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1.0 Executive Summary

This memo describes a detailed electromagnetic-structural (EM-ST) analysis of the NCSX Modular coil (MC) system. The simplified (linear) model is presented and used to provide answers to a variety of design study questions, such as structural stiffness, bolted flange loads, coil-center displacements, and smeared winding pack and winding form stresses. Results are provided as input to other project efforts such as manufacturing studies, field errors, and the conductor test program. 
Results are illustrated through a series of contour plots, and where possible, compared to the requirements of the NCSX design criteria document
. The model provides the following results:

· Poloidal Breaks and Coil-Coil joints are exposed to tensile running loads of up to 9 and 3 kips/in, respectively. Bolts must be sized to provide at least this much preload.
· The stiffness of the MC shells to opening displacements at the poloidal breaks is 22-57 k-lb/in, depending on the shell type.
· The maximum principal strain in the conductor is determined to be ~0.1%. With the WP in weak compression, or a near zero stress state at the end of the pulse, a  zero to 0.1% and back to zero cyclic strain test for 130,000 cycles would be representative of the worst in-service loading. A factor of two on this peak strain value for the 130k cycles and a factor of one on this peak strain value for five times 130k cycles will be required to satisfy the fatigue requirements of [1].
· The local max shear stress in the smeared WP is 26 MPa with extensive regions at 20 MPa. The WP carries an average shear stresses of 5 MPa. Preliminary tests show failure at 32 MPa.
· The maximum stress in the SS winding form is determined to be ~190 MPa. Although a design-basis fatigue curve for the SS casting material is still TBD, the stress range is ~1/2 the yield stress of annealed 316LN, which is slightly above a typical endurance-limit stress.
· The most critical static stress limits (Primary Membrane and membrane + bending) easily satisfy the design requirements (Limit-to-Actual stress ratio of ~3).

· Cool-down displacements and MC WF deformations from EM loads are calculated and lead to non-ideal coil positions. Displacements at each element centroid are provided as input to field error calculations by PPPL & ORNL.

· The effects of MC module Type C-C mechanical continuity in the inaccessible inboard region are studied and show that only toroidal continuity (developed by EM loads) provides any benefit. In plane restraints (i.e., shear keys) provide essentially no benefit. 

· A substantial increase in the shell stiffness is shown to result in a 20% reduction in the WP strain. However, only local changes to the shell would be achievable. Such a modest change would greatly diminish the benefit of the large scale change noted here.

· Providing support at the extremes of the MCWF “wings” is critical to minimizing the bending stresses in the WP.
· The wing supports must be capable of carrying about 0.6 MN (135 k-lb) in compression with minimal deflection in order to be effective.

2.0 Assumptions and Notable Concerns
The following is a list of assumptions applied in the analysis. Those requiring confirmation or further action are noted.

2.1 Linear Model: The model assumes perfect contact at the flanges of adjacent parts (MCWFs) and between the WFs and WPs. This is consistent with the objectives of the model.
2.2 The model uses isotropic material properties for the MC WP, while it is likely to have some orthotropic characteristics. However, the MC conductor test program has not yet established many of the required properties. 

2.3 Geometric complexities associated with the MC shell requires meshing within ANSYS WorkBench. “Bonding” adjacent shells is also performed within the WorkBench environment. This part of the modeling is done by PPPL, which makes the requisite mesh density study difficult to implement. The model uses higher-order tet elements in order to achieve maximum accuracy with the given mesh density.
2.4 A design-basis fatigue curve for the cast SS CF8M is TBD.

2.5 The casting Sm value of taken to be 34.8 ksi (240 MPa). 

3.0 Analysis

This stress analysis of the NCSX Modular Coil system is based on the linear finite element ANSYS model shown in Fig. 3.0-1. The model is composed of the complex MC winding forms and coils, shell-to-shell insulated shims, conventional coil sources (CS, PF and TF) plus a simplistic representation of the plasma. The model employs 120˚ symmetry to minimize computational requirements. 

The objective of the model is to perform various scoping studies with relatively short computer run-times. In order to do this, the model must simplistically simulate the numerous contact surfaces as “glued.” The linearity requirement is maintained by modeling flange-to-flange interfaces as “bonded” surfaces through special contact elements. In addition, the smeared MC winding packs are stuck to winding form by constraint equations. The cost of this approach is unrealistic displacements or stresses in regions of the structure where this approximation is invalid. 
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Fig. 3.0-1: NCSX Conventional & Modular Coils and Shell Structure 
Following the Modeling Trail:
This coupled-field electromagnetic-structural model is based on a number of parts from a number of contributors:
· Solid models of the MC winding form and shell are developed by ORNL.

· PPPL imports these solids models into the ANSYS WorkBench environment where they are meshed with higher-order tetrahedron elements. Bonded contact elements are added to the flange surfaces of adjacent parts to create a linear structural model of the MC shell: ftp://ftp.pppl.gov/priv/stellarator/shell3.db
· This ANSYS data base file (shell3.db) is downloaded by Myatt Consulting, Inc. (MCI) and modified to include MC wing-to-shell supports (simple nodal displacement coupling).

· A rectilinear brick-element model of the MC winding packs (WP) is also developed by ORNL and emailed to MCI from PPPL (pftfmc_coils.txt on 09/02/03). 
· MCI develops a text-based electromagnetic model of the PF coils, TF coils and plasma field sources, which is included here as Attachment 6.1.

· A global text-based ANSYS batch file is developed to manipulate these various parts of the linear MC model (shell structure, smeared WPs, conventional coils) and add the appropriate material properties, boundary conditions (BCs), coil currents, and postprocessing (included here as Attachment 6.2).

· Salient design drawings are included as Attachment 6.3.

· Various operating scenarios
 are included here as Attachment 6.4.

The model shown in Fig. 3.0-1 requires all the usual finite element modeling details; boundary conditions (BCs), material properties and loads. These are discussed below. In addition, a significant postprocessing effort is required to extract the exact results intended for a particular design study. This analysis looks at the following subjects and details the findings in Chapter 4.0: Loads at the Poloidal Breaks, Modular Coil Shell Stiffness, MC Winding Pack Smeared Stresses, Winding Pack Displacements, Shell Stresses, Type-C to Type-C Boundary Conditions, Effects of Stiffer Shell, and A Closer Look at WP Stresses.

Cyclic Coupling:
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The rather busy model plot of Fig. 3.0-2 shows the nodal coupling require to make the θ=+60˚ flange face move (displace) just like the θ=-60˚ flange face. Nodes associated with this coupling are “rotated” into a cylindrical coordinate system so X-displacements are radial, Y-displacements are toroidal, and Z-displacements are vertical. This matches the electromagnetic symmetry of the modular coils.

Fig. 3.0-2 Toroidal Coupling of 120˚ Sector Model

Displacement BCs:
Fig. 3.0-3 is a plot of the displacement BCs required to prevent rigid body motion. Although this may not be the reference support point for the structure, the constraint is simply required to eliminate a zero-stiffness in two directions and prevent the model from flying off into space.  
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Fig. 3.0-3 Location of Displacement BCs to prevent Rigid Body Motion

Applied Loads:
The applied loads are limited to coil currents and temperatures. Attachment 6.4 lists the coil currents for each of the project’s reference scenarios. The source of these tables [2] also lists coil temperatures at each time-point of each scenario. 

The analysis evaluates a number of the most limiting time points, focusing on times when the currents are a maximum and at the end of the pulse when the temperature rise is a maximum. Care must be taken when applying the total current (amp-turns) to the smeared WP. The MC windings are made from a four-in-hand winding process (see Fig. 3.0-4). So the modular coil currents listed in the attached table must be multiplied by the number of conductor turns, and not the number of conductors. For example, the M1 coil has a WP on each side of the winding form Tee. Each WP is built into an array of M x N conductors. In this case, M is the number of layers (10) and N is the number of conductors per layer (4). That is, each layer represents one four-in-hand turn. Therefore, the total current in each WP is the number of layers multiplied by the current listed in the attached tables.
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Fig. 3.0-4 Modular Coil Cross-Section (courtesy ORNL)

Material Properties:
The material properties used in these analyses are included in the ANSYS input file of Attachment 6.2. The most critical properties are also listed here:

· Elastic moduli (E): 
· 193 GPa for the SS MC Shell

· 79 GPa for the smeared MC WP (from the uninsulated 77K flexure tests)

· 153 GPa for the inter-module shims (by mixture-rule for 3/8” SS & (2) 1/16” G11)
· Coefficient of Thermal Expansion (CTE):
· 13 μ/K for the SS MC Shell

· 15 μ/K for the smeared MC WP (approximate)

· 17 μ/K for the inter-module shims (by mixture-rule for 3/8” SS & (2) 1/16” G11)

· Others can be found in ANSYS input listing of 6.2

4.0 Results
Detailed stress results are presented and discussed in the following 4.x subsections. 

4.1 Loads at the Poloidal Breaks
In this section, the model is used to estimate the load which must be carried by the poloidal breaks. Fig. 4.1-1 through 4.1-3 show contour plots of the poloidal stress in the shell in the region of the breaks. Although this model does not explicitly model the breaks, stresses in the region are an indication of the load that must be carried across the bolted interface. The running load (lbf/in) is roughly calculated for each module type, by multiplying the local poloidal stress by the thickness of the shell. This is a very crude approach, but may provide a reasonable starting point for the break design.

Results indicate that the Type-B poloidal break must carry the highest load at about 9000 lb/in.
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Fig. 4.1-1 Type-A Break Running Load: (20 MPa x 145 psi/MPa) x (1.5” thick) = 4300 lbf/in

Fig 4.1-2 Type-B Break Running Load: (50 MPa x 145 psi/MPa) x (1.25” thick) = 9000 lbf/in
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Fig 4.1-3 Type-C Break Running Load: (30 MPa x 145 psi/MPa) x (1.25” thick) = 5500 lbf/in

4.2 Modular Coil Shell Stiffness (at Poloidal Breaks)
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The stiffness of the Type-A modular coil shell with respect to deflections at the poloidal break is determined to be about 0.1 MN/cm or 57 k-lb/in. This is illustrated by the annotated deformed shape plot of Fig. 4.2-1. 

