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Linear Analysis of the NCSX Modular Coil and Shell Structure
1.0 Executive Summary
This report documents the FEA results on the electromagnetic (EM) and structural analyses of the modular coil system.  The purpose of analyses were to calculate the worst case of the EM loads and to evaluate the structural responses of the modular coil (MC), modular coil winding form (MCWF), and the bolt connection forces in the shell modules during the system operation.  The thermal strains due to the MC vacuum-pressure impregnation (VPI) process, the initial cool-down from room temperature to the operating temperature of 85K, and the subsequent coil current pulses were incorporated in the analyses.
The linearly elastic FEA model consists of the modular coils and the coil supporting structure, which is an enclosed shell structure including tee-shape coil winding form and insulations at poloidal breaks and toroidal connection flanges.  By taking the advantages of cyclic symmetry in the geometry and loading, the model can be reduced to a 120-degree sector of the MC system to minimize the size of the analytic model and the computer running time.
To calculate the worse case of EM loads, the peak currents in the MC was selected from the modular coil current scenarios as shown in Section A.3.2 of Reference [1].  Two load cases were investigated to provide results on the stresses and displacements of the MC and MCWF, the contact forces at the inboard toroidal connection flanges, where no bolt connections are available, and the bolt preloads at the toroidal and poloidal insulation joints in the shell structure. The first load case deal only with the maximum EM loads and the second load case is the real load case that includes the maximum EM loads and the accumulated thermal effects at the maximum current time step.  Results are illustrated through a series of contour plots and tables with some result interpretations.   The analyses provide the following results:

· Worst case loading is 2T, high beta scenario
· The maximum flux density is 4.828 Tesla occurred on the coil type B

· Largest centering force is 1.31-MN (295-kip) on coil type B
· Maximum net vertical load is 0.43-MN (97-kip) on coil type C
· In general the radial EM loads are acting toward the shell structure and the lateral EM loads are counteracted by winding packs on both sides of the tee-shaped web.
· The maximum axial tensile stress is 86.3-MPa (12.5-ksi) for the smeared modular coil for smeared coil modulus of 63GPa.  The maximum von Mises stress is slightly higher at 93.3-MPa (13.4-ksi).

· At maximum coil current, the model have maximum displacement of 1.434 mm
· Providing support for the MCWF cantilever wing is critical to the stress of the shell structure.  If the wing is supported at the tip of the wing by the neighboring shell, it will induce local high stress on the shell.
· The large displacement in the wing clearly indicated that the wing-to-shell supports need to be spread out to wider areas in order to reduce the shell displacements and local stress concentration.

· Stress concentrations also found at locations of locally sharp geometry changes.
· MCWF shall have no stress problems if wing supports are modified and locally sharp geometry changes are reduced.
· At the inboard regions, the toroidal connection flange joints are always in compression
· Using a material property of larger elastic modulus in the WP can lead to escalation of the WP stresses.  The ratio of the percentage increase in the stress is about the half of the percentage increase of the modulus of elasticity from 63GPa.  The model displacement will be reduced by about one quarter of the percentage increase of the modulus of elasticity from 63 GPa.
The shell thickness during the preliminary design review (PDR) was 1.5-in.  The change of shell thickness to 1.375-in and more details adding to the model make this analysis to supersede the previous MCWF stress analysis for the PDR.  The model can be further improved to include the design of coil clamps and perform a nonlinear analysis that considers the possibility of separation between MC and MCWF.
2.0 Assumptions
The following assumptions were applied in the analysis:
The finite element model that represents the WP and the MCWF is a linear elastic model.  The contact regions in the shell at the poloidal breaks and toroidal connection flanges are bonded, using the surface-to-surface contact elements.  The contact surfaces between the winding packs and the MCWF are also bonded, using the node-to-surface contact elements.  By using the bonded option on the contact elements, no sliding or separation between faces or edges will be occurred.
The MC material propertied are based on the smeared properties obtained from the material test programs since the modeling of the actual conductors is impractical.  The model uses smeared isotropic material properties for the winding packs, while they are likely to have orthotropic characteristics. The MC conductor test programs have not yet established many of the required data to form the orthotropic properties.  As the coils are continuous in the axial direction, the isotropic material properties are more suitable to be represented by the test data in the longitudinal direction.

