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1.0 Executive Summary

This memo describes a detailed electromagnetic-structural (EM-ST) analysis of the NCSX TF coil system. It is an extension of the EM-ST analysis presented in an earlier project memo
 which uses smeared winding pack properties to make a first-order estimate of the stresses in PF and TF coil systems. The analysis presented here is based on a hybrid (smeared & locally detailed) 3D ANSYS
 model of the TF winding pack. In this case, the vast majority of the model uses a smeared orthotropic winding pack covered in ground-wrap (GW) insulation. However, where stresses are shown to be the highest, the smeared winding pack is replaces with an explicit representation of the winding pack constituents: actual conductor cross-section for a 6 turns/pancake x 2 pancake/coil array, and turn-wrap and pancake insulation. This level of detailed analysis has already been applied to the CS
 and PF
 coils. 
The model is presented and salient structural results are highlighted. The requirements of the NCSX design criteria document
 are applied to the coil pack stresses constituents (Cu conductor and glass-filled epoxy insulation). The analysis shows the following:

· Cu stresses pass all relevant static stress requirements.
· A design-basis fatigue curve for Cu is developed, proposed and used to evaluate the largest alternating stress. A Usage Factor of ~0.07 is calculated, leaving plenty of margin for other, far less damaging stress cycles.
· The insulation’s flat-wise compression, in-plane tension and compression, and shear stresses are all within design limits, assuming the design-basis strengths of a comparable system (CTD112/Prepreg/Kapton).
· Through-thickness tensile stresses above the nominal 4.4 MPa limit arise from differences in CTE values within the detailed winding pack constituents. The limit may be overly conservative although there is no test data to justify this hope. 

· Other Cu coils with similar insulation systems operating at 80K must have been commissioned without catastrophic consequences from cooldown alone. The project should reconcile this paradox by a material testing program or finding an adequate existence proof. 
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.

· It is assumed that the final TF coil glass-filled epoxy insulation system has fatigue-based shear/compression constants τo of 40 MPa and c2 of 0.51. Confirmation Required.
· It is assumed that the insulation system can support flat-wise tensile stresses of 4.4 MPa or beyond. This has a significant impact on the results of the shear/compression stress evaluation, and should be evaluated more precisely with some insulation R&D program. Confirmation Required.
· The outboard leg of the TF coil moves toward the machine axis 10+ mm when cooled and energized to 0.5 T. The project should verify that displacements of this order do not result in interferences or unacceptable field errors.
3.0 Analysis

The stress analysis of the NCSX TF coils is based on the finite element ANSYS model shown in Fig. 3.0-1. The coupled field electromagnetic-structural model is an accumulation of a number of references:

· Coil geometries are from various PPPL drawings
 (included here as Attachment 6.1).
· Coil currents for various operating scenarios
 (included here as Attachment 6.2).
These inputs are manipulated into a text-based ANSYS batch file (included here as Attachment 6.3) which facilitates changes to the model such as:

· All dimensions

· Material properties

· Boundary Conditions (BCs)

· Coil currents

· Postprocessing
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Fig. 3.0-1: Single NCSX TF Coil with General Surface Contact Planes at ±10˚
The model plot of Fig. 3.0-1 shows a simple isometric view of the model and the contact surfaces used to simulate the mechanical interface with adjacent (un-modeled) coils. The XYZ triad shown to the left of the model establishes the so-called global coordinate system used throughout the analysis. This figure greatly understates the complexities of this model. The following plots will uncover some of these details. 

Fig. 3.0-2 provides a slight close-up the TF coil model, with a chunk of the smeared WP and some GW insulation removed. This exposes two important modeling details: (1) there is a portion of the model which looks like the actual winding pack, and (2) the entire coil pack is covered with GW insulation. Notice that all 12 conductor turns are modeled explicitly. The plot also provides the first view of the wedged-region shim insulation.
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Fig. 3.0-2 Overview of EM-ST model elements
Fig. 3.0-3 is a plot of just the current-carrying elements of the TF winding pack. It shows the portion of the winding pack which is modeled explicitly in context with the remainder of the smeared winding pack. The TF coil is composed of straights and arcs which are referred to here as sectors. Accounting for up-down symmetry, there are six sectors around the coil above its equator. Starting with the straight inboard leg and working over the top of the coil in a clock-wise direction, these sectors are:

Sector 11: 0.731 m vertical straight (Inboard Leg half-length)

Sector 12: 0.694 m inner radius, 64.4˚ angular extent

Sector 13: 1.304 m inner radius, 25.6˚ angular extent

Sector 14: 0.114 m horizontal straight
Sector 15: 1.209 m inner radius, 85.9˚ angular extent

