criteria

	
	
	Upper Vacuum
	Lower Vacuum
	Helium volume
	
	

	B.1
	[bara]
	0
	0
	3.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.2
	[bara]
	0
	1.5
	3.5
	· Linear-elastic-plastic model Stress/deformation
Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.3
	[bara]
	1.5
	0
	3.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.4
	[bara]
	0
	0
	1.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.5
	[bara]
	0
	1.5
	1.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.6
	[bara]
	1.5
	0
	1.5
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.7
	[bara]
	0
	0
	0
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.8
	[bara]
	0
	1.5
	0
	· Linear-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier
	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS

	B.9
	[bara]
	1.5
	0
	0
	· Elastic-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier

	· Max. Stress < 170 MPa

· < 5 % Strain, Pbuck > 1.5 x PS


	B.10
	[bara]
	4.9
	0
	0
	· Elastic-elastic-plastic model Stress/deformation
· Buckling on vacuum barrier

	· Max. Stress < 170 MPa	Comment by Yann Leclercq: This value could obviously be discussed as it is not a repetitive load so the allowable stress could be far higher
But ok to keep it low (extra margin always welcome)

· < 5 % Strain, Pbuck > 1.5 x PS
· 









*Note: Case B10 refers to the “test pressure” applied to DFX proto as part of a full assembly demonstration test to validate effective mechanical restraint and robustness at room temperature in a clamped configuration before welding. The test pressure (4.9 bara) is acquired from Directive 2014/68/EU by multiplying the vessel design pressure (3.5 bara) by a factor of 1.4.


Cases A2, A3, A5, A6, A8, A9, B2, B3, B5, B6, B8, B9 have the associated risk of instability arising because of unfavourable combinations of opposing pressures in the helium and vacuum volumes. Cases A# also includes the thermal contraction imposed by low temperatures. EN 13445 – Annex B Section 8.4 describes a specific criteria to evaluate instability, (i.e. buckling and collapse) using a linear elastic-plastic model. 
A bi-linear plastic phase was assigned to relevant components where beyond the threshold yield stress of 150 MPa the component who behave plastically. The criteria requires the maximum principle strain (or total equivalent strain) to be less < 5 %, when 2.25 bara* is applied to components susceptible to compressive instability.



[bookmark: _Toc32468193]6.0	Design By Analysis (DBA) – summary of results

The maximum equivalent von-Mises stresses have been identified for each “case” and for the key components in the construction of the DFX vertical section. Table 14 and 15 list the maximum stresses in MPa. Using the material property data in Table 3, and the formulae in EN 13445:3 Section 8; the allowable yield stress for stainless steel 316L is 170 MPa. The tables show all values are highlighted in “green” to confirm they fall within the elastic working range of the assigned material.	Comment by Yann Leclercq: Can’t remember exactly how you set this value (not 150 MPa ?).
Maybe a quick note would help :

From what I remember:
316L : R1.0=235 MPa, Rm=520 MPa (your table)
Table B.8-2: Rp0.1/Rm=0.45  s=1.13
B8.2.3: pressure load increased by 1.2 = stress/1.2 (conservative as natural loads as atm pressure or gravity s=1)
B8.2.1 : If use of Von Mises, multiply Max allowable stress by √3/2=0.86
Yield strength < 173 MPa for Tresca, < 150 MPa for Von Mises



[bookmark: _Toc32453000]Table 14:  Modelled results for pressure-temperature Cases A1 – A9 
	Case
	Stress in top dome [MPa]
	Stress in bottom dome [MPa]
	Stress in cage [MPa]
	Stress in bellows [MPa]
	Stress in elbow [MPa]
	Stress in Invar bars [MPa]
	Equivalent plastic strain in cage [%]

	A1
	135.02
	117.46
	150.82
	37.65
	138.33
	58
	n/a

	A2
	132.47
	79.04
	119.72
	114.37
	89.71
	44.47
	n/a

	A3
	81.77
	138.35
	161.27
	142.43
	138.32
	55.49
	0.11

	A4
	58.44
	53.55
	64.21
	27.36
	82.39
	38.35
	n/a

	A5
	59.48
	79.16
	158.08
	127.2
	69.01
	9.71
	0.19 

	A6
	7.37
	93.16
	132.68
	127.38
	82.13
	36.15
	n/a

	A7
	3.57
	9.01
	40.52
	25.55
	67.34
	20.6
	n/a

	A8
	7.81
	115.52
	179.82
	141.84
	78.28
	42.21
	0.31 

	A9
	57.63
	60.22
	127.25
	120.34
	67.33
	20.8
	n/a


[bookmark: _Toc32453001]Table 15:  Modelled results for pressure-temperature Cases B1 –  B10
	Case
	Stress in top dome [MPa]
	Stress in bottom dome [MPa]
	Stress in cage [MPa]
	Stress in bellows [MPa]
	Stress in elbow [MPa]
	Stress in Invar bars [MPa]
	Equivalent plastic strain in cage [%]