Providing supports at the extreme ends of the MCWF wings are critical to minimizing the bending stresses in the WP.  The model assumes the wings are supported by the adjacent shells at the tips of wings using the constraint equations on two selected nodal points.  This is a conservative approach.  If high stress concentrations were found in the constrained locations, the supporting area should be spread to a wider area along the cantilever wing.
No bolts are simulated in the model and no preloads are applied in the analysis.  The force results across the bolt connection joints will be calculated to provide the bolt preload needs to make sure that the bolt joints will not be opened up or sliding.
3.0  Analysis Methodology and Inputs
Methodogy
The analysis of the NCSX modular coil system involves coupled-field analysis that uses the same mesh pattern for two fields of applications.  This analytic approach can avoid the errors of mapping applied loads from one model to the another model.   Because of several types of loads are involves, it is more flexible to divide the analysis into two steps.  The procedure will first solve the electromagnetic (EM) analysis and review the results.  Then applying the EM loads obtained from the first analysis to the second analysis for evaluating the stresses and displacements.
Because of three-fold cyclic symmetry in the geometry and the loading, the model is formed in a 120-degree sector of the MC system to minimize the size of the model and the computer running time.  Figure 3.0-1 and 3.0-2 show the models elected for the EM analysis and the stress analysis, respectively.  EM model consists of MC, simplified plasma, PF coils, and TF coils while Structural model consists of MC and MCWF.
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Fig. 3.0-1.  EM model consists of MC, simplified plasma, PF coils, and TF coils   
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Fig. 3.0-2.  Structural model consists of MC and MCWF     
This finite element structural model is based on the linear elastic model.  This simplified approach simulates all contact surfaces as bonded at all insulation shims in the shell by using the surface-to-surface contact elements, and interfaces between MC and MCWF by using the node-to-surface contact elements.  The approach is practical for all bolt connections since no separations of bolt joints will be allowed in the joint design.  Under this assumption, if there are gaps developed at the contact surfaces between coil windings and winding forms, the displacements and stresses in that region of the structure may be unrealistic.  
Inputs of Models
In the EM model, the PF coils, TF coils, and the modular coils are formed by ANSYS 8-node solid element SOLID5.  The brick-type PF and TF elements were generated directly from the geometry in the drawings.  The MC winding packs were developed by ORNL.  The plasma current was simplified by SOURE36 current elements located at the center line of the plasma current.
After the EM analysis, the SOLID5 elements for the winding packs were changed to structural 3-D SOLID45 elements, which have the identical nodal points and elements.  The shell parts and assembly files were developed by ORNL in the CAD system of Pro/E Wildfire.  The assembly file was imported into the ANSYS Workench Environment (AWE) to generate the solid meshes with the higher-order tetrahedron element and higher-order brick element.  Bonded option was applied to the contact regions.  Advanced option of internal multipoint constraint equations (MPC) was set at the contact surfaces to assure the truly linear contact and to minimize the model DOFs.  The winding packs and the winding forms were then attached by the node-to-surface contact elements.
The structural model is then modified to include MC wing-to-shell supports.  Two nodes near the tips of wings were designated for making constraint equations (CE) with the adjacent shells.  For those wings outside the 120-deg range (on the shell Type C), the CEs were defined by selecting two nodes near the outermost ends of wings to be restrained by the nodal points on the corresponding locations on the other side of shells as illustrated on Fig. 3.0-3
The model needs appropriate boundary conditions and support constraints to simulate the structure in a stable and cyclically symmetric condition.  This requires cyclic couplings of nodes at the θ=+60˚ and the θ=-60˚ and displacement restraints at the bottom of the shell structure.  To achieve the cyclic coupling condition on the boundary surfaces, the mesh patterns on both end surfaces shall be identical and all nodes on the surfaces were rotated into the same global cylindrical coordinate system.  At the θ=+60˚ and the θ=-60˚, couple degrees of freedom were defined at boundary nodes for the radial and vertical directions to make sure that these nodes take the same displacement in the cylindrical coordinate direction.  The displacements in the toroidal direction were restrained that ensure the boundary nodes stay on the same angle.  As the shell structure is supported at the bottom stiffeners by the TF structure, the nodes on the bottom faces of the stiffeners were restrained in the vertical and toroidal directions.  No displacement constraints were placed at stiffeners in the radial direction for minimizing the thermal restraints.  All the measuring units are in international MKS system.
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   Fig. 3.0-3.  Constraint equations for wings outside of the 120-deg. region     

Coil Currents
Reference [1] lists all coil current waveforms and the coil temperature histories at several time steps for all the current operating scenarios.  The listed current value indicates the current in each turn, not the current in each conductor. As the MC windings are arranged by a four-in-hand winding process, therefore, the total modular coil currents will be the currents in Reference [1] multiplied by the number of conductor turns.  Table 3.0-1 illustrates the number of coil turn for each coil set.