Sector 16: 5.070 m inner radius, 8.19˚ angular extent
Defining the poloidal location and extent of the detailed winding pack is achieved with a few input parameters (k_detail, fr1 and fr2). The value of k_detail refers to the sector to be modeled in detail. The values of fr1 and fr2 define the fractional beginning and ending of the detailed winding pack within the k_detail sector. This allows for modeling an arbitrarily small poloidal portion of the TF winding pack. Here are the parameters used to make the model shown throughout most of this section. 
k_detail=12  ! 0:Smeared WP, >0:Detailed WP in this sector of model (11-16)

fr1=0.40     ! Fractional starting location of detailed sector (can be 0.0)

fr2=0.75     ! Fractional ending location of detailed sector (can be 1.0)
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Fig. 3.0-3 Smeared & Detailed Conductors (no insulation shown)
Fig. 3.0-4 is a close-up of the detailed portion of the winding pack. The model is built from the bottom-up: conductors, turn insulation, and pancake insulation. In this particular model (with values of k_detail=12, fr1=0.4 and fr2=0.75), a small portion of the shim insulation can be seen along with the GW insulation.

[image: image4.png]A.3.2 Current Waveforms.

Conductor currents are given in amperes. Maxima for all reference scenarios are shown in biue, minima in red.

[0.57 First
Plasma
Scenario

Ta07

Maimur| T1218] 10435 10435 Ta01
Winmun] o] 9 ~1223] ~T043_35310)
2L (A2-5] SITE07| G5TERDY] G B3E+05| _B24E+0g] of
ESW )] 73] 050) 78T

Field Line
Mapping
scenario ts) M1 M2 M3 PF1 PF2 PF3 PF4 PES PF6 TF__| Plasma
0600 ol 0 ol g
0.000 ——22aa| ——2067] g —20q]
0.100] 2042|087} E ~20q]
02001 oaaloar] a1 —20q]
2.600] _2244] _2087] 1 ~20q]
70100 22aa| o087 a1 —20q]
e O] 224 2087 o] 0
Minimun) 0 of 0 ] —20q]
L5 0 T T67E+04] 5 BOE:
ESW (5] o _ioes| 1068 10.02] T34





Fig. 3.0-4 Close-Up of Detailed WP Region
Orthotropic materials create yet another complexity which must be included in the model. The smeared winding pack and all glass-filled epoxy insulation are orthotropic materials, and require the use of so-called element coordinate systems (ESYS). This requires aligning the coordinate system of each orthotropic finite element with a local coordinate system. In the case of the smeared WP, each coil sector is parallel to a local coordinate system (CSYS), as shown in Fig. 3.0-5. The black lines are the X-axis of the ESYS triad for each element. It is important to verify that all of these local axes are oriented radially across the winding pack. The local Y (green) axes are oriented parallel to the current flow. Although they are generally hidden within the body of the winding pack, the missing sector provides a small window which exposes these axes of the adjacent elements. Z is directed into the paper by crossing X and Y.
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Fig. 3.0-5 Local Element Coordinate Systems of Smeared Winding Pack

Fig. 3.0-6 is a plot of the GW inner and outer band elements with their individual element coordinate system triads “tuned-on.” Unfortunately, thousands of black (X-directed) triads obscure the actual insulation elements. But the graph succeeds in illustrating the consistency of the ESYS of these elements.
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Fig. 3.0-6 GW Inner and Outer Band Elements and their ESYS triads

(shows that the local X is thru-thickness)
Fig. 3.0-7 shows an element plot of the GW sidewall insulation with their element coordinate system triads turned on. Again, the black X-axes point out of the insulation plane (through the thickness of the glass). 
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Fig. 3.0-7 GW Side Wall Elements and their ESYS triads

(shows that the local X is thru-thickness)

When a region of the WP is modeled in detail, then some care must be exercised in order to ensure that the turn wrap insulation also has a proper ESYS. Fig. 3.0-8 is a plot of the turn wrap insulation, again with the ESYS triads turned on. And again, the black X-axes are normal to the plane of the glass wrap. 
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Fig. 3.0-8 Turn Wrap Elements and their ESYS triads

(shows that the local X is thru-thickness)

The pancake-to-pancake insulation provides a slight variation on the orthotropic ESYS theme discussed above. In this case, the most efficient way of setting up the ESYS is with the local Z-axis pointing through the thickness of the insulation. Look closely at Fig. 3.0-9 to confirm that the blue Z-axes are normal to the plane of the pancake insulating spacer. 
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Fig. 3.0-9 Pancake-to-Pancake Elements and their ESYS triads

(shows that the local Z is thru-thickness)

The reference [1] project memo indicates that the most critical operating condition for the TF coil system is when it is energized and producing 0.5 T at a major radius of 1.4 m. When only the TF coils are energized, all of the magnetic forces are carried by the toroidally continuous structure formed by the inboard vertical legs of the 18-coil system (“wedging”). Of course, there are no out-of-plane loads to engage the TF structural components. So, the model shown in Fig. 3.0-1 is sufficient to analyze this limiting operating condition. Other operating load conditions produce out-of-plane forces and bending stresses in the TF coil, but they are substantially lower than this 0.5 T design condition [1]. 