Fig. 4.2-1 Type-A Shell Deflections and Reaction Force

The stiffness of the Type-B modular coil shell with respect to deflections at the poloidal break is determined to be about 39 kN/cm or  22 k-lb/in. This is illustrated by the annotated deformed shape plot of Fig. 4.2-2. Notice that this is substantially softer than the Type-A shell because of the smaller inboard section.
Fig. 4.2-2 Type-B Shell Deflections and Reaction Force
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The stiffness of the Type-C modular coil shell with respect to deflections at the poloidal break is determined to be about 55 kN/cm or  31 k-lb/in. This is illustrated by the annotated deformed shape plot of Fig. 4.2-3. This is slightly stiffer than the Type-B shell, but substantially softer than the Type-A shell.
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Fig. 4.2-3 Type-C Shell Deflections and Reaction Force
4.3 MC Winding Pack Smeared Stresses
One of the objectives of the analysis is to determine the MC winding pack stress history and propose a comparable uniaxial fatigue test. The most damaging stress cycle is determined by analyzing a number of time points from the list of reference scenarios. Many stress ranges are developed by subtracting the results of one time point in a scenario from those of another. As one might expect, the largest stress range occurs when an unloaded coil state is subtracted from a highly loaded coil state. In deed, the worst stress cycle occurs from the 2T, High-β current pulse, which delivers the maximum current to the modular coils and produces the largest end-of-pulse temperature rise [2].
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Fig. 4.3-1 is a plot of the stress intensity range in the modular coil winding pack when stresses at 2T/High-β/t=3.4s are subtracted from stresses at 2T/High-β/t=0.0s. The plot legend indicates a maximum stress range of 94 MPa (~14 ksi). It also shows that there are a number of locations in the winding pack which experience approximately the same stress range, although this is easier to see on the computer screen.
Fig. 4.3-1 Stress Range developed by (2T/High-β/t=0.0s) – (2T/High-β/t=3.4s)
Close inspection of the results reveals that element 5890 is where this 94 MPa stress range occurs. The stress history of EL 5890 is used to characterize the MC’s most damaging stress cycle. Table 4.3-1 lists the stress intensity (σ1-σ3), and maximum (σ1) and minimum (σ3) principal stresses for this element and a couple of other high-stressed elements. The logic of distilling such a complex time-dependent stress field into a simple prototype test goes as follows. See Table 4.3-1 for stress values and 4.3-2 for stress ranges
When the MC is cooled to 85K, the slightly higher CTE WP gets drawn into tension by the slightly lower CTE winding form. This linear model shows that this stress level is about 35 MPa (σ1).  The clamps have to do this drawing, and maybe they can’t because of stiffness issues. So, the actual tensile stress could be lower than 35 MPa. 
When the coils are energized to their peak current values (t=0.0s), they are pressed up against the winding form, closing any openings that occurred during cooldown. There may be a few places where the EM forces tend to pull the WP away from the Tee web because of neighboring like-directed currents. However, this linear model cannot capture this behavior. Under this loading, the model reports a maximum tensile stress of 85 MPa. The stresses at 0.197s are slightly lower (75 MPa) because the coil currents are slightly lower.
At the end of the current pulse (t=3.4 s) the major stresses have changed sign, indicating that the warm coil trapped in the cold winding form is in compression. Notice that the 1st principal stress is actually quite small (-3 MPa) and that the stress intensity comes mostly from σ3 (-16 MPa). 
Table 4.3-1 Summary of High-Stressed Element Stresses, 2T High-β Scenario

	Load Case #
(Time, s)
	EL
	SI, Pa
	σ1, Pa
	σ3, Pa

	1 (-0.85)
	5890
	3.2560E+07
	3.9541E+07
	6.9807E+06

	
	7490
	3.5784E+07
	4.3425E+07
	7.6413E+06

	
	9876
	2.2247E+07
	2.3711E+07
	1.4636E+06

	2 (0.0)
	5890
	8.2034E+07
	8.5000E+07
	2.9657E+06

	
	7490
	6.8833E+07
	7.1720E+07
	2.8878E+06

	
	9876
	7.7990E+07
	7.6113E+07
	-1.8771E+06

	3 (0.197)
	5890
	7.4318E+07
	7.5141E+07
	8.2329E+05

	
	7490
	6.1036E+07
	6.1932E+07
	8.9602E+05

	
	9876
	6.1634E+07
	5.9441E+07
	-2.1928E+06

	4 (3.4)
	5890
	1.3818E+07
	-2.6658E+06
	-1.6484E+07

	
	7490
	1.4676E+07
	-2.8090E+06
	-1.7485E+07

	
	9876
	8.4438E+06
	-4.3604E+05
	-8.8798E+06


So, the critical points on the stress histogram are max tension (85 MPa) and the worst stress range (94 MPa, max tension to max compression). This sets the stress cycle from 2T High-Beta: -9 MPa to +85 MPa as illustrated in the two-cycle histogram of Fig. 4.3-2. Notice that this stress cycle isn’t really influenced by what happens at cooldown. Cooldown puts the winding into a stress state which is somewhere between the max tensile stresses caused by EM loads and the max compressive stress state caused by the end of pulse temperature rise. So, as far as fatigue and stress reversals are concerned, the nominal 85K stress state isn’t important. 
Table 4.3-2 Stress Intensity Ranges [MPa] from various 2T High-β Load Case Pairings

	Load Case Pairing
	EL 5890
	EL 7490
	EL 9876

	1-2
	58.8
	40.8
	65.6

	1-3
	51.9
	34.1
	52.3

	1-4
	46.3
	50.4
	30.7

	2-3
	8.6
	8.6
	16.6

	2-4
	93.8
	82.9
	85.7

	3-4
	86.9
	75.0
	69.2


Note: The values listed above may be slightly different than the maximum values shown in the stress contour plots for very subtle reasons due to ANSYS list and plot functions.
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There are other time points during this limiting current scenario, which produce lower stress range values. Figs. 4.3-3 through 4.3-7 show contour plots of other stress pairings within the 2T High-β current scenario, all of which are at stress levels below 94 MPa.
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Fig. 4.3-3 Stress Range contour, developed by (2T/High-β/t=0.197s) – (2T/High-β/t=3.4s)
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Fig. 4.3-4 Stress Range contour, developed by (2T/High-β/t=0.0s) – (2T/High-β/t=-0.85s)

Fig. 4.3-5 Stress Range contour, developed by (2T/High-β/t=3.4s) – (2T/High-β/t=-0.85s)
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Fig. 4.3-6 Stress Range contour, developed by (2T/High-β/t=0.197s) – (2T/High-β/t=-0.85s)
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Fig. 4.3-7 Stress Range contour, developed by (2T/High-β/t=0.0s) – (2T/High-β/t=0.197s)

4.4 Winding Pack Displacements
The modular coil positions change when the machine is cooled from RT to 85K, and again when the coils are energized. Fig. 4.4-1 is a plot of the displacement modulus associated with the incremental change in coil position caused by EM loads (2T/High-β/t=0.0 s). Even if the coils contracted to their ideal position at 85K, the EM loads and finite stiffness winding form produce displacements on the order of 1.6 mm. 
A rigorous evaluation of the magnetic effects of these deformations is performed by ORNL and PPPL. The deformed coil positions have been delivered as arrays of element centers and their corresponding deformations for three load conditions:

· 85K, 2T High-Beta, t=-0.85 s (LS1)
· 105K, 2T High-Beta, t=0.0 s (LS2)
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113K, 2T High-Beta, t=0.197 s (LS5)
Fig. 4.4-1 Deviation from cold position produced by 2T/High-β/t=0.0s Coil Currents
4.5 Shell Stresses

Stresses in the shell are a maximum when the MC currents are a maximum. Fig. 4.5-1 is a plot of the stress intensity in the SS shells (all three “Types”) as a result of the Load Case 2 (Table 4.3-1) time point (2T, High-β, t=0.0 s). The legend indicates a maximum stress of 192 MPa. Fig. 4.5-2 provides some more insights into the location and extent of this max stress. It occurs at the base of the Type-B wing, where there is a confluence of surfaces and a significant change in cross-section. The figure also shows where the wing is supported.
Fig. 4.5-3 is a plot of the stresses in the Type-A shell. The maximum stress of 113 MPa occurs at the tip of the Tee web in a couple locations. The gradient across the height of the web indicates that this stress is a result of hard-way bending (and indeed a close inspection of the deformed shape confirms this observation). 
The stresses in the Type-C shell are shown in Fig. 4.5-4. The maximum stresses occur near holes and a flange detail. The plot legend lists a maximum stress of 175 MPa and the “MX” symbol indicates that it occurs where a flange has been machined to a “knife-edge” at a vertical port.

When test data is limited, it is sometimes necessary to propose a bounding analysis. If we assume that the MC WP has essentially no stiffness (1% of the assumed 79 GPa value), the analysis would report an upper limit for the stresses and strain in the WF structure. Fig. 4.5-5 is a plot of the 1st principal stress in the portion of the MC WF which is adjacent to the WP (Tee region). The legend lists the maximum 1st principal stress from this 2T High-β (t=0.0 s) load case: 324 MPa. The maximum stress occurs at the base of the Tee in the congested inboard region. Dividing the stress by the 193 GPa elastic modulus of the SS MCWF yields the maximum tensile strain value of 0.17%. This is substantially higher than the strain developed assuming an 11.5 Msi (79 GPa) smeared WP modulus, and represents the extreme case.

In all of these instances, the peak stresses must be used to estimate the fatigue life of the shell. Such data for the cast SS (CF8M) is TBD. Static stresses must be categorized and compared to the design stress allowable values (multiples of Sm, [1]). The largest primary stress is ~75 MPa which appears at the inboard leg of the Type-C shell. Preliminary data on the cast material has allowed the project to adopt an Sm value of 34.8 ksi (240 MPa). This is a factor of three above this primary membrane stress. 