Table 3.0-1  Turn number of each coil set


Coil

M1
M2
M3
PF1
PF2
PF3
PF4
PF5
PF6
TF
Plasma

Turn No.
20
20
18
 72
 72
 72
 80
 24
 14
12
   1

For the current convention system, NCSX utilizes the cylindrical coordinate system with the Z-axis as vertical.  A positive PF or plasma current is in the -direction, which is counter-clockwise viewed from above.  A positive poloidal current, such as TF or modular coil current, flows in the positive Z-direction in the inner leg.

Applied Loads

The applied loads are limited to coil currents and thermal strains, which are due to temperature changes during the coil VPI process, the initial cooling to the operating temperature of 85K, and the subsequent coil current pulse.  R & D test has indicated that the winding pack cure shrinkage is very small and negligible.  The other test result also shows that the CTE of the winging form is slightly higher than the winding pack and when the modular coil is cooled to 85K, the relative thermal strain between the modular coil and the winding form is about -0.04%.  As the coil contracts more than the winding form, gaps may occur in some regions.  The gravity loads are comparatively small and, therefore, were not included in the analysis. 
The EM load in the coil is determined by the vector product of the coil current and the flux density.  Since the MC current is the major driver for the magnitude of the flux density, it is safe to conclude that the maximum EM load takes place when the MC currents are at the maximum that current scenario occurs at 2T high beta at t=0.0sec.
Two load cases were demonstrated in the analysis; the worst EM loads, and the worst EM loads with accumulated thermal strains in coils at operation.  Although the thermal loads always come with the delivery of the currents to the modular coils, taking the EM load as an individual load case provides a better understanding of the structural response to the EM load and a better information of the design modification.
At the time step of maximum coil current scenario 2T high beta at t=0.0 second, the corresponding coil temperature rise is 20K above the beginning of the current pulse [1].  Because of the short time period, it is reasonable and conservative to assume that the shell temperature is still at 85K. The higher CTE in the modular coil will produces a relative strain of 0.030% to the winding form. Since the relative strain of winding pack to shell during initial cool-down is -0.04%, the resulting relative strain at the operation time step becomes -0.04% + 0.03% = -0.01%.  This is equivalent to a temperature drop of 6.67K in the winding pack.

In order to achieve a uniform shrinkage during the initial cooling stage that produces no restraints on the supports, the NCSX design requires that the elevations of structural supports within the cryogenic boundary shall be placed on the same elevations and the supports shall be free to move in the radial direction.  This model is restrained at the bottom flanges, which locate at slightly different elevations.  A uniform temperature change in the shell will cause additional stresses from the support restraints, which in fact do not exist.   To simulate a load case of uniform temperature change in the model, the equivalent temperature drop of 6.67K in the winding packs to produce the same relative thermal strain between winding pack and winding form should be applied to the WP while keeping the temperature on MCWF unchanged.
Material Properties:
The composite modular coil consisted of copper strands impregnated with resin to form a rectangular section.  R & D test results [2] illustrate the flexural modulus of elasticity of the winding pact at 77K varies from 11.08Msi (76.4GPa) for bare Cu specimens to 7.37Msi (50.8GPa) for glass wrapped specimens.  The longitudinal compressive test at room temperature [3] shows the modulus of elasticity at an average value of 9.11Msi (62.8GPa).  The modulus of elasticity in the transverse direction is lower at 5.4Msi (37.0GPa) [4].  As the test program has not yet established all of the required data for forming an orthotropic property, the analysis employed the smeared isotropic material property for the WP.  The insulation pieces placed between shell connection flanges and poloidal breaks are formed with a 3/8-in SS covered by 2 layers of 1/16-in G11.  The equivalent isotropic properties were calculated for their material properties.  
The following material properties are used in these analyses:

· 316 SS MC shell: 
· 193 GPa for the modulus of elasticity (E)
· 13 μ/K for the coefficient of Thermal Expansion (CTE)

· 0.30 for the Possion’s ratio

· Smeared MC winding pack:
· 63 GPa for the smeared MC WP modulus of elasticity
· 15 μ/K for the coefficient of Thermal Expansion
· 0.20 for the Possion’s ratio

· Insulation spacers for shell:
· 151 GPa for the inter-module shims (modulus of elasticity
· 17.2 μ/K for the coefficient of Thermal Expansion
· 0.27 for the Possion’s ratio

4.0  Results and Interpretations
4.1 EM Analysis
The maximum current scenario at 2T high beta at t=0.0sec was selected for the EM analysis.  To calculate the total current in each coil, the current listed in Reference [1] was multiplied by the conductor turn number as listed in Table 3.0-1.  Figure 4.1-1 demonstrates the plot of flux density, in which the coil type B has the maximum flux density of 4.828 Tesla. 



[image: image4]
   Fig. 4.1-1.  Flux density at modular coils
Figure 4.1-2 displays two views of the element vector forces for the coil type B.  In general, the force vectors are toward the structural shell and tee web.  At the sharp-bend regions, the vector forces may be dragged away from the tee web because of coil currents turning to the opposite directon.  Table 4.1-1 summarizes the net force components of three types of modular coils at angles +10˚,+30˚, and +50˚, respectively.  It indicates very large centering force up to 295-kip (1.31-MN) per coil in coil type B.  These large centering forces shall be beneficial to the shell-to-shell connecting joints at the inboard regions, where no bolts will be accessible. 
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   Fig. 4.1-2.  Element vector forces of Type B modular coils


Table. 4.1-1.  Element vector forces of Type B modular coils


[image: image6.emf]F-radial (lb) F-thita (lb) F-vertical (lb)

type A -190,368 -6,552 -12,413

type B -294,591 -31,236 -96,989

type C -62,592 11,000 -97,432


4.2 Structural Analyses
Detailed stress results are presented and discussed in the following two load cases:
[image: image20.png]


4.2.1 Maximum EM Load Only
The EM load is the most important force for the modular coil system.  It is associated with other load such as the thermal load during operation.  The purpose of this analysis is to estimate the structural responses of the shell structure due to EM loads and to identify the stress magnitudes of the high stress locations.  Modular coil extends from a shell module to the next shell module by a supporting structure call “wing”.  It is expected that high stresses will be discovered at MC wings and the stress magnitude will depend on how the wings are supported.  In this model, two nodes near the tips of wings were designated for making constraint equations (CE) with the adjacent shells.
Figure 4.2-1-1 shows the maximum displacement of 1.325-mm occurs at wings of the shell type B.   Two pink symbols near the extreme end of the wing point out the nodal locations, at where the wing is supported by the shell using constraint equations.  The large displacement in the wing, which is caused by bending and twisting, clearly indicated that the wing-to-shell supports need to spread to a wider area to reduce the shell displacement.


[image: image7]
  
Fig. 4.2.1-1.  Maximum displacements occur at wings of shell Type B 

The maximum von Mises stress of 297-MPa (43-ksi) was found in the shell type B at local area where wing-to-shell CE exists with the geometry discontinuity.  Figure 4.2.1-2 shows the stress plot of shell type B.  The stress will be much lower if the WTS support were distributed to a wider area and avoid the sharp corner in the geometry change.  The other high stress areas are in the wing induced by large displacement due to insufficient wing support.  However, only very few local vicinities have stress higher than 25-ksi (172MPa).
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Fig. 4.2.1-2.  Stress plot for shell Type B

In the shell type C, all of the high stress regions are limited to very small local areas related to the wing support and deformation, with an exception at location where the rectangular lead penetration in the shell are very close to the port opening (Fig. 4.2.1-3).  The distance between two openings is as close as 1.5-in the model.  In the current drawing the clearance between two openings has been changed to 5-in.  Because of the change the stress at that location will be lower at least by 50%.