There are a number of electromagnetic and structural considerations which must be addressed so that all of the parts of this multi-field model work together properly.
EM Symmetry:
Symmetry in the coil set allows modeling 1/18th of the entire TF magnet system. The ANSYS user is able to account for the unmodeled coils by telling the program that there is n-fold electromagnetic symmetry about the global Z axis. Here, the ANSYS command is EMSYM, 18. 

Source Currents:

[At the risk of stating the obvious] the electromagnetic forces are developed when the TF coil is energized. A voltage is applied to the terminals which drives a current. These currents crossing magnetic fields produce the EM body forces which mechanically load the coil. ANSYS requires essentially the same sequence in order to calculate these body forces. Here is the modeling process:
· The winding pack outboard leg is split by a δ thick kerf at the equatorial plane.

· Nodes on the top of the cut (say Z=+δ/2) are give a zero Voltage.

· Nodes on the bottom of the cut (say Z=-δ/2) are coupled to have the same (TBD) Voltage.

· At one of these bottom nodes, current is “injected” into the WP.
· For 0.5 T at a major radius of 1.4 m, the total injected current is 194.4 kA-t.

· The program then solves for the current distribution in the winding pack.

This is illustrated in Fig. 3.0-10 which shows the current density distribution in the smeared WP and detailed conductor. Although the nominal current density in the smeared WP is 18 MA/m2 (away from the trimmed inboard leg) the actual conductor cross-section is about 37% less (because of insulation and cooling channels), which puts the “real” current density at ~29 MA/m2. Subtleties such as contortions in the smeared-to-detailed current path transition and finite element mesh push the indicated peak JS (Source Current Density) up to 32 MA/m2.
With current sources “in-hand” the program can perform a series of Biot-Savart field calculations. Field and current vectors are internally crossed and integrated (∫JxBdV) to obtain force vectors on each current-carrying element. These forces are read into a structural analysis of the TF coil.

Fig. 3.0-10 Current Density [A/m2] in the Smeared and Discrete Conductors

[image: image10.jpg]MAR 11 2004
tfdetail2s11
NODAL SOLUTION
STEP=1
SUB =6
TIME=1
SINT  (AVG)
DMX =.003813
SMI 63758
SMX =.104E+09
563758
120E+08
.235E+08
.350E+08
4B65E+08
.S79E+08
-+
Max Detailed Cond. Stress gg;;_gg
Transition Region L924E+08
(Governed by Tensile Stress) 04E+09

Anomalous Peak
in stress field

tfdetail2s11, Conductor Stress (Pa), 194 kA-t/TF





Structural BCs:

Ideally, the single TF coil would be completely contained by the contact planes on each side of the inboard legs (see Fig. 3.0-1). However, the vertical direction must also be constrained. Not because of gravity effects, which are ignored in this analysis (<2% of EM loads), but because a mathematical model with zero stiffness to ground can “take-off” in the unconstrained direction from the smallest unbalanced force. This is easily handled by assigning a zero vertical (Z) displacements to a few nodes on the bottom of the coil as shown in Fig. 3.0-11.

The surface-to-surface contact and target elements simulate the interaction between adjacent inboard legs. Because of symmetry, relative motion and frictional forces will not occur. So the contact surfaces simply provide a rigid surface against which the coils (and their shim insulation) can bear. It should be noted that some analyses eliminate the numerical complexity of the contact surfaces and simply set the toroidal displacements of the nodes on the wedged surfaces to zero. This “glued toroidal interface” approach provides a quicker analysis, but doesn’t allow any separation which might occur at these surfaces. 
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Fig. 3.0-11 Vertical Displacement BCs (symbols on bottom of TF WP)
4.0 Results
Detailed stress results are presented and discussed in the following 4.x subsections. These results are then compared to the appropriate design criteria. 
4.1 Smeared Winding Pack
The most sever load case for the TF coil system is when it is producing a nominal toroidal field (B0) of 0.5 T at a major radius (R0) of 1.4 m [1]. This requires a total current of 2πR0B0/(Nμ0) or 194 kA-turns per winding pack for this N=18 coil system. Fig. 4.1-1 is a plot of the flux density in the smeared winding pack as a result of this high-field operating point. Notice that the maximum reported value of 1.78 T compares favorably with the μ0NI/2πR value of 1.74 T shown in the plot title. In this case, R is the radius of the high-field side of the inboard vertical legs (~0.4 m). 
Fig. 4.1-2 is a plot of the ∫JxBdV element-based force vectors for this 0.5 T operating condition. Notice that the inboard vertical leg of the coil has the largest force vectors which point towards the machine axis. The magnitude of the force vectors decrease with increasing radius, which results in a negative net radial load on the coil. The ANSYS plot title captures the EM force summation, and indicates a negative FX of 366 kN. The FY and FZ forces are small and would be zero if not for some slight asymmetries in the finite element mesh. Summing the vertical bursting force on half of the coil (top or bottom) yields the primary tensile load carried by the winding pack: 140 MN.
Fig. 4.1-3 is a plot of the stress intensity in the smeared WP as a result of the 0.5T operating condition. For the sake of understanding the essence of the loading and structural response, thermal cooldown effects are not included in this analysis with glued toroidal interfaces. The plot indicates a maximum stress of 91 MPa and a radial deflection at the outboard leg of -3.2 mm. The highest stresses occur in the upper and lower transition regions where the toroidal continuity of the wedged region is lost. 
Fig. 4.1-4 is a plot of the shim insulation flat-wise (normal) stress with contours chosen to highlight regions of compression (blue) and tension (red). Notice that the interface is generally in compression, but has small regions of toroidal tension due to the “Glued” approximation. It is also interesting to note that while the average compression is a mere 5.8 MPa, the legend reports a local minimum of -190 MPa.
Figs. 4.1-5 & 4.1-6 present a similar series of results for the more accurate Contact Toroidal Interface modeling approach. In this case, the red regions of Fig. 4.1-6 represent no contact or a slightly open interface. Notice that the nonlinear interface reduces the WP stresses slightly (80 MPa), reduces the magnitude of the shim peak contact stress (-122 MPa), and increases the radial deflection at the outboard leg (-3.6 mm). 
The purpose of these smeared WP analyses is mostly to establish an understanding of where the maximum stresses are likely to occur. A close review of the analysis suggests implementing the detailed winding pack model in about the middle of Sector 12. 
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Fig. 4.1-1 Magnetic Flux Density, Smeared WP, 0.5 T at 1.4 m
Fig. 4.1-2 EM Body Forces, Smeared WP, 0.5 T at 1.4 m
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Fig. 4.1-3: Smeared WP Stress Intensity, Glued Toroidal Interface, 0.5 T at 1.4 m
Fig. 4.1-4: Side Wall Insulation Flat-Wise Stress, Glued Toroidal Interface, 0.5 T at 1.4 m
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Fig. 4.1-5: Smeared WP Stress Intensity, Contact Toroidal Interface, 0.5 T at 1.4 m