The inboard leg of Type-C is also the location of the maximum primary membrane plus bending stress: ~100 MPa (certainly less than 125 MPa). In this case, the allowable stress is 1.5Sm or 360 MPa, and another factor of three above the operating stress.
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Fig. 4.5-1 Stress Intensity, MC Shell (2T/High-β/t=0.0s)
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Fig. 4.5-2 Close-Up of Max-Stress Region
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Fig. 4.5-3 Stress Intensity, MC Shell Type-A (2T/High-β/t=0.0s)

Fig. 4.5-4 Stress Intensity, MC Shell Type-C with High-Stress Detailed Below (2T/High-β/t=0.0s)
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Fig. 4.5-5 1st Principal Stress in MCWF Tee Web with Soft WP (EM forces from t=0.0s 2T/High-β)
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4.6 Type-C to Type-C Boundary Conditions

When the MCs are assembled, the inboard region of the C-C joints will be difficult (if not impossible) to access. Therefore, the present plan is to omit mechanical fasteners from this region, as shown in Fig. 4.6-1. All previous analyses have assumed perfect cyclic symmetry on all ±60˚ flange surfaces.
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The analyses which follow indicate that assuming no toroidal continuity at the inboard C-C connections results in a slight increase in the maximum tensile stress in the MC WP. However, if toroidal continuity can be achieved (without bolts), then the addition of shear keys which provide in-plane continuity produces no additional benefit. 
Fig. 4.6-1 C-C Flange Region (No Fasteners in C-to-C ID Region)

No C-C Coupling in the Inboard Region

Fig. 4.6-2 is a plot of the stresses in the shell when all of the C-C coupling in the inboard region is deleted. This is a rather harsh approximation since this region will have toroidal compressive continuity even without bolts (demonstrated later in this section). The change in stress with respect to the fully coupled analysis (Fig. 4.5-1) is trivial, and in fact has gone down slightly (192 MPa to 183 MPa). Of course, this is not the entire story; we still have to see how this change affects winding pack stresses.

Figs. 4.6-3 and 4.6-4 are contour plots of the WP 1st principal stress and stress intensity range (worst load case pairing). Notice that the lack of C-C inboard continuity results in an increase in the max tension from 85 MPa to 96 MPa. On the other hand, the maximum stress range is essentially unaffected (94 vs. 93 MPa) by the coupling change.

Fig. 4.6-2 Stress Intensity, MC Shell (2T/High-β/t=0.0s) No Inboard C-C Fasteners
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Note: The annotated plot says “Zero C-C Coupling.” Of course this is in reference to the inboard region defined by Fig. 4.6-1.
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Fig. 4.6-3 1st Principal Stress, MC WP (2T/High-β/t=0.0s) No Inboard C-C Fasteners
Fig. 4.6-4 Stress Intensity Range, MC WP (2T/High-β: t=0.0s - t=3.4 s) No Inboard C-C Fasteners
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Only Toroidal C-C Coupling in the Inboard Region

Since the dominant loading on the inboard region of the MC shell is radial with reaction loads carried by toroidal compression, it is reasonable to assume that there should be toroidal continuity between adjacent Type-C shells. Fig. 4.6-5 is a plot of the stresses in the shell when only toroidal C-C coupling in the inboard region is maintained (i.e., displacement continuity in the plane of the flange face is deleted). The plot legend lists a maximum stress of 192 MPa, which is identical to the fully coupled analysis (Fig. 4.5-1). In addition, the maximum principal stress is also unaffected by this BC change, and has a maximum value of 85 MPa (contour plot not shown). 
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Fig. 4.6-5 Stress Intensity, MC Shell (2T/High-β/t=0.0s) Toroidal Continuity at C-C Inboard Region

Only In-Plane C-C Coupling in the Inboard Region

Consider yet another variation on the C-C inboard flange coupling scenario. Assume shear keys can be installed to ensure in-plane continuity across the interface while toroidal continuity cannot me guaranteed (because of shimming difficulties, for example). Fig. 4.6-6 is a plot of the stresses in the shell when only in-plane C-C coupling in the inboard region is maintained. The plot legend lists a maximum stress of 180 MPa, which is similar to the results when all of the coupling at the inboard flange is eliminated (Fig. 4.6-2). In addition, the maximum principal stress is also similar to the no C-C continuity case (like Fig. 4.6-3). 

It is apparent from these results that toroidal continuity at C-C connections is more important than in-plane continuity from shear keys.
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Fig. 4.6-6 Stress Intensity, MC Shell (2T/High-β/t=0.0s) Toroidal Continuity at C-C Inboard Region
Fig. 4.6-7 is a plot of the toroidal stress in the coil-to-coil shims. The contouring is simplified by specifying only two colors; Red represents compressive stresses (of any magnitude) and grey represents tensile stresses (of any magnitude). The plot indicates that all flange surfaces inboard of about the 1.4 m major radius are in compression. This confirms the assumption invoked above that toroidal continuity will occur at C-to-C joints even without fasteners. 
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Fig. 4.6-7 Toroidal stress in Coil-to-Coil shims (2T, High-β, t=0s)

4.7 Effects of Stiffer Shell

The stresses reported in 4.3 and the deformations reported in 4.4 could be a concern, although not completely justified yet by fatigue testing or field error calculations. However, the model is used here to evaluate the effects of a stiffer shell. 

A simple change to the FE model is used to simulate a thicker shell. All of the elements which do not touch the MC winding pack are assigned a new material reference number and a 50% higher elastic modulus. Fig. 4.7-1 shows the Tee elements which touch the WP and maintain the nominal SS modulus.
Figs. 4.7-2 and 4.7-3 show the revised stress range and maximum 1st principal stress for this artificially stiffened shell structure. Notice that the maximum 1st principal stress has dropped from 85 MPa (Table 4.3-1) to 71 MPa and the maximum stress range has dropped from 94 MPa (Fig. 4.3-1 and Table 4.3-1) to 82 MPa. This reduces the maximum tensile strain from ~0.11% to 0.09%. Curiously, the max compression (at the end of the pulse) remains about the same 71 MPa minus 82 MPa or -11 MPa compared to 94 MPa minus 85 MPa or -9 MPa.
Fig. 4.7-4 is a plot of the displacement modulus associated with the incremental change in coil position caused by EM loads (2T/High-β/t=0.0 s) for this conceptually stiffer shell structure. Even if the coils contracted to their ideal position at 85K, the EM loads and finite stiffness winding form produce displacements on the order of 1.3 mm. Recall that the reference shell structure allows 1.6 mm of peak displacements (Fig. 4.4-1).
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This analysis simply demonstrates that increasing the shell thickness can be used to reduce the maximum tensile stress and displacements in the MC winding pack. Field errors would also benefit. 

Fig. 4.7-1 Tee elements touching MC WP maintain 193 GPa Elastic Modulus
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Fig. 4.7-2 Stress Intensity Range (Max EM Loading) – (End of Pulse Temps)
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Fig. 4.7-3 Max 1st Principal Stress (EM Loading)

Fig.4.7-4 Deviation from cold position from 2T/High-β/t=0.0s Coil Currents
(Artificially Stiffer Shell Structure)
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4.8 A Closer Look at WP Stresses

The plots presented above indicate that increasing the elastic modulus of the non-Tee shell elements by 50% can lead to significant reductions in the WP stresses. This type of design change would be difficult to implement at this stage of the project. Let’s first look more closely at the winding pack’s highest stressed locations for a more refined assessment of the stress story. 

In the reference design (nominal modulus), the maximum 1st principal stress occurs at the base of a Type-A wing, as shown in Fig. 4.8-1. Notice that the shell-to-shell shim (simulated by nodal coupling here) is located in the middle of the wing extension flat. This is not an ideal location to minimize the bending stresses in the cantilevered wing. Also, the wing material in this region is relatively thin (~1”). The result is a WP stress of ~85 MPa. 
However, the symmetrically identical wing of the other Type-A shell (in this 120˚ model) is supported slightly differently, as shown in Fig. 4.8-2. While two of the three coupled sets are nearly the same as in the other wing, the third set is located further out on the cantilevered wing. Of course, this is a better place to support the wing. The legend reflects this, listing a maximum WP stress of 71 MPa. 

The wings which extend beyond the boundaries of the ±60˚ model are not supported in these analyses. This approach is the easiest to implement, and provides valuable results for a number of subjects. It is also conservative. Fig. 4.8-3 is a plot of the 1st principal stress in the Type-C MC winding packs. Clearly, the maximum stress of 78 MPa is due to the large unsupported wing located in the inboard region of the magnet system. The tight, hair-pin wing on the outboard side has much lower stresses, despite its lack of support. It is reasonable to think that an analysis which goes through the tedious task of coupling external wing displacements to the supporting shell located 120˚ away would show a substantial reduction in these local bending stresses. Recall how slight changes to the support location of some Type-A wings results in a 16% decrease in local stresses.
Clearly, a well-positioned pad (at the tip of the wing cantilevers) will go a long way towards minimizing the bending stresses in the winding pack. Imposing such a requirement on the design will ensure that the wings will be well-supported and WP stresses are likely to be below 70 MPa.
The next highest stressed location in the WP is in the crowded inboard region where the base of the Tees are carved away to make room for adjacent coils. Fig. 4.8-4 shows a plot of the under-cut Tees, accompanying modular coils and a plot of the stresses. Contours of the 1st principal stress indicate a maximum value of 76 MPa. So this region, not the properly supported wings regions, represents the critical stress location. Because of the congestion in this area, it may be difficult to add any material to the under-cut Tees. It might however, be possible to shim the narrow gap between the adjacent WP and thereby provide a more direct coil-to-coil load path.
The next highest stress level in the MC WP is shown in Fig. 4.8-5. The Type-A shell has a small inboard wing with, again, a thin web extension. In this model, the web goes unsupported because of its relatively short cantilevered length. The plot legend indicates a maximum 1st principal stress of 67 MPa. This is a strain level of ~0.084%, and represents a reasonable goal for the numerous wing stress levels.
Fig. 4.8-1 (upper) & 4.8-2 (lower) Effects of Variation in Shell-to-Shell Support, Type-A Wings
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Fig. 4.8-3 1st Principal Stresses in the Type C Winding Packs, Unsupported External Wings

[image: image38.jpg]ANSYS 8.0

APR 27 2004

10:39:36

AVG ELEMENT SOLI

STEP=2

SUB =1

TIME=2

s1 (AVG)

DMX =.008128

SN =.822E+07

SMIX =.705E+08

cp

mm -822E+07

AS1E+08

T -221E+08

T -290E+08
.359E+08

BB ises0s
(A98E+08

[ -S67E+08

|

Shell-to-Shell Support Location (other Type-A)

Local Max Tension

.636E+08
.705E+08

mmm\






[image: image39.jpg]q s ANSYS 8.0
Other High 1st Principal Stress APR 27 2004

Adjacent Parallel Currents Pull WPs Together 11:30:21

nder-Cut Base Reduces Easy-Way Bending AVG ELEMENT soLl

( STEP=9999
Modulus of Tee-Section s1 (AVG)

DMX =.001427
SMN =-.170E+07
SMX =.757E+08
mm -170E+07
.690E+07
— -155E+08
T -241E+08

.327E+08
= AM3E+08

499E+08
[ .585E+08
[

.671E+08
757E+08

pdrmodshi




Fig. 4.8-4 Under-Cut Tee Base Provides Little Resistance to Easy-Way Bending in Inboard Region
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Fig. 4.8-5 Type-A, Inboard Wing (Relatively Short Wing Modeled as Unsupported)
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MCWP Shear Stresses

Although the modular coil winding pack is modeled here as an isotropic smear, the epoxy impregnated cable and glass turn wrap insulation will have orthotropic strength characteristics. For example, a shear stress developed from bending is more likely to cause an interlaminar failure in the plane of the insulation than across the Cu strands. 