[image: image9]


Fig. 4.2.1-3.  Stress plot for shell Type C
4.2.2 Maximum EM Loads with Temperature
The maximum EM loads take place when the MC currents are maximum, which scenario occurs at 2T high beta at t=0.0sec.  At that time step, the corresponding temperature in WP increases 20K from the beginning pulse temperature of 85K. The relatively thermal strain of the winding pack to the shell, caused by initial cooling to 85K, is -0.04%.  As stated above under the applied loads section in the section 3.0, the resulting relative strain becomes -0.04% + 0.03% = -0.01%.  This accumulated strain is equivalent to a temperature drop of 6.67K in the winding pack while the temperatures in the winding form stay at zero.
MC Winding Pack Stresses and Displacements
The smeared axial stress of the winding pact is peak at the coil type B due to higher loads as illustrated in Table 4.1-1.  Figure 4.2.2-1 shows the maximum smeared tensile stress of 86.3-MPa (12.5-ksi) in the longitudinal direction of coil type B.  With a modulus of 63 GPa, the axial strain is 0.137%.  The maximum value of the smeared von Mises stress is slightly higher at 93.3-MPa (13.4-ksi).  The maximum displacement is 1.43-mm. 
The contour plot of the radial displacement of WP is illustrated in Fig. 4.2.2-2 for coil types A, B, and C.  For each coil in the plot, the left side is inner leg.  Except the sharp bend regions, the displacements show the inner legs move inward and the outer legs move outward that indicates the winding packs are pressed up against the winding form, closing gap openings that occurred during cool-down.
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Fig. 4.2.2-1.  Longitudinal stress for WP type B
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Fig. 4.2.2-2.  Contour plot of radial displacement for WP

Shell Stresses and Displacements
The maximum stress for the shell was found in shell type B.  Figure 4.2.2-3 shows two views of the contour stress plots for shell type B.  In the plot, the maximum von Mises stress of 300-MPa (43.5-ksi) was found at the wing, primarily due to wing-to-shell CEs and the local geometry discontinuity.  Excluding those local high stress areas, the stresses in the shell are relatively benign.  By comparing with Fig. 4.2.1-2 for EM loads without thermal effects, the maximum stress difference is 3-MPa.   These local stress concentrations will be vanished if the wing-to-shell support to be distributed into a wider area and the sharp corners in the geometry is reduced.
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Fig. 4.2.2-3.  von Mises stress plot for shell type B
.  For clarity, more plots were revealed to understand the structural response of the shell.  Figures 4.2.2-4 illustrates the contour stress plots of shell type B up to a stress limit of 25 ksi and a shell displacement plot.  The maximum displacement, found on the tee in the wing region, is caused by insufficient support to the wing that produces bending and twisting on the tee of the winding form. More supports on the wing under the WP are obviously needed in order to reduce the maximum displacement.  Areas identified in the stress plot with gray color indicate the von Mises stress of more than 25 ksi.  These high stress spots are the results of the support CE, the local geometry change, and the large displacement.  If the continuous wing support is provided along the winding pack, it will average out these high stress spots.  No local stress concentrations will be occurred due to local nodal point constraint equations.  A geometry modification to minimize sharp corners will effectively reduce the local stress concentration.
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Fig. 4.2.2-4.  Shell type B von Mises stress plot up to 25 ksi and displacement plot
In the shell type C, the peak stress is 269-MPa (39.0-ksi), found at the edge of port opening near the rectangular lead opening.  Figure 4.2.2-5 shows the contour stress plot of the shell type C in the range of 0 to 25 ksi for the von Mises stress.  For stress higher than 25 ksi, the area is shown by gray color. The maximum stress located at the same position as in the system subjected to the EM load only (see Section 4.2.1).  This peak stress is the result of the short spacing between two openings, which is as small as 1.5-in in the model.  The spacing has been changed in the current drawing to 5-in and the stress should be lower at least by a half.  Other high stress regions are found locally at the wing-to-shell supports and at location where geometry shape change rapidly.  A zoom in of the stress distribution at a location of a significant geometry change is included in the plot.  The CEs in the figure shows where the wings are supported.  These high stress spots will be leveled out, if the wing support is provided along the winding pack and tiny sharp corners are diminished in the geometry.
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Fig. 4.2.2-5.  von Mises stress plot up to 25 ksi for Shell type C

Loads Across Toroidal Connection Flanges
The model is used to estimate the loads which must be carried by the bolts at the toroidal connection flange and the poloidal breaks in shell structure.  Due to very limited clearances and difficulty to access, no bolts may be installed at the inboard regions for the toroidal joint interfaces.  In order to make sure that the shell modules are always in contact, the stresses at the toroidal connection interfaces should be always in compression at the inboard regions.  Figure 4.2.2-6 shows contour plots of the toroidal stresses in the magnitude from -80-MPa to 10-MPa in the inboard region of the shell connection shims.  The gray color indicates that the stress is outside of the range.  The red color demonstrates that the area is in tension and the rest of colors are in compression.  The plots clearly demonstrate that average stress in the region is in compression.