Fig. 4.1-6: Side Wall Insulation Flat-Wise Stress, Contact Toroidal Interface, 0.5 T at 1.4 m
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4.2 Hybrid Winding Pack, Contact Toroidal Interfaces, 0.5 T EM Only
Fig. 4.2-1 is a plot of the stress intensity in the hybrid winding pack model from the 0.5 T EM only load condition. The plot legend indicates that the maximum stress in the detailed winding pack is 104 MPa. One result of a radial deformation plot is included as an annotation indicating that the outboard leg moves 4.1 mm towards the machine axis. 

Fig. 4.2-2 focuses on the maximum stresses in the smeared WP (below the equatorial plane and symmetrically located relative to the detailed conductor array). In this analysis, the maximum smeared WP stress is 68 MPa (not 80 MPa as shown in Fig. 4.1-5 because of mesh density differences). This implies a very simplistic unsmearing scale factor of 104/68 or about 1.5. 

Fig. 4.2-3 focuses on the 12-conductor array. The contour plot shows that although the peak stress is about 104 MPa, this localized stress diminishes quickly with distance from the Smeared/Detailed transition to a value close to 80 MPa. 

Fig. 4.2-4 is a plot of the stress intensity in the cross-section of the two most highly-stressed high-field-side turns of the detailed winding pack. The stress varies from 54 MPa to 102 MPa with an integrated average stress of 75 MPa. This stress intensity is predominantly due to the large tensile (1st principal) stress on the high-field side of the winding pack.

Fig. 4.2-5 is one more look at the flat-wise normal stresses in the shim insulation. In this case, compressive contact stresses are limited to about 93 MPa, and there is contact over all but two small patches. 

Fig. 4.2-1 WP and Detailed Conductor Stress Intensity, Contact Toroidal Interface, 0.5 T at 1.4 m
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Note: Detailed WP Region defined by Sector 12, FR1/2=0.40/0.75
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Fig. 4.2-2 Smeared WP Stress Intensity, Contact Toroidal Interface, 0.5 T at 1.4 m
Fig. 4.2-3 Detailed WP Stress Intensity, Contact Toroidal Interface, 0.5 T at 1.4 m
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Fig. 4.2-4 Stress in Cross-Section of inner two turns, Contact Toroidal Interface, 0.5 T at 1.4 m
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Fig. 4.2-5: Side Wall Insulation Flat-Wise Stress, Contact Toroidal Interface, 0.5 T at 1.4 m
4.3 Hybrid Winding Pack, Contact Toroidal Interfaces, 0.5 T EM & 85K

This section addresses the actual design-basis load condition of an energized TF coil (0.5 T) operating at 85K (-215K ΔT). This operating condition is reached in two ANSYS Load Steps (LS):

· LS1: the entire model is at 85K (i.e., -215K relative to a zero thermal strain reference).

· LS2: the entire model is at 85K and the EM loads from 0.5 T operation are applied.