The MCWP is constructed (by ORNL) in a way to take advantage of this orientation-dependent behavior. All of the 8-noded brick elements are defined the same way with their i-j nodal direction pointing towards the plasma (i.e., parallel to the Tee web). Fortunately, ANSYS has a feature which allows orienting the element local coordinate system (CS) with respect to its i-j nodal direction. The benefit is huge; no matter how complex the path of the conductor, the local element CS will be handled automatically by the element formulation. This feature will probably be used in future analyses when the orthotropic properties of the WP are known with greater certainty. However, here the feature is simply applied to contour shear stresses more appropriately.
Fig. 4.8-6 is a plot of a Type-A MCWP with element centroid triads “turned-on.” The annotations describe the orthogonal system: Z is parallel to the current flow (and therefore only visible at tight bends where the local Z axis extends beyond the outer surface of the WP), X is generally pointing towards the plasma (parallel to the web of the Tee), and Y is normal to both the winding direction and the Tee web plane.
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Fig. 4.8-6 Type-A WP elements with local element CS identified by color-coded triads

Implementation of the local element system modeling approach goes as follows: 

· Write an array of the displacement vector (UX, UY, UZ) for all of the nodes associated with the MCWP for the worst load case (such as 2T, High-β, t=0s).

· Change the coupled-field element used in the original analysis from a coupled-field SOLID5 to a purely structural SOLID45.

· Impose the known displacements (UX, UY, UZ) as boundary conditions on the MCWP model (no other elements are required).
· Import EM force vectors from the coupled-field model results file.

· Prescribe the proper uniform temperature (e.g., 105K or 195˚ below the reference temperature for this 2T, High-β, t=0s time point). 

· Solve the analysis. Of course the solution is trivial since all of the unknowns (displacement vector) are applied as BCs.

Following the solution, confirm that the results are correct. Fig. 4.8-7 is a plot of the 1st principal stress in the MCWP. It lists a maximum stress of 84.4 MPa which occurs in the familiar bend-region of a Type-A wing. Although Fig. 4.8-1 only plots the stresses in this bend region, the stress magnitude is identical, indicating that the transfer of BCs is done properly.
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Fig. 4.8-7 1st Principal Stress in MCWP from Imposed U/F/T BCs (2T, High-β, t=0s)

Shear stresses develop in the WP when it is subjected to bending deformations. When the WP is bent “the hard way” (i.e., by a moment about the local Y axis) then the dominant shear stress is τxz. When the WP is bent “the easy way” (i.e., by a moment about the local X axis) then the dominant shear stress is τyz. The least likely bending axis is Z, which leads to a τxy. 
Fig. 4.8-8 is a plot of the τxz shear stress distribution in the MCWP as a result of the 2T, High-β, t=0s critical time point. The legend indicates a maximum positive stress of 25 MPa or 3.6 ksi. The view angle has been changed to reveal the location of the maximum XZ shear location; in the inboard region of a Type-B coil. Many other locations have stresses on the order of 18 MPa (2.6 ksi) which appears as blue patches.
The results for τyz shear stress are quite similar, as shown in Fig. 4.8-9, with a positive shear stress of 25 MPa and a negative shear stress of 19 MPa. In this case, the highest shear stress is more concentrated at the base of a Type-B wing. The τxy shear stress presents the least significant shear component, with a maximum value of about 8 MPa (1.1 ksi).
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Now some of these shear stresses will appear on the same plans, but in an orthogonal direction. Fig. 3.8-10 represents a plot of the total shear stresses, which is obtained by combining the three components by SRSS (square root of the sum of the squares). This has the additional benefit of eliminating the unimportant sign, so small shears are represented as blue and high shears are represented as red. Fortunately, none of the component peaks appear together as the maximum SRSS value is 26 MPa. Most of the coil is below 20 MPa, with a volumetric average of 5 MPa. Preliminary results on RT shear test specimens have indicated a 32 MPa failure stress. More testing is TBD.
Fig. 4.8-8 τxz Shear Stress in the MCWP (2T, High-β, t=0s)
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Fig. 4.8-9 τyz Shear Stress in the MCWP (2T, High-β, t=0s)

Fig. 4.8-10 SRSS Combined Shear Stress in the MCWP (2T, High-β, t=0s)
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4.9 Misc. Details

4.9.1 Wing Supports

In the reference design, the mechanical continuity between a wing and the neighboring shell occurs across a shim. It is envisioned that a SS bladder will be manufactured, tacked into positioned and pumped solid with filled epoxy. The bladder expands to fill the thin void between the two shell structures, thus providing a stiffer load path between the WP wing EM loads and ground. 
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This mechanical element is simulated in these analyses by node-to-node displacement coupling. Fig. 4.9.1-1 is a plot of a typical wing with coupling to the adjacent shell through three node sets. The vectors are the nodal forces in the global X-Y-Z coordinate system, and represent the contact forces. The figure is annotated with the approximate reaction force values (RMS of the component sums), the contact area highlighted by a dashed polygon, and the effective contact pressure. In this case, the shim element will need to carry a mere 20 MPa compressive stress. Keep in mind the actual contact will probably not be uniform; a reasonable design value might be more like 50-100 MPa.
Fig. 4.9.1-1 Typical Wing with Coupling and Contact Force Vectors
4.9.2 Coil-to-Coil Bolted Connections

MCWF shells are bolted together across insulated shims. In this model, there are no bolts. However, flange-to-flange continuity is simulated by “gluing” flanges to shims. An earlier plot shows how most of the flange surfaces inboard of about the major radius are in toroidal compression. This makes sense because of the large negative radial EM loads acting on the MCs (see sect. 4.9.3).
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Regions of flange-to-flange tension in the outboard region also make sense as the deformations from out-of-plane loads rack the shell structure (recall Fig. 4.5-1). Fig. 4.9.2-1 is a plot of the toroidal stress in the coil-to-coil shims, and is included to illustrate this effect. For clarity, the plot is limited to a subset of the shim elements; half of the elements are omitted because of symmetry, and another bunch of elements are omitted because they carry compression. The figure shows that the highest tensile stresses occur at the base of the flange (closest to the shell), and that the mid-height of the flange is in compression. Both of these subtleties are due to the modeling approach (gluing the entire flange face). It would seem reasonable to assume that the actual bolts will have to carry, at the very least, the local stress integrated over the flange face. If we focus on the highest tensile stress region (denoted in the plot by “MX”), the average stress is 3.4 MPa. Multiplying by the height of the flange yields the running load which must be provided by the bolts: 0.5 MN/m or 3 kips/in. Notice that this is less than the 9 kips/in load appearing at the Type-A poloidal break. It is worth mentioning that the tensile load concentrates at the ends ports. Bolt spacing might be skewed slightly to reflect this distribution.
Fig. 4.9.2-1 Flange-to-Flange Toroidal Stress (2T, High-β, t=0s)

4.9.3 Model Checks, EM Forces on Modular Coils (Currents from 2T High-β, t=0.0 scenario)

EM forces for each of the six MCs shown in Fig. 4.9.3-1 are listed in Table 4.9.3-1 for comparison with other calculation methods. A column containing the radial force vector ΣFR=((ΣFX)2+(ΣFY)2))0.5 is added to show the force direction for comparison with the nominal 10˚, 30˚, 50˚ coil spacing.  
Table 4.9.3-1 Net EM Forces on Six Modular Coils (2T High-β, t=0.0 scenario)
	Modular Coil
	ΣFX
[MN]
	ΣFY
[MN]
	ΣFR @ Angle
[MN, ˚]
	ΣFZ
[MN]

	Type A (+Y)
	-0.854
	-0.216
	-0.881 @ +14˚
	-0.038

	Type A (-Y)
	-0.854
	+0.216
	-0.881 @ -14˚
	+0.038

	Type B (+Y)
	-1.105
	-0.810
	-1.37 @ +36˚
	-0.482

	Type B (-Y)
	-1.105
	+0.810
	-1.37 @ -36˚
	+0.482

	Type C (+Y)
	-0.219
	-0.211
	-0.304 @ +44˚
	-0.465

	Type C (-Y)
	-0.219
	+0.211
	-0.304 @ -44˚
	+0.465


Fig. 4.9.3-1 Plan View of Six Modular Coils
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5.0 Summary & Commentary
The analysis shows that the MC winding pack will have a peak strain of about 0.11%. This is simply based on a more defendable 9 Msi (at temperature) and scaling between the 0.1% result with an 11.5 Msi modulus and 0.167% with a modulus of 0.115 Msi). Other, more detailed models may show that this linear (glued WP) representation misses an essential behavior and underestimates the maximum strain value.
The calculated stresses must be compared against allowable stress values. However these critical materials (epoxy impregnated winding pack and SS castings) do not come with a lot of history. The design must be shown to be very robust to offset such uncertainties. The factor of three shown here with respect to primary stress limits seems like a good start. A design-basis fatigue curve for the castings with similar margins would improve the story. 
6.0 Attachments