[image: image16]

Fig. 4.2.2-6.  Contour plots of the toroidal stresses in the inboard region of spacers
Any net tensions across the joints in the shell shall be resisted by the bolt preloads to preserve the joint rigidity.  The contour plots of toroidal stress Sy in the cylindrical coordinate system for the toroidal connection shims are illustrated in Figures 4.2.2-7 through 4.2.2-8 by selecting the tensile stress in the ranges from zero to 41.4-MPa (6-ksi).  In the plots, the gray areas beyond of the blue color zones demonstrate the stress in compression.  As the bolt preloads dose not include in the model, the tensile stresses in the region are an estimation of loads that must be carried across the bolted interface.   In the plots, three force components of the forces across the joints are also calculated and shown, in which Fx and Fy are the components of the net shear forces in the designated area while the Fz is the net normal force across the joints.  Negative Fz indicates that the force is in tension and the unit of force is in Newton.  The design of bolts shall provide enough preload margins to counter balance the tensile forces and capable of resisting the shear forces.


[image: image17]
Fig. 4.2.2-7  Contour plots of normal tensile stress Sz and force components at bolted interfaces


[image: image18]
Fig. 4.2.2-8  Contour plots of normal tensile stress Sz and force components at bolted interfaces
Loads Across Poloidal Breaks
For the poloidal breaks in the shell structure, Fig. 4.2.2-9 shows contour plot of the normal tensile stress (Sz) in the range from zero to 7-ksi (48.4-MPa) and the three net force components across the joints for the type-A, type-B, and type-C shells.  In the plot, the gray areas next to the blue color zones demonstrate that the stress is in compression. Local coordinate systems #64 to #66 were defined by three nodal locations on the surface planes of the poloidal breaks and the orientation of z-axis is set normal to each plane.  The stress distribution reveals some compressive stresses even the shell is generally under the tension.  This is because of the bolting flanges only presenting on the outside of the shell.  Thus, the tensile force in the shell becomes eccentric at the joint and creates bending moment on the plane that produce tensile stresses at inside and compressive stresses at outside.  Fx and Fy are the net shear force components on the x-y plane while the Fz is the total force across the joints.  Negative Fz specifies tension force and the unit of force is in Newton.  The highest load across the poloidal break is 462944-N (104079-lb) in shell type C.  It shall be noted that the load distributions at the poliodal breaks will be changed when the wing-to-shell supports are modified.  


[image: image19]
   Fig. 4.2.2-9  Contour plots of normal tensile stress Sz and force components at poloidal breaks
4.2.3 Effects of WP Smeared Material Properties
As the material testing of winding pack revealed the magnitudes of the elastic modulus existing in a range, it is often useful to run the case with a different value of modulus of elasticity to see its effects on the results.  Therefore, the maximum EM load case in the Section 4.2.1 was rerun with a different smeared modulus of elasticity of 79GPa for the MC winding pack.  Table 4.2.3-1 lists the comparison of maximum structural responses from the two runs.  For both runs, the maximum von Mises stresses in the shell were found at the same locations in the shell type B, at where the wing-to-shell CE exists with the geometry discontinuity.
Since the shell structure is much stiffer than the WP, an increase of 25.4% of E on the WP will only improve the maximum displacements of 6.7% and 5.7% for the shell and WP, respectively.  With a higher stiffness in the WP, the loads will be distributed more to the WP and less to the shell.  The Table shows that the maximum WP von Mises stress increases 14.3% while the maximum WP axial stress goes up 16.0%, less than the percentage of the stiffness increase in the WP.  The result comparison indicates that increasing the elastic modulus of the WP can lead to escalation of the WP stresses but by about a half of what the percentage increase of the modulus of elasticity.   The axial strain in the WP is reduced when the modulus of elasticity is increased.  It is also noted that the ratio of the maximum von Mises stress to the maximum axial stress in WP is slightly reduced from 1.098 for E=63-GPa to 1.083 for E=79-GPa. 
      Table. 4.2.3-1  Comparisons of structural responses for two runs with different E for WP