In addition to the 85K coefficient of thermal expansion (CTE) effects, there is one other subtle difference between the hybrid model presented here and the one discussed in sect. 4.2. The location of the detail model within sector 12 is adjusted slightly in order to position the maximum stress field in about the middle of the detailed region. This is achieved by changing the start and end parameters, fr1 and fr2, to 0.30 and 0.55. Recall that the previous hybrid model has fr1 and fr2 values of 0.40 and 0.75, and the Fig. 4.2-3 stress plot shows stress peaks close to the starting edge of the zone. 
Cu Conductor Stresses

Fig. 4.3-1 is a plot of the stress intensity in the detailed conductors from the “0.5 T EM Only” load case (even though this section is dedicated to 0.5 T EM & 85K). The purpose of the plot is to show how this model (sector 12, fr1/fr2=0.30/0.55) is a slightly better choice than previous 0.40/0.75 model. Notice that the maximum stress contours appear in the poloidal middle of the detailed model span (which was the objective of the change). Here, the maximum and local average stresses are 134 MPa and 70 MPa, respectively, on the low-field compressive side of the winding pack. This model reproduces the sect. 4.2 results on the high-field tensile side of the WP, with maximum and local average stresses of 102 MPa and 75 MPa, respectively. This 0.5 T EM Only result is also useful since it defines the stress range which is required for a fatigue evaluation. 
Fig. 4.3-2 show plots of the stress intensity in the detailed conductors from the 85K. There are two plots in this figure:

· Fig. 4.3-2a provides the stress intensity in the detailed conductor elements which are unaffected by the adjacent smeared WP elements.
· Fig. 4.3-2b provides the stress intensity in all of the detailed conductor elements.

The results reported in Fig. 4.3-2b are not completely believable because of the material property discontinuity where the Cu elements are glued to Smeared WP elements. Fig. 4.3-2a ignores the contaminated elements and shows a believable stress field. The maximum stress from this uniform 85K load condition is 91 MPa. 
Fig. 4.3-3 is a similar plot for the 85K & 0.5 T EM load condition. The maximum stress increases from ~60 MPa to 117 MPa when the coil is energized. Curiously, it would be incorrect to conclude that energizing the coil produces a 57 MPa stress cycle (117-60). In order to determine the stress range everywhere in the conductor array, it is necessary to subtract one load case from the other and process this differential stress or stress range. This is precisely what is shown in Fig. 4.3-1. And since thermal effects are subtracted out, all of detailed elements can be shown without “contamination” effects.
Fig. 4.3-4 is a plot of the 1st principal stress (maximum tension) in the high-field-side turns when the coil is at 85K and energized to 0.5 T. The maximum stress is 114 MPa, and the local integrated average is 90 MPa. 

Fig. 4.3-5 is a plot of the UX (lateral deflections) when the coil is at 85K and energized to 0.5 T. EM forces and cooldown contractions result in a maximum X-deflection of -10.4 mm in the outboard leg. This is fairly consistent with the -12.2 mm deflection presented in [1] for a WP with different cross-section and toroidal wedging characteristics. It may be worth checking that displacements of this order do not result in interferences or unacceptable field errors.
Fig. 4.3-6 is a plot of the EM force vectors acting on half of the winding pack. It is used to illustrate the primary forces which must satisfy primary stress requirements. The vertical force is carried as a tensile stress in the winding pack. A simplistic and conservative calculation would be to assume that the entire vertical force is carried by the conductor cross-section in the inboard leg (~0.0068 m2). This ignores the Cu area lost from the wedged-surface machining operation, but also neglects the entire outboard leg as part of the vertical load path. The general primary stress is then calculated as:

σPM = F/A = 140 kN/0.0068 m2 = 21 MPa
Fig. 4.3-1 Detailed WP Stress Intensity, Contact Toroidal Interface, Stress Range from 0.5 T EM
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Notes: 
· The stresses shown here are determined from the difference of two load cases:

· STEP=9999 determined by the operation: LoadStep2 (EM+ΔT) – LoadStep1 (ΔT).

· The intension is to provide a direct comparison to the results shown in Fig. 4.1-9 (also EM Only), but in a slightly different region within sector 12: fr1/2=0.30/0.55. 

· The average stress intensity across a section through the peak stress region of the outer turns is 70 MPa, which is dominated by the compressive stress component.
· The maximum and average stress intensity on the inside (high-field side) of the WP is 102 MPa and 75 MPa, which are essentially the values presented in Fig. 4.2-3.

· This figure indicates that the peak stress is more like 130 MPa (on the low-field compressive side of the WP) than 100 MPa (on the high-field tensile side of the WP) when the detailed region is positioned more carefully around the high stress region.
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Fig. 4.3-2a Stress Intensity, Conductor, Detailed WP Subset, 300K-85K Cool Down

Fig. 4.3-2b Stress Intensity, Conductor, Entire Detailed WP, (300K-85K) Cool Down
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Fig. 4.3-3 Stress Intensity, Conductor, Detailed WP Subset, 0.5 T EM + (300K-85K) Cool Down
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Fig. 4.3-4 Region of Highest Tensile Stress, 0.5 T EM + (300K-85K) Cool Down

Fig. 4.3-5 Lateral (X-direction) Displacements, 0.5 T EM + (300K-85K) Cool Down
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Fig. 4.3-6 Force Vectors on Coil Half, 0.5 T EM Loading
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Cu Stress Evaluation