6.1 Conventional Coils Batch File (circa 8 April 2004)
!/BATCH

/filnam,convsourc10

!/show,convsourc10,grp

!resume

!*if,1,eq,1,:1000

/PREP7

/com

/com Conventional Coils

/com  CS, TF and PFL4/5/6 coils modeled as source primitives

/com  PFU4/5/6 coils modeled as crude solids for force calc

/com

/com  Run History

/com

/com 10: All Primitives

/com 11: PF4U/5U/6U as smeared WPs

/com

/com Misc Parameters

/com

th_model=120                ! angular extent of model

k_detail=0                  ! 0: Make PF4/5/6 primitives, 1: Make PF4/5/6 solids

time_pt=2                   ! Coil Currents for this time point (see array listed below)

t=1e-5                      ! tiny

k=0.0254                    ! conversion (inches to meters)

cel=0.040                   ! characteristic element size

pi=acos(-1)                 ! pi

*afun,deg                   ! use degrees in trig functions

/vup,1,z

/pnum,mat,1

/num,1

emsym,360/th_model          ! electromagnetic symmetry about Z

/com

/com Conductor

/com

dr_pfcon=0.787*k                               ! Conductor build in radius

dz_pfcon=0.787*k                               ! Conductor build in height

ri_pfcon=0.354/2*k                             ! inside radius of cooling channel hole

a_pfcon=dr_pfcon*dz_pfcon-pi*ri_pfcon**2       ! conductor metal area

dr_tfcon=0.434*k                               ! Conductor build in thickness

dz_tfcon=2.513*k                               ! Conductor build in height

dri_tfcon=0.190*k                              ! inside thickness of cooling channel

dzi_tfcon=1.130*k                              ! inside height of cooling channel

a_tfcon=dr_tfcon*dz_tfcon-dri_tfcon*dzi_tfcon  ! conductor metal area

/com

/com Insulation

/com

t_pftw=0.049*k              ! turn wrap insulation thk

t_pfpan=0.000*k             ! pancake insulation thk (can be 0.0)

t_pflay=(0.030+0.0)*k       ! layer insulation thk (can be 0.0)

t_pfgw=0.12*k               ! module over-wrap thickness

t_tftw=0.049*k              ! turn wrap insulation thk

t_tfpan=0.03*k              ! pancake insulation thk (can be 0.0)

t_tflay=0.0*k               ! layer insulation thk (can be 0.0)

t_tfgw=0.12*k               ! module over-wrap thickness

t_tfsw=0.16*k               ! sidewall insulation thickness

/com

/com TF WP

/com

n_tf=18                     ! total number of tf coils in TF system

n_pf=7                      ! number of PF coil sets including plasma

n_tflay=6                   ! number of radial layers

n_tfpan=2                   ! number of pancakes

r0=1.40                     ! major radius

b0=0.5                      ! On-Axis toroidal field

i_tf=5e6*b0*r0/n_tf         ! total current per tf coil

i_con=i_tf/(n_tflay*n_tfpan)! TF conductor current

/com

/com PF Unit Cell and TF WP dimensions

/com

dr_pfcell=dr_pfcon+2*t_pftw+1*t_pflay                     ! radial build of PF conductor

dz_pfcell=dz_pfcon+2*t_pftw+1*t_pfpan                     ! vertical build of PF conductor

dr_tfwp=n_tflay*(dr_tfcon+2*t_tftw)+(n_tflay-1)*t_tflay   ! radial build of TF WP

dz_tfwp=n_tfpan*(dz_tfcon+2*t_tftw)+(n_tfpan-1)*t_tfpan   ! toroidal build of TF WP

dr_tfiwp=dr_tfwp+2*t_tfgw                                 ! radial build of ground-wrapped TF WP

dz_tfiwp=dz_tfwp+2*t_tfgw                                 ! toroidal build of ground-wrapped TF WP

/com

/com PF

/com

nr1=4  $nz1=18            ! PF1 turn-count

nr2=4  $nz2=18            ! PF2 turn-count

nr3=4  $nz3=18            ! PF3 turn-count

nr4=8  $nz4=10            ! PF4 turn-count

nr5=4  $nz5=6             ! PF5 turn-count

nr6=2  $nz6=7             ! PF6 turn-count

nr7=1  $nz7=1             ! Plasma turn-count

/com

/com PF & Plasma Geometry (Rc, Zc, dr, dz) from Brown's PDR Overview

/com  These coil definitions are only used to regenerate the requested k_detail coil.

/com  In general, the coils are already defined within the resumed *.db file 

/com

*dim,pf_geo,,4,n_pf

pf_geo(1,1)=  8.625*k, 9.438*k,dr_pfcell*nr1-t_pflay,dz_pfcell*(nz1+1)  ! PF1

pf_geo(1,2)=  8.625*k,28.313*k,dr_pfcell*nr2-t_pflay,dz_pfcell*(nz2+1)  ! PF2

pf_geo(1,3)=  8.625*k,47.188*k,dr_pfcell*nr3-t_pflay,dz_pfcell*(nz3+1)  ! PF3

pf_geo(1,4)= 20.549*k,62.340*k,dr_pfcell*nr4-t_pflay,dz_pfcell*(nz4+1)  ! PF4

pf_geo(1,5)= 87.527*k,60.250*k,dr_pfcell*nr5-t_pflay,dz_pfcell*(nz5+1)  ! PF5

pf_geo(1,6)=107.105*k,37.562*k,dr_pfcell*nr6-t_pflay,dz_pfcell*(nz6+1)  ! PF6

pf_geo(1,7)=       r0,     0.0,             0.04,           0.04        ! Plasma

/com

/com Element Types

/com

et,2,5                       ! U,TEMP,VOLT,MAG (Only PF%k_detail%u)

et,99,36                     ! Current Source Primitive

/com

/com Material Properties

/com

/com All PF Coils

/com

/com PF Coils, Chang Jun, "ANSYS Modeling to obtain Equivalent Moduli of Elasticity of 

/com              PF & TF Coils of NCSX," 06/27/03 

*do,j,4,6

mp, kxx,j+10,1       ! Thermal Conductivity Value not important

mp,rsvx,j+10,1       ! Resistivity Value not important

mp,murx,j+10,1       ! relative perm.

mp,alpx,j+10,14e-6   ! CTE value not important for Unclamped Config

mp,  ex,j+10,62.27E9 !,54.44E9

mp,  ey,j+10,93.10E9 !,85.10E9

mp,  ez,j+10,64.03E9 !,56.59E9

mp, Gxy,j+10,35.27E9 !,32.01E9

mp, Gyz,j+10,35.27E9 !,32.01E9

mp, Gxz,j+10,20.69E9 !,18.31E9

mp,nuxy,j+10,  0.306 !,0.310

mp,nuyz,j+10,  0.213 !,0.209

mp,nuxz,j+10,  0.339 !,0.340 

*enddo

/com

/com Make All PFs and Plasma as Source Primitives

/com  (Nix upper PFs after reflecting)

/com

/eshap,1,1

csys,1

*do,j,1,n_pf

allsel

*get,nmx,node,,num,max

n1_pf%j%=nmx+1

n,n1_pf%j%+0,pf_geo(1,j),-th_model/2,pf_geo(2,j)

n,n1_pf%j%+1,pf_geo(1,j),,pf_geo(2,j)

n,n1_pf%j%+2,pf_geo(1,j),+th_model/2,pf_geo(2,j)

n,n1_pf%j%+3,,,pf_geo(2,j)

n,n1_pf%j%+10,pf_geo(1,j),-th_model/2,-pf_geo(2,j)

n,n1_pf%j%+11,pf_geo(1,j),,-pf_geo(2,j)

n,n1_pf%j%+12,pf_geo(1,j),+th_model/2,-pf_geo(2,j)

n,n1_pf%j%+13,,,-pf_geo(2,j)

r,10+%j%,3,1,pf_geo(3,j),pf_geo(4,j)

mat,10+j $real,10+j $type,99

e,n1_pf%j%+0,n1_pf%j%+1,n1_pf%j%+3

e,n1_pf%j%+1,n1_pf%j%+2,n1_pf%j%+3

*if,j,ne,n_pf,then      ! Don't make the plasma twice

e,n1_pf%j%+10,n1_pf%j%+11,n1_pf%j%+13

e,n1_pf%j%+11,n1_pf%j%+12,n1_pf%j%+13

*endif

*enddo

/com

/com Make Upper PF Coils as Solids

/com

*if,k_detail,ne,0,then

/com Nix PF4/5/6 Upper

esel,s,mat,,14,16

nsle

csys

nsel,r,loc,z,t,12

esln,,1

edele,all

ndele,all

/com Make PFU4/5/6

*do,j,4,6

csys,1

wpcsys

vsel,none

cylind,pf_geo(1,j)-pf_geo(3,j)/2,pf_geo(1,j)+pf_geo(3,j)/2,pf_geo(2,j)-pf_geo(4,j)/2,pf_geo(2,j)+pf_geo(4,j)/2,-th_model/2,th_model/2

vatt,10+j,10+j,2

esize,cel

vmesh,all

allsel,below,volu

d,all,mag

d,all,temp

nsel,r,loc,y,th_model/2-t,th_model/2+t

d,all,volt

nsle

nsel,r,loc,y,-th_model/2-t,-th_model/2+t

cp,next,volt,all

*get,n_pf%j%,node,,num,min

*enddo

*endif

/com

/com TF Geometry

/com

/com Centers of sweep and inside radii

/com

x11=r0                       ! x position of local 11

z11=0.0                      ! z position of local 11

ri11=r0-(12.494*k+dr_tfiwp)  ! inside radius of coil in local 11

/com

x12=43.239*k                 ! x position of local 12

z12=28.785*k                 ! z position of local 12

ri12=27.314*k                ! inside radius of coil in local 12

/com

x13=53.629*k                 ! x position of local 13

z13=7.141*k                  ! z position of local 13

ri13=51.323*k                ! inside radius of coil in local 13

/com

x14=53.629*k                 ! x position of local 14

z14=0.000*k                  ! z position of local 14

ri14=ri13+z13                ! inside radius of coil in local 14

/com

x15=58.111*k                 ! x position of local 15

z15=10.850*k                 ! z position of local 15

ri15=47.614*k                ! inside radius of coil in local 15

/com

ri16=199.614*k               ! inside radius of coil in local 16

x16=(97.051+12.494-203.046)*k! x position of local 16

z16=0.000*k                  ! z position of local 16

/com

x17=58.111*k                 ! x position of local 17

z17=-10.850*k                ! z position of local 17

ri17=47.614*k                ! inside radius of coil in local 17

/com

x18=58.111*k                 ! x position of local 18

z18=0.000*k                  ! z position of local 18

ri18=ri14                    ! inside radius of coil in local 18

/com

x19=53.629*k                 ! x position of local 19

z19=-7.141*k                 ! z position of local 19

ri19=51.323*k                ! inside radius of coil in local 19

/com

x20=43.239*k                 ! x position of local 20

z20=-28.785*k                ! z position of local 20

ri20=27.314*k                ! inside radius of coil in local 20

/com

/com Swept Angles (and straight-lengths)