Run #1


Run #2

% difference

Modulus of elasticity for WP (GPa)

  63


79

  25.4
Max. displacement of WP (mm)

  1.450


1.367

   -5.7
Max. von Mises stress of WP (MPa)

  89.2


102

   14.3
Max. axial stress of WP (MPa)

  81.2


 94.2

   16.0
Max. axial strain of WP (%)

 
  0.129


 0.119

   7.7

Max. displacement of shell (mm)

  1.325


1.236

   -6.7
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Max. von Mises stress of shell (MPa)

  297


292

   -1.7
5.0 Summary & Commentary
The analysis was made at the time step of the maximum coil current scenario of 2T high beta at t=0.0 second.  The result shows that the winding pack has the maximum smeared tensile stress of 86.3 MPa (12.5 ksi) in the longitudinal direction.  With a modulus of 63 GPa, the axial strain is 0.137%.  Test of conductor at LN2 temperature [5] has demonstrated that under a tensile stress of 14.4 ksi (15k/1.04-in2), the conductor has passed 2.6 million cycles, which is 20 times of the life cycle, without failure.  In addition, the test also showed that the conductor resistance remained constant over the duration of the cycle testing.
Providing appropriate support for the MCWF wing is critical to the stress and displacement of the shell structure. This analysis assumes that the wings were supports by the neighboring shells near the tips of wings by two nodal points.  Because of the small contact area to transfer the loading, the local stress turns out to be very high.  High stresses also found at small areas having the geometry discontinuity.  Excluding those small areas, the stresses in the shell are relatively benign.  Even with the high stress spike, the maximum von Mises stress in the shell is 300-MPa (43.5-ksi), found at the wing of the shell type B, primarily due to wing-to-shell support and the geometry discontinuity.  The shell structure, which is made of stainless steel casting, has a yielding strength of 52 ksi.  According to the NCSX design criteria [6], the allowable stress for the membrane plus bending shall be 52 ksi, which is larger than the maximum stress.  Except those localized areas of higher stress, the allowable stress margin is more than 2.  .  The maximum deflection in the shell is only about 1.4 mm in the tee of the shell type B.
Although there are no stress problems in the shell, it is strong recommend that the continuous shims be considered to be placed between the wing and the shell.  This arrangement will avoid the local stress concentration and minimize 
the deflection and the bending stress in the wings. 
There are no bolt pretensions provided in the analysis.  For estimating the preload requirement, the loads across the insulation shims were calculated.  The normal stresses on the insulation shims were also plotted to see the stress distribution.  It shows most of the inboard flange shims on the toroidal connection flanges are in toroidal compression and, therefore, no bolts will be required.  The design of bolts shall provide enough preloads to counter balance the tensile forces and capable of resisting the shear forces.
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�I am most interested in the stresses in the winding where it is moving off the tee.  I look at this as a primary stress.  If it is moving onto the tee, can we treat it as a secondary stress?  (I don’t really know.)  Also, we should introduce fatigue considerations.





I’d feel more comfortable if we were referencing and pulling data from a referenceable analysis report...
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				F-x (N)		F-y (N)		F-z (N)		coord. Sys.		angle		radian		sin		cos

		type A		-828,831		-175,740		-55,215		Cartesian

		type B		-1,065,317		-775,495		-431,406		Cartesian

		type C		-216,440		-181,824		-433,378		Cartesian

				F-radial (N)		F-thita (N)		F-vertical (N)

		type A		-846,756		-29,145		-55,215		Cylinder		10		0.175		0.174		0.985

		type B		-1,310,339		-138,939		-431,406		Cylinder		30		0.524		0.500		0.866

		type C		-278,410		48,928		-433,378		Cylinder		50		0.873		0.766		0.643

												60		1.047		0.866		0.500

				F-radial (lb)		F-thita (lb)		F-vertical (lb)

		type A		-190,368		-6,552		-12,413		Cylinder

		type B		-294,591		-31,236		-96,989		Cylinder

		type C		-62,592		11,000		-97,432		Cylinder
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