An earlier project memo [3] presents the rational for establishing a design Tresca stress value (Sm) of 110 MPa for the Cu conductor with a small (5-7%) amount of cold-working. The critical elements of the Cu stress analysis are now in-hand:

· General Primary Membrane: 21 MPa (from σPM listed above) < 110 MPa (1.0Sm) 

· Local Primary Membrane: 90 MPa (from Fig. 4.3-4) < 165 MPa (1.5Sm)  

· Primary Membrane + Bending: 114 MPa (from Fig. 4.3-4) < 165 MPa (1.5Sm)

A very crude fatigue analysis of the stresses produced from the energized coil goes as follows:

· Fig. 4.3-1 shows a stress range of 134 MPa. Although the precise stress field is complex and three-dimensional, this stress range is produced by tensile stresses at 85K and compressive stresses when the coil is energized. This is approximately equivalent to a fully reversing (R=-1) alternating stress of ±67 MPa.

· Fig. 6.4-1 shows a Cu fatigue curves for various temperatures and references. A design-basis fatigue curve is developed by reducing the stress of the nominal 77K curve by a factor of 2. The nominal 77K curve is also shifted to the left by reducing the number of cycles by a factor of 20, although this is not as limiting as σ/2. The proposed design-basis curve is shown in Fig. 6.4-2.

· Plotting the 130000 cycle, 67 MPa stress on the design-basis curve shows that the on-off TF operating cycle is below the fatigue limit of the material. Entering the design-basis curve with a stress of 67 MPa and reading the cycles to failure indicates that this alternating stress could occur about 1.7 M times. With a maximum design life of 130k cycles, this stress pairing has a Usage Factor of 130k/1.7M or 0.076, which is well below the limit of 1.0.

Epoxy/Glass Insulation Stresses

Fig. 4.3-7 is a plot of the stresses in the plane of the glass insulation when the coil is at 85K and energized to 0.5 T. This so-called In-Plane stress is obtained by combining local in-plane components (σy & σz in the turn wrap insulation, σx & σy in the pancake insulation) by the square root of the sum of the squares (SRSS). So, the sign of the stress is lost. The maximum reported stress is 75 MPa.
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Fig. 4.3-7 In-Plane Insulation Stress, Detailed Winding Pack, 0.5 T EM + (300K-85K) Cool Down
Fig. 4.3-8 is a plot of the stresses normal to the plane of the glass insulation when the coil is at 85K and energized to 0.5 T. The normal stress component is sometimes referred to as the “flat-wise” or “through-thickness” stress. In compression, it tends to push the glass layers together. In tension, it tends to pull the glass layers apart or break a bond, such as at a Kapton or conductor interface. The minimum normal stress is -24 MPa (compressive), while the maximum normal stress is +80 MPa (tensile). 
It is important to note that the stresses close to the smeared WP are contaminated by the material property discontinuity, particularly the CTE mismatch, which is an unavoidable anomaly of mixing discrete and smeared materials in the same model. So, the high (80 MPa) tensile stresses at the edges are not real. Away from the discontinuity, the maximum tensile stress is about +25 MPa. 
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Fig. 4.3-8 Normal Insulation Stress, Detailed Winding Pack, 0.5 T EM + (300K-85K) Cool Down
Away from the wedged region, the ground wrap stresses are determined by the CTE mismatch with [image: image32.jpg]. . ANSYS 8.0
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the smeared WP and EM force-induced strains. Fig. 4.3-9 is a plot of the in-plane stress distribution which shows very small stresses (<15 MPa). 
Fig. 4.3-9 In-Plane Stresses [Pa] in the Ground Wrap, 0.5 T EM + (300K-85K) Cool Down
Fig. 4.3-10 is a plot of the normal (flat-wise, through-thickness) stresses in the ground wrap away from the wedged region. There is no reason for these stresses to be very large, and the 17 MPa maximum is probably more of a finite element mesh issue than reality. In the mid-span of the winding pack (away from the complexities of the corners) the normal stress is < 2 MPa. In the corner, the normal stress is about 6 MPa.
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Fig. 4.3-10 Normal Stresses [Pa] in the Ground Wrap, 0.5 T EM + (300K-85K) Cool Down

Insulation Stress Evaluation

The project’s design criteria document [5] presents an extensive outline for qualifying insulation stress. Requirements are paraphrased below: 

· Flatwise (through-thickness) compressive stress shall be limited by 2/3 of the ultimate stress.
· Compressive fatigue allowable stress shall be equal to the lesser of 2/3 of the ultimate compressive fatigue stress measured at the lifetime number of cycles or the ultimate compressive fatigue stress at temperature at 5x the lifetime cycles.
· Normal to the adhesive bonds between metal and composite, no primary tensile strain is allowed. Secondary strain will be limited to 1/5 of the ultimate tensile strain of the adjacent insulation. In the absence of specific data, the allowable tensile strain is 0.02% in the insulation adjacent to the bond. 