/com

dy11=2*z12

dy12=abs(atan((z12-z13)/(x13-x12)))

dy13=90-dy12

dy14=4.482*k                 ! length of section 14

dy15=90-abs(atan((z15-z16)/(x15-x16)))

dy16=2*abs(atan((z15-z16)/(x15-x16)))

dy17=dy15

dy18=dy14

dy19=dy13

dy20=dy12

/com

/com coordinate systems

/com

/com Local 11

csys

wpcsys

wpoff,x11,,z11

wprot,,-90

wprot,180

cswpla,11

/com Local 12

csys

wpcsys

wpoff,x12,,z12

wprot,,-90

wprot,180

cswpla,12,1

/com Local 13

csys

wpcsys

wpoff,x13,,z13

wprot,,-90

wprot,180

wprot,dy12

cswpla,13,1

/com Local 14

csys

wpcsys

wpoff,x14,,z14

wprot,,-90

wprot,180

wprot,90

cswpla,14

/com Local 15

dy1215=90

csys

wpcsys

wpoff,x15,,z15

wprot,,-90

wprot,180

wprot,90

cswpla,15,1

/com Local 16

csys

wpcsys

wpoff,x16,,z16

wprot,,-90

wprot,180

wprot,90+dy15

cswpla,16,1

/com Local 17

csys

wpcsys

wpoff,x17,,z17

wprot,,-90

wprot,180

wprot,180+dy16/2

cswpla,17,1

/com Local 18

csys

wpcsys

wpoff,x18,,z18

wprot,,-90

wprot,180

wprot,180+90

cswpla,18

/com Local 19

csys

wpcsys

wpoff,x19,,z19

wprot,,-90

wprot,180

wprot,180+90

cswpla,19,1

/com Local 20

csys

wpcsys

wpoff,x20,,z20

wprot,,-90

wprot,180

wprot,180+90+dy19

cswpla,20,1

/com

/com TFs as source primitives

/com

r,11+n_pf+0,2,1,dz_tfwp,dr_tfwp   ! Bar

r,11+n_pf+1,3,1,dr_tfwp,dz_tfwp   ! Arc

*do,j,12,20

allsel

*get,nmx,node,,num,max

n1_tf%j%=nmx+1

csys,j

n,n1_tf%j%+0,ri%j%+dr_tfiwp/2

n,n1_tf%j%+1,ri%j%+dr_tfiwp/2,dy%j%

n,n1_tf%j%+2

*if,j,eq,14,or,j,eq,18,then

mat,11+n_pf $real,11+n_pf+0 $type,99

*else

mat,11+n_pf $real,11+n_pf+1 $type,99

*endif

e,n1_tf%j%+0,n1_tf%j%+1,n1_tf%j%+2

*enddo

/com Make the Inboard Straight Leg

mat,11+n_pf $real,11+n_pf+0 $type,99

e,n1_tf20+1,n1_tf12+0,n1_tf12+2

/com

/com Move this one TF Coil and Generate all TF coils

/com

num_tf=nint(n_tf*th_model/360)

esel,s,mat,,11+n_pf

nsle

*get,dntf,node,,count

csys,1

ngen,2,,all,,,,-th_model/2+360/n_tf/2

ngen,num_tf,dntf,all,,,,360/n_tf

egen,num_tf,dntf,all

/com

/com Apply Coupling across th_model

/com

*if,k_detail,ne,0,then

esel,s,type,,2

nsle

csys,1

!nrotate,all

nsel,r,loc,y,-th_model/2-0.1,-th_model/2+0.1

cm,neg,node

nsle

nsel,r,loc,y,th_model/2-0.1,th_model/2+0.1

cm,pos,node

cmsel,a,neg

cpcyc,ux,,1,,th_model

cpcyc,uy,,1,,th_model

cpcyc,uz,,1,,th_model

*endif

allsel

/eof

fini

/exit,all

/eof

6.2 Global Linear Model Batch File (circa 7 May 2004)

/BATCH

rn=21

/filnam,pdrmodshell1%rn%

/show,pdrmodshell1%rn%,grp

!resume

!*if,1,eq,1,:1000

/PREP7

/com

/com Linear EM-STRUC Analysis of the NCSX Modular Coils & Shell

/com

/com

/com  Run History

/com 10: UY=UZ=0 at supports, WP: 79GPa 15micro/K

/com 11: UY=UZ=0 at supports, WP: .79GPa 15micro/K

/com Add coupling between some wings and adjacent shell (shell2.db)

/com 12: UY=UZ=0 at supports, WP: 79GPa 15micro/K

/com Add all conventional coil field sources

/com 13: TimePoint#3 as above, no TF or PFs (for benchmark), UY=UZ=0 at supports, WP: 79GPa 15micro/K

/com UY=UZ=0 at supports, WP: 79GPa 15micro/K

/com 14: TimePoint#1, TF at 16200 A (field model check)

/com 15: TimePoint#2, 

/com 16: TimePoint#3, 

/com 17: TimePoint#4, 

/com 18: TimePoint#5, 

/com 19: TimePoint#2, Nix TF & MC currents

/com 110:TimePoint#3, E(WP)/100

/com Use Primitives for now, get the temps and fields right

/com 113: TP=3, T(LS1/2)=-215/-195

/com 114: TP=5, T(LS1/2)=-187/-178

/com 115: TP=0,3,5: -215/-195,TP=5: -187/-178

/com 116: TP=0,3,5: -215/-195,TP=5: -187/-178, no MOVE with CEINTF

/com 117: TP=0,3,5: -215/-195,TP=5: -187/-178, no MOVE with CEINTF, high E shell reduces WP stresses

/com 118: TP=0,3,EOP, no MOVE with CEINTF, Nix all nose CP (no C-to-C bolts)

/com 119: TP=0,3,EOP, no MOVE with CEINTF, Nix In-Plane nose CP (no C-to-C bolts, but Toroidal continuity)

/com 120: TP=0,3,EOP, no MOVE with CEINTF, Nix Theta nose CP (no C-to-C bolts, but In-Plane Shear continuity)   

/com 121: TP=0,3, invoke MOVE with CEINTF, Add some Type A-B coupling

/com

/com Analysis based on resumed *.db files

/com

!resume,shell1,db,,1         ! pull in MC Shell from HM's hmshell3.db (with a few simple changes)

!resume,shell2,db,,1         ! add coupling between some wings and adjacent shell

resume,shell2a,db,,1         ! add three sets of coupling between inboard MC winding forms of Types B & C (nix touching CONT Es)

!resume,shell2c,db,,1         ! add one set of coupling between inboard MC winding forms of Types B & C

!resume,shell2d,db,,1         ! delete the one set of coupling between inboard MC winding forms: WORKED AS IN shell2, why?

!resume,shell2e,db,,1         ! add beam elements between inboard MC winding forms of Types B & C. Long run, poor conv. killed.

/input,convsourc10,cdb      ! pull TF, CS, PF4/5/6 and plasma as primitives

!/input,convsourc11,cdb      ! pull TF, CS, PF4L/5L/6L and plasma as primitives, PF4U/5U/6U as solids

/input,pdrmodcoils1,cdb     ! pull in PDR modular coils from HM Fan's file-1.7t.db

/com No need to have the Modular coil nodes rotated

esel,s,mat,,103,105

nsle

csys,1

nsel,r,loc,x,1.4,12

!esln,,1

/com Glue up split in WP at current application point

cpint,ux

cpint,uy

cpint,uz

csys

nsle

nrota,all

/com

/com Nix CP in Unbolted C-C Nose region

/com

z_no_bolt=0.58

csys,1

esel,s,type,,3

nsle

nsel,r,loc,z,-z_no_bolt,z_no_bolt

nsel,u,loc,y,-59.9,59.9

nsel,r,loc,x,,r0

/com Nix UX, UY and UZ coupling

!cpdele,all,,,all       ! All

!cpdele,1,2008          ! UX & UZ

!cpdele,2009,2179       ! UY

/com

/com Fix the improperly connected Type 3 elements

/com

*if,1,eq,0,then

esel,s,type,,3

*get,e3mn,elem,,num,min

*get,e3mx,elem,,num,max

*do,j,e3mn,e3mx

*get,eselj,elem,j,esel

*if,eselj,ne,1,cycle

*get,n20,elem,j,node,20

*if,n20,ne,0,cycle

*do,jj,1,20

*get,n%jj%,elem,j,node,jj

*enddo

*get,matj,elem,j,attr,mat

*get,typj,elem,j,attr,type

*get,realj,elem,j,attr,real

edele,j

mat,matj $type,typj $real,realj

en,j,n1,n2,n3,n3,n4,n5,n6,n6

emore,n7,n8,n3,n9,n10,n11,n6,n12

emore,n13,n14,n15,n15

*enddo

*endif

/com

/com Misc Parameters

/com

k_inter=0                   ! Coil/Form by CE (k_inter=0) or Bonded Contact (k_inter=1, BUT NOT CHECKED OUT YET)

t=1e-3                      ! tiny

k=0.0254                    ! m/in

emsym,3                     ! number of circular symmetry sections about Global Z

r0=1.4                      ! Major Radius

t_ref=0                     ! Reference Temperature

tref,t_ref                 ! Or use MP command

/com

/com Material Properties

/com

alpha_struc=13e-6           ! Thermal expansion coefficient of Structure (should be 13e-6 for SS at 85K)

/com Shell Structures 1, 2 & 3

mp,murx,1,1

mp,  ex,1,193e9

mp,alpx,1,alpha_struc

mp,murx,2,1

mp,  ex,2,193e9

mp,alpx,2,alpha_struc

mp,murx,3,1

mp,  ex,3,193e9

mp,alpx,3,alpha_struc

/com Extra Stiff shell

mp,murx,5,1

mp,  ex,5,1.5*193e9

mp,alpx,5,alpha_struc

/com Shell-Shell Insulation (1/16" G10, 3/8" SS, 1/16" G10)

mp,murx,4,1

ex4=(33*1/8+193*3/8)*(1e9)/(4/8)

ey4=(22*1/8+193*3/8)*(1e9)/(4/8)

ez4=(33*1/8+193*3/8)*(1e9)/(4/8)

alphx4=(10e-6*1/8+alpha_struc*3/8)/(4/8)

alphy4=(30e-6*1/8+alpha_struc*3/8)/(4/8)

alphz4=(10e-6*1/8+alpha_struc*3/8)/(4/8)