	B1
	134.21
	120.81
	158.91
	3.39
	140.17
	37.27
	n/a

	B2
	131.82
	79.08
	130.76
	111.54
	83.16
	24.11
	n/a

	B3
	81.27
	138.44
	172.71
	135.18
	140.16
	37.01
	0.247

	B4
	58.09
	56.33
	85.26
	17.69
	59.6
	17.57
	n/a

	B5
	59.2
	74.71
	142.75
	112.23
	35.46
	6.77
	n/a

	B6
	7.22
	93.73
	152.46
	120.3
	59.56
	18.99
	0.018

	B7
	0.79
	10.92
	16.12
	7.29
	3.01
	7.48
	n/a

	B8
	8.06
	105.79
	156.45
	123.39
	78.14
	17.31
	0.170 

	B9
	57.76
	61.34
	113.88
	109.49
	3.32
	9.9
	n/a

	B10*
	 186.79
	165.70 
	167.42 	Comment by Yann Leclercq: Same comment, I cant remember but when applying non repetitive loads as pressure tests the Yield strength criteria is less strict  conservative so ok
	 45.55
	197.82 
	52.63 
	0.056 






Tables 13 and 14 also list the maximum stresses (MPa) and maximum principle strain (%) for the particular cases susceptible to instability at 2.25 bara for each of the pressure-temperature combinations defined in Table 12 and 13. The values in the tables highlighted in red signify those which surpass the threshold limit imposed by bi-linear plastic criteria. For these particular case, structural stability is checked by evaluating the equivalent plastic strain and checking if the value is < 5 %. In all cases, the development of plastic strain and instability is minimal.

Having studied the directions of the relative movements of the components in the DFX vertical section under all cooling and pressure combinations; because of the dominance of the thermal stresses, lower structure always moved up despite being anchored by the horizontal retraining bars and the cage and the vacuum barrier always reacted in compression. These components were identified as key component for “stability” and as the most susceptible to buckling or squirming; therefore the cage and vacuum barrier were modelled as plastic bodies for all cases (Cases A1–A9), and the stability criteria outlined in BS EN 13345:3 – Section 8.2.4 applied.

The full model analysed within ANSYS included the asymmetry created in the top dome by the different size and distribution of port holes on opposite sides. This asymmetry automatically create a trigger force or force imbalance to observe instability within the cage and vacuum barrier.

For cases A7-9 and B7-9, where the helium volume is reacting under vacuum (0 bara); there is a valid case to assign the entire helium volume as “plastic”. However, having evaluated all of the subsequent cases; the results demonstrate how the helium volume in fact remains well within the elastic limits and it is only the cage that rises above 150 MPa and therefore  into the plastic regime.	Comment by Yann Leclercq: But still with an strain < 5%, right ?  all fine acc. To EN 13445-3 B

[bookmark: _Toc32468194]
6.1	Nominal operating conditions	Comment by Yann Leclercq: Ok, even if transient phases could also be considered as nominal (pressure about 2.5 bara during cool down/warm up), but I m becoming too picky…

The von-Mises stresses from the elasto-plastic ANSYS full asymmetric model for Case A4 (nominal operating conditions) are presented in Figures 16-18. The stress maps produced for the overall vertical section of DFX and key components demonstrate the robustness of the design for service, with the maximum stress appearing in the elbow section and is < 100 MPa.

[image: ]
[bookmark: _Toc32468373]Figure 16: Overall von-Mises stress distribution for Case A4 (nominal operating condition) for full vertical section of DFX



[image: ]
[bookmark: _Toc32468374]Figure 17: von-Mises stress distribution for Case A4: a) top dome b) bottom dome, c) cage, d) cage (zoomed)
[bookmark: _Toc32468375][image: ]Figure 18: von-Mises stress distribution for Case A4: a) vacuum barrier membrane, b) elbow, c) Invar rods, d) Invar rod (zoomed in view) 



[bookmark: _Toc32468195]7.0	Welds

All of the welds will be validated by establishing and performing a mechanical test programme upon batches of representative test coupons. Applying this methodology and approach is an acceptable and is described in EN 13445-3 Section X.
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[bookmark: _Toc32468197]9.0	APpendix I
[bookmark: _Toc32468198]8.1	Case A1
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[bookmark: _Toc32468241]Glossary

	Acronym
	Definition

	SOTON
	University of Southampton

	DFX
	Distribution Feedbox

	SC-Link
	Superconducting Link

	DDFX
	D?? Distribution Feedbox

	MgB2
	Magnesium Diboride

	LTS
	Low Temperature Superconductor

	GHe
	Gaseous Helium

	CRG
	???
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