· The maximum tensile or compressive strain permitted in the plane of the insulation material is either +0.5% or -0.5%.
· The shear-stress allowable, Ss, for either static or fatigue conditions is given by: 

Ss = 2/3 τo + c2 Sc(n)

Where,

τo is the experimentally determined minimum intrinsic shear strength with no compressive load (the lower of the bond shear strength or the composite interlaminar shear strength).
c2 is an experimentally determined factor representing the slope of the dependence of shear strength on compressive stress.  

Sc(n) is the local normal compressive stress.
Aside: Allowable Stress Levels at 77K (close enough to 85K operating temp.)
Based on discussion with I. Zatz (December 2003), the insulation system will probably behave like G-10/11CR. However, more recently, an ITER insulation design document
 has become available, which contains test data and recommended design values for a number of insulations systems. NCSX is presently favoring CTD115K pre-impregnated S2 glass with co-wound Kapton. The ITER document does not list this specific epoxy, but does have a “very similar product,” according to Paul Fabian of CTD, Inc.; CTD112/Prepreg S-2 glass with interleaved Kapton, hereafter referred to as Prepreg/Kapton. 
· Under flatwise compression, G-10/11CR has an ultimate strength of about 700 MPa
, while the Prepreg/Kapton has a strength of 920 MPa[8]. The stress limit used here is conservatively based on the lower value: 2/3 x 700 or 460 MPa. 
· In the absence of tensile test data normal to the plane of the glass, the allowable strain is 0.02%. With G10/11CR and Prepreg/Kapton elastic moduli of 22 GPa and 12 GPa, respectively, the allowable normal tensile stress is 0.0002 x 22 GPa or 4.4 MPa. Through-thickness tensile testing of the Prepreg/Kapton insulation system might increase this default value.  

· The ultimate tensile strength of G-10/11CR is anisotropic, with values of ~460 MPa in the Warp direction and ~800 MPa in the Fill direction (from [9]). We will assume that the lesser of these two values applies: 460 MPa. The in-plane allowable is based on the +0.5% strain limit, which is 0.005 x 33 GPa or 165 MPa. It is worth noting that this value is conservative by about a factor of two since a reasonable allowable based on test data might be 2/3 x 460 or 310 MPa.
· The ultimate compressive strength of G-10/11CR is also anisotropic, with values of ~550 MPa in the Fill direction and ~800 MPa in the Fill direction (from [9]). We will assume that the lesser of these two values applies: 550 MPa. However, the in-plane allowable is based on the -0.5% strain limit, which is -0.005 x 33 GPa or -165 MPa. It is worth noting that this value is conservative by about a factor of two since a reasonable allowable based on test data might be 2/3 x 550 or 370 MPa.
· Although no data is readily available for G-10/11CR, the ITER document recommends values of τo and c2 for Prepreg/Kapton insulations of 40 MPa and 0.51/0.32 (etched/non-etched Kapton) respectively, when the coil is subject to a fatigue environment.

The critical elements of the Insulation stress analysis are now in-hand:

· Flat-Wise Compression: -93 MPa (from Fig. 4.2-5) < 460 MPa

· In-Plane Tension & Compression: 75 MPa (from Fig. 4.3-7) < 165 MPa
· Through-Thickness Tensile Stress: +25 MPa (from Fig. 4.3-8) > 4.4 MPa

· Shear/Compression: See Below.

A detailed analysis of the shear/compression stresses in the winding pack insulation requires some postprocessing operations which are consistent with the design criteria captured in the equation:

Ss = 2/3 τo + c2 Sc(n)

Recall that τo is set at 40 MPa and c2 is set at 0.51 (assuming etched Kapton is available). The normal stress, Sc, must be determined on an element by element basis. The resulting allowable shear stress, Ss, is then compared to the local shear stress (τ), also on an element by element basis. In order to quantify the results, the elements which pass the shear stress criteria form one subset while the elements which fail the criteria form another subset.

Table 4.3-1 contains a summary of the insulation shear/compression stress analysis which is outlined above. Results are reported for coil ground wrap (GW) and detailed winding pack (WP) turn & layer insulation. Recall that the analysis postprocessing determines the fraction (or percentage) of material which “passes” the criteria. Clearly, the goal is to achieve 100%. 

The tabulated results indicate that shear (τ) is never the limiting factor. All of the winding pack ground-wrap insulation and essentially all of the detailed winding pack insulation pass the shear stress requirement. All of the “failures” can be attributed to normal tensile stresses which are above the 4.4 MPa limit; 20% of the GW and 50% of the WP. 
Fig. 4.3-11 is a plot of the normal stress in the insulation elements of the detailed WP which exceed the 4.4 MPa threshold. The plot shows that most of the layer-to-layer turn insulation passes the normal stress criteria. This is illustrated by the absence of elements when viewed radially through the thickness of the winding pack (left-hand plot). As discussed earlier, the highest-stressed elements which are contaminated by their connection to the adjacent smeared WP must also be discounted. This leaves most of the failures in the elements with toroidal normal surfaces, and stresses on the order of 15 MPa. 