/com Approximate Values for G

gxy4=sqrt(ex4**2+ey4**2)/2.6

gyz4=sqrt(ey4**2+ez4**2)/2.6

gxz4=sqrt(ex4**2+ez4**2)/2.6

mp,  ex,4,ex4

mp,  ey,4,ey4

mp,  ez,4,ez4

mp,alpx,4,alphx4

mp,alpy,4,alphy4

mp,alpz,4,alphz4

mp, gxy,4,gxy4

mp, gyz,4,gyz4

mp, gxz,4,gxz4

mp,nuxy,4,0.3

mp,nuyz,4,0.3

mp,nuxz,4,0.3

/com Make Shims ESYS parallel to global cylindrical

esel,s,mat,,4

esel,r,type,,3

local,101,1

emodif,all,esys,101

csys

/com

/com Modular Coil  (E=11.5 Mpsi at 77K from PPPL's Tom Kozub test data)

/com

/com M1 Coils

mp, kxx,103,1

mp,  ex,103,79e9

mp,alpx,103,15e-6   ! Guess

mp,murx,103,1

mp,rsvx,103,1

/com M2 Coils

mp, kxx,104,1

mp,  ex,104,79e9

mp,alpx,104,15e-6   ! Guess

mp,murx,104,1

mp,rsvx,104,1

/com M3 Coils

mp, kxx,105,1

mp,  ex,105,79e9

mp,alpx,105,15e-6   ! Guess

mp,murx,105,1

mp,rsvx,105,1

/com

/com Define Coil Currents

/com

*dim,i_coils,array,5,12   ! Time,M1,M2,M3,PF1,PF2,PF3,PF4,PF5,PF6,TF,Plasma

/com Proposed Worst 5 Cases (from Wayne's TDS_XL_C08R00_C1.xls Spreadsheet)

/com LC1: 85K, LC2: 1.7T Ohmic/t=0.0s, LC3: 2.0T HighBeta/t=0.0s, 

/com LC4: 320kAOhmic/t=0.206s, LC5: 2.0T HighBeta/t=0.197s

i_coils(1,1)=1,2,3,4,5                     ! LoadCase#

i_coils(1,2)=0,38141,40908,34200,38583     ! M1

i_coils(1,3)=0,35504,41561,32057,38338     ! M2

i_coils(1,4)=0,35453,40598,32184,35315     ! M3

i_coils(1,5)=0,-25123,-15274,11354,-8201   ! PF1

i_coils(1,6)=0,-25123,-15274,11354,-8201   ! PF2

i_coils(1,7)=0,-9698,-5857,-11802,-2848    ! PF3

i_coils(1,8)=0,-7752,-9362,-13936,-8693    ! PF4

i_coils(1,9)=0,8284,1080,4563,2666         ! PF5

i_coils(1,10)=0,-8997,-24,5068,7034        ! PF6

!i_coils(1,11)=16200,-3548,-1301,2191,4424  ! TF

i_coils(1,11)=0,-3548,-1301,2191,4424  ! TF

i_coils(1,12)=0,0,0,-320775,-209732        ! Plasma

/com

/com Modular Coil Currents (two WP per coil, so apply F commands to two nodes per coil)

/com

n_mcoils=3    ! number of Modular Coil Pairs

tpmc1=10      ! turns per MC1 winding pack, 4 in-hand

tpmc2=10      ! turns per MC2 winding pack, 4 in-hand

tpmc3=9       ! turns per MC3 winding pack, 4 in-hand

n_m11=13599

n_m12=13609

n_m13=13619

n_m14=15619

n_m21=21639

n_m22=21649

n_m23=21659

n_m24=23659

n_m31=29679

n_m32=29689

n_m33=29699

n_m34=31699

/com Make nodal components out of Modular Coil Current Nodes

*do,jj,1,n_mcoils

nsel,none

*do,j,1,4

nsel,a,node,,n_m%jj%%j%

*enddo

cm,n_m%jj%,node

*enddo

/com

/com Stitch coil and shell together

/com Either by Constraint Equations (k_inter=0) or MPC Bonded Contact (k_inter=1)

/com

*if,k_inter,eq,0,then

/pbc,ce,1

*do,j,1,n_mcoils

esel,s,mat,,j+102

nsle

esel,s,mat,,j

ceintf,0.25,ux,uy,uz !,,,,0.25

*enddo

*elseif,k_inter,eq,1

et,100,170,1           ! Higher-order Target elements (on winding form)

et,101,173,,2,,1       ! Lower-order Contact elements (on winding)

keyopt,101,9,1         ! Exclude effects of penetration and gaps

keyopt,101,12,5        ! Bonded always

/com May need to make the pinball PINB small

/com Coil 1

esel,s,mat,,103

nsle

mat,103 $type,101 $real,103

esurf

esel,s,mat,,1

nsle

mat,103 $type,100 $real,103

esurf

/com Coil 2

esel,s,mat,,104

nsle

mat,104 $type,101 $real,104

esurf

esel,s,mat,,2

nsle

mat,104 $type,100 $real,104

esurf

/com Coil 3

esel,s,mat,,105

nsle

mat,105 $type,101 $real,105

esurf

esel,s,mat,,3

nsle

mat,105 $type,100 $real,105

esurf

*endif

/title,pdrmodshell1%rn%

allsel

/com Vertical displacements

esel,s,mat,,1

esel,r,type,,1

nsle

csys

*get,zmn,node,,mnloc,z

nsel,r,loc,z,zmn-t,zmn+t

nsel,r,loc,y,-k/2,k/2

*get,xmn,node,,mnloc,x

*get,xmx,node,,mxloc,x

nsel,r,loc,x,(xmn+xmx)/2-k,(xmn+xmx)/2+k

cm,n_ground,node

d,all,uz

d,all,uy

/com

/com Secure the Solid PF4/5/6 for now

/com

*if,k_detail,ne,0,then

*do,j,4,6

esel,s,type,,2

esel,r,mat,,10+j

nsle

csys,1

nsel,r,loc,y,thmn%j%/8,-thmn%j%/8

*get,zmn%j%,node,,mnloc,z

nsel,r,loc,z,zmn%j%-t,zmn%j%+t

d,all,uz

csys

nsel,r,loc,y,-cel,cel

d,all,uy

*enddo

*endif

/com

/com Make the shell (away from the tee) extra stiff (just for run #117)

/com

esel,s,mat,,1,3

nsle

nsel,r,ce,,all

esln,,1

esel,invert

esel,r,mat,,1,3

!emodif,all,mat,5

/com

/com Nix contact elements which touch CP/CE commands

/com

nsel,s,cp,,1,100000

nsel,a,ce,,1,100000

esln

esel,r,type,,4,100

!edele,all

allsel

save

fini

/solu

/com

/com Solve Conduction Problem for time_pt=3

/com

eqslv,pcg     ! use this when the move is not invoked on the ceintf command

time_pt=3

tmp_wp=-215

tmp_ss=-215

/com

/com Modular Coil Currents

/com

cmsel,s,n_m1 $f,all,amps,i_coils(time_pt,2)*tpmc1       ! MC1

cmsel,s,n_m2 $f,all,amps,i_coils(time_pt,3)*tpmc2       ! MC2

cmsel,s,n_m3 $f,all,amps,i_coils(time_pt,4)*tpmc3       ! MC3

/com

/com PF Coils & Plasma

/com

rmodif,11,2,i_coils(time_pt,5)*(nr1*nz1)  ! PF1

rmodif,12,2,i_coils(time_pt,6)*(nr2*nz2)  ! PF2

rmodif,13,2,i_coils(time_pt,7)*(nr3*nz3)  ! PF3

rmodif,14,2,i_coils(time_pt,8)*(nr4*nz4)  ! PF4

rmodif,15,2,i_coils(time_pt,9)*(nr5*nz5)  ! PF5

rmodif,16,2,i_coils(time_pt,10)*(nr6*nz6) ! PF6

rmodif,17,2,i_coils(time_pt,12)*(nr7*nz7) ! Plasma

/com

/com PF Coils Modeled as Solid

/com

*if,k_detail,ne,0,then

csys,1

*do,j,4,6

esel,s,mat,,j+10

esel,r,type,,2

nsle

*get,thmn%j%,node,,mnloc,y

nsel,r,loc,y,thmn%j%-t,thmn%j%+t

*get,n_pf%j%,node,,num,min

f,n_pf%j%,amps,i_coils(time_pt,j+4)*(nr%j%*nz%j%)

*enddo

*endif

/com

/com TF Coils

/com

rmodif,18,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

rmodif,19,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

/com

/com TEMP & MAG BCs

/com

esel,s,type,,2

nsle

d,all,mag

d,all,temp,tmp_wp

/com Structural BCs

allsel

bfunif,temp,tmp_ss

allsel

esel,u,type,,99

solve

/com

/com Solve for the fields on these nodes...

/com

tmp_wp=-195

tmp_ss=-215

esel,s,type,,2

nsle

/com ...from these elements (do not select sourc36 elements since these Bs are already calc'd)

esel,s,type,,2

esel,a,type,,99

biot,new

/com Solve for the Stresses from these JxBdV forces and temps

esel,s,type,,2

nsle

d,all,temp,tmp_wp

allsel

bfunif,temp,tmp_ss

allsel

esel,u,type,,99

solve

/com

/com Solve Conduction Problem for time_pt=1

/com

time_pt=1

tmp_wp=-178

tmp_ss=-215

/com

/com Modular Coil Currents

/com

cmsel,s,n_m1 $f,all,amps,i_coils(time_pt,2)*tpmc1       ! MC1

cmsel,s,n_m2 $f,all,amps,i_coils(time_pt,3)*tpmc2       ! MC2

cmsel,s,n_m3 $f,all,amps,i_coils(time_pt,4)*tpmc3       ! MC3

/com

/com PF Coils & Plasma

/com

rmodif,11,2,i_coils(time_pt,5)*(nr1*nz1)  ! PF1

rmodif,12,2,i_coils(time_pt,6)*(nr2*nz2)  ! PF2

rmodif,13,2,i_coils(time_pt,7)*(nr3*nz3)  ! PF3

rmodif,14,2,i_coils(time_pt,8)*(nr4*nz4)  ! PF4

rmodif,15,2,i_coils(time_pt,9)*(nr5*nz5)  ! PF5

rmodif,16,2,i_coils(time_pt,10)*(nr6*nz6) ! PF6

rmodif,17,2,i_coils(time_pt,12)*(nr7*nz7) ! Plasma

/com

/com PF Coils Modeled as Solid

/com

*if,k_detail,ne,0,then

csys,1

*do,j,4,6

esel,s,mat,,j+10

esel,r,type,,2

nsle

*get,thmn%j%,node,,mnloc,y

nsel,r,loc,y,thmn%j%-t,thmn%j%+t

*get,n_pf%j%,node,,num,min

f,n_pf%j%,amps,i_coils(time_pt,j+4)*(nr%j%*nz%j%)

*enddo

*endif

/com

/com TF Coils

/com

rmodif,18,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

rmodif,19,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

/com

/com TEMP & MAG BCs

/com

esel,s,type,,2

nsle

d,all,mag

d,all,temp,tmp_wp

/com Structural BCs

allsel

bfunif,temp,tmp_ss

allsel

esel,u,type,,99

solve

fini

/exit,all

/eof

/com

/com Solve for the fields on these nodes...

/com

time_pt=5

tmp_wp=-187

tmp_ss=-215

/com

/com Modular Coil Currents

/com

cmsel,s,n_m1 $f,all,amps,i_coils(time_pt,2)*tpmc1       ! MC1

cmsel,s,n_m2 $f,all,amps,i_coils(time_pt,3)*tpmc2       ! MC2

cmsel,s,n_m3 $f,all,amps,i_coils(time_pt,4)*tpmc3       ! MC3

/com

/com PF Coils & Plasma

/com

rmodif,11,2,i_coils(time_pt,5)*(nr1*nz1)  ! PF1

rmodif,12,2,i_coils(time_pt,6)*(nr2*nz2)  ! PF2

rmodif,13,2,i_coils(time_pt,7)*(nr3*nz3)  ! PF3

rmodif,14,2,i_coils(time_pt,8)*(nr4*nz4)  ! PF4

rmodif,15,2,i_coils(time_pt,9)*(nr5*nz5)  ! PF5

rmodif,16,2,i_coils(time_pt,10)*(nr6*nz6) ! PF6

rmodif,17,2,i_coils(time_pt,12)*(nr7*nz7) ! Plasma

/com

/com PF Coils Modeled as Solid

/com

*if,k_detail,ne,0,then

csys,1

*do,j,4,6

esel,s,mat,,j+10

esel,r,type,,2

nsle

*get,thmn%j%,node,,mnloc,y

nsel,r,loc,y,thmn%j%-t,thmn%j%+t

*get,n_pf%j%,node,,num,min

f,n_pf%j%,amps,i_coils(time_pt,j+4)*(nr%j%*nz%j%)

*enddo

*endif

/com

/com TF Coils

/com

rmodif,18,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

rmodif,19,2,i_coils(time_pt,11)*(n_tfpan*n_tflay)

allsel

esel,u,type,,99

solve

esel,s,type,,2

nsle

/com ...from these elements (do not select sourc36 elements since these Bs are already calc'd)

esel,s,type,,2

esel,a,type,,99

biot,new

/com Solve for the Stresses from these JxBdV forces and temps

esel,s,type,,2

nsle

d,all,temp,tmp_wp

allsel

bfunif,temp,tmp_ss

allsel

esel,u,type,,99

solve

fini

:1000

/post1

/PLOPTS,INFO,2  

/dev,font,1,Arial,700,0,-19,0,0,,,  

/view,1,1,1,1

/vup,1,z

/auto

/edge

set,last

/title,pdrmodshell1%rn%

esel,s,mat,,103,105

nsle

plns,volt

plns,b,sum

plns,u,sum

fini

/exit,all

/eof

/com Loop through the two load steps (-215, -215+EM)

*do,jj,1,2

set,jj

/title,pdrmodshell1%rn%, LS1=-215K, LS2=-215K/LC#%time_pt%, LS9999=(LS2-LS1)

allsel

ETABLE,ERASE

etab,si,s,int

etab,s1,s,1

etab,s3,s,3

*do,j,1,3

esel,s,mat,,j+102

nsle

plet,si,avg

plet,s1,avg

plet,s3,avg

esel,s,mat,,j

nsle

plet,si,avg

!plet,s1,avg

!plet,s3,avg

*enddo

*enddo

/com WP Stress Range

set,2

/com Sum PF Vertical Forces

esel,s,mat,,14,16

esel,r,type,,2

rsys

etab,fz,fmag,z

*do,pfc,4,6

esel,s,mat,,10+pfc

esel,r,type,,2

nsle

ssum

*get,fz%pfc%,ssum,,item,fz

kfz=0.1*nint(fz%pfc%*360/abs(2*thmn4)/100)

/title,pdrmodshell1%rn%, LC#%time_pt%,Total Vertical force on PF%pfc%U: %kfz% kN

plet,fz,avg

*enddo

/com

/com Subtract thermal effects (LS1) from thermal + EM effects (LS2)

allsel

/title,pdrmodshell1%rn%, LS9999=(LS2-LS1) or (thermal + EM effects)-(thermal effects)

LCDEF,1,1,, 

LCOPER,SUB,1, , ,   

ETABLE,ERASE

etab,si,s,int

*do,j,1,3

esel,s,mat,,j+102

nsle

plet,si,avg

esel,s,mat,,j

esel,r,type,,1,3

nsle

plet,si,avg

*enddo

fini

/exit,all

/eof

set,2

!esel,s,mat,,103,105

ETABLE,ERASE

etab,si,s,int

etab,s1,s,1

etab,s3,s,3

etab,sx,s,x

etab,sy,s,y

etab,sz,s,z

etab,sxy,s,xy

etab,syz,s,yz

etab,sxz,s,xz

pretab

:1001

/com List element centroids and their displacements

set,5

ETABLE,ERASE

*get,ls,active,,set,lstp

/stitle,1,pdrmodshell1%rn%, Load Step %ls%

esel,s,mat,,103,105

*get,e_strt,elem,,num,min

*get,e_stop,elem,,num,max

*get,e_num,elem,,count

*dim,e_cent,,e_num,7

csys

rsys

etab,u_x,u,x

etab,u_y,u,y

etab,u_z,u,z

count=0

*do,j,e_strt,e_stop

*if,esel(j),ne,1,cycle

count=count+1

e_cent(count,1)=count

*get,ejx,elem,j,cent,x

*get,ejy,elem,j,cent,y

*get,ejz,elem,j,cent,z

*get,uxj,elem,j,etab,u_x

*get,uyj,elem,j,etab,u_y

*get,uzj,elem,j,etab,u_z

e_cent(count,2)=ejx

e_cent(count,3)=ejy

e_cent(count,4)=ejz

e_cent(count,5)=uxj

e_cent(count,6)=uyj

e_cent(count,7)=uzj

*enddo

/output,mclocdisp_r1%rn%_ls%ls%,lis

*vwrite,

('  Element #        X            Y            Z           UX           UY           UZ')

*vwrite,e_cent(1,1),e_cent(1,2),e_cent(1,3),e_cent(1,4),e_cent(1,5),e_cent(1,6),e_cent(1,7)

(1p7e13.5)

/eof

/com Impose displacements on WP nodes consistent with (X,Y,Z)(alpha)(DT)

esel,s,mat,,1

nsle

csys

nsel,r,d,u

*get,z_datum,node,,mnloc,z

esel,s,mat,,103,105

nsle

*get,n_strt,node,,num,min

*get,n_stop,node,,num,max

csys

*do,j,n_strt,n_stop

*if,nsel(j),ne,1,cycle

d,j,ux,nx(j)*alpha_struc*(tmp_ss-t_ref)

d,j,uy,ny(j)*alpha_struc*(tmp_ss-t_ref)

d,j,uz,(nz(j)-z_datum)*alpha_struc*(tmp_ss-t_ref)

*enddo

/com Load Case Operations

set,1

LCWRITE,1,pdrmodshell1%rn%,l01,   

set,2

LCWRITE,2,pdrmodshell1%rn%,l02,   

set,5

LCWRITE,3,pdrmodshell1%rn%,l03,   

set,3

LCWRITE,4,pdrmodshell1%rn%,l04,   

/com Create Stress Range 1-2

set,1

LCFILE,1,pdrmodshell1%rn%,l02,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS1(85K 2T Hi-B -0.85s)-pdrmodshell1%rn%/LS2(105K 2T Hi-B t=0.0s)

plet,si,avg 

/com Create Stress Range 1-3

set,1

LCFILE,1,pdrmodshell1%rn%,l03,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS1(85K 2T Hi-B -0.85s)-pdrmodshell1%rn%/LS5(113K 2T Hi-B t=0.197s)

plet,si,avg 

/com Create Stress Range 1-4

set,1

LCFILE,1,pdrmodshell1%rn%,l04,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS1(85K 2T Hi-B -0.85s)-pdrmodshell1%rn%/LS3(122K 2T Hi-B t=3.4s)

plet,si,avg 

/com Create Stress Range 2-3

set,2

LCFILE,1,pdrmodshell1%rn%,l03,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS2(105K 2T Hi-B 0.0s)-pdrmodshell1%rn%/LS5(113K 2T Hi-B t=0.197s)

plet,si,avg 

/com Create Stress Range 2-4

set,2

LCFILE,1,pdrmodshell1%rn%,l04,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS2(105K 2T Hi-B 0.0s)-pdrmodshell1%rn%/LS3(122K 2T Hi-B t=3.4s)

plet,si,avg 

/com Create Stress Range 3-4

set,5

LCFILE,1,pdrmodshell1%rn%,l04,    

LCOPER,SUB,1, , ,   

esel,s,mat,,103,105

nsle

ETABLE,ERASE

etab,si,s,int   

/title,pdrmodshell1%rn%/LS5(113K 2T Hi-B 0.197s)-pdrmodshell1%rn%/LS3(122K 2T Hi-B t=3.4s)

plet,si,avg

/eof

/com

/com Max Stress Elements

/com

esel,s,elem,,9876

esel,a,elem,,5890

esel,a,elem,,7490

set,3

ETABLE,ERASE

etab,si,s,int

etab,s1,s,1

etab,s3,s,3

etab,sx,s,x

etab,sy,s,y

etab,sz,s,z

etab,sxy,s,xy

etab,syz,s,yz

etab,sxz,s,xz

pretab

6.3 Design Drawings
Fig. 6.3-1 TF Winding Pack Elevation (taken from PPPL drawing se131-009)
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6.4 Current Scenarios 
(http://ncsx.pppl.gov/NCSX_Engineering/Requirements/Specs/GRD/Rev1/TDS_XL_C08R00_c3.pdf)
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6.3 Current Scenarios, continued
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