This is consistent with previous analyses [3 & 4], which shows that all of these tensile stress “failures” can be traced to differences in CTE values of the winding pack constituents. In addition, increasing the tensile stresses threshold from 4.4 MPa to 10-20 MPa would nearly eliminate this situation. 

The last line in the table corresponds to a fictitious operating condition in which the TF coil is energized at 295K. This eliminated the differential CTE effect but includes the impact from EM body forces. Here we see that essentially all of the insulation passes the shear and normal stress criteria.
As with the analysis of the CS and PF coils, this is a difficult issue to reconcile by analysis. Surely, there are epoxy-glass insulated coils which have been cooled to LN2 temperature without developing electrical shorts or gross structural failures. The project should survey the success of such Cu coils and determine if this is a real concern or rather a product of an overly conservative design criteria and detailed analysis. 

Table 4.3-1 Insulation Shear Stress Evaluation Results, Detailed Material which Passes Criteria (%)

	Loading
	GW(()
	GW(τ)
	GW(( + τ)
	WP(()
	WP(τ)
	WP(( + τ)

	85K + 0.0 T
	80.0
	100
	80.0
	47.5
	96.9
	47.5

	85K + 0.5 T
	80.4
	100
	80.4
	50.4
	96.8
	50.4

	295K + 0.5 T
	100
	100
	100
	99.8
	100
	99.8


Fig. 4.3-11 Insulation Elements in Detailed WP with Normal Stresses > 4.4 MPa
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5.0 Summary & Commentary
The analysis focuses on the most sever TF coil system operating condition; 0.5 T on-axis field. This requires a conductor current of 16.2 kA. All other operating scenarios require no more than 4.4 kA. With EM forces and stresses proportional to current squared, these reference scenarios are expected to produces significantly lower stresses [1]. 

Substantial refinements to the TF coil model (relative to [1]) include:

· A more precise coil-to-coil wedged region including general contact to model de-wedging.
· Coil-to-coil shim and winding pack ground wrap insulation.
· A carefully-positioned detailed model of the 6x2 conductor array, with turn and pancake insulation.
The analysis shows the location and magnitude of the conductor stress. Cu stresses are checked against the project’s design criteria and shown to pass the relevant static stress requirements. A stress range is determined for the coil-off coil-on coil-off load cycle which stands as the most damaging alternating stress cycle. A proposed design-basis fatigue curve is developed based on NIST test data [10] and a reduction in stress by a factor of two (at constant life). The curve is used to estimate the cycles to failure of this limiting stress range, and a Usage Factor (UF) of less than 0.1 is calculated. Other alternating stresses (from reference scenarios) will add to this UF, but at substantially lower stress levels, they cannot possibly push the CUF above the 1.0 limit.
Insulation stresses are also studied. Flat-wise compression, in-plane tension and compression, and shear stresses are all within design limits, assuming the design-basis strengths of a comparable insulation system (CTD112/Prepreg/Kapton presented in [8]). However, the problem of flat-wise tensile stresses driven by differential CTE values within the detailed winding pack constituents continues to be a concern (as in [3 and 4]). The present 4.4 MPa tensile limit may be overly conservative although there is no through-thickness test to justify this hope. Surely other Cu coils with similar insulation systems operating at 80K must have been commissioned without catastrophic consequences from cooldown alone. The project should reconcile this paradox by testing or finding an adequate existence proof.  
6.0 Attachments

6.1 Batch Input File (circa 3/16/2004)
/batch

rn=3

/filnam,tfdetail2b%rn%

/show,tfdetail2b%rn%,grp

!resume

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

/prep7

/com

/com Electromagnetic structural analysis of the NCSX TF Coil System

/com Geometry defined by: se131-092, se131-091, tf_cond

/com TF coils currents defined by: 0.5T LC, 

/com Add detailed region capability

/com Solve the Conduction and field problem, then solve the structural problem

/com (Because of bug in SOLID98: WP changed to 92 after EM and ldread in the EM forces)

/com

/com Run History

/com

/com Linear analysis (Because of bug in SOLID98: WP changed to 92 and ldread in the EM forces)

/com

/com 20: No Contact, All smeared, coarse mesh

/com 21: No Contact, detailed in Region 12 (0.35/0.80), finer mesh

/com 22: No Contact, smeared model, dt=-215

/com 23: No Contact, fr1/2=0.25/0.55, dt=-215

/com

/com Nonlinear analysis

/com

/com 210: Contact, all smeared, coarse mesh

/com 211: Contact, model and fields from 21

/com 212: Contact, model and fields from 21, dt=-215

/com

/com Misc Parameters

/com

k_detail=12              ! 0: just smeared WP model, >0: detailed WP in this sector of model (11-16)

fr1=0.30                 ! start of detailed sector (can be 0.0)

fr2=0.55                 ! end of detailed sector (can be 1.0)

k_nl=0                   ! 0: Wedged surfaces held to UY=0, 1: Generate Flex-Rigid Contact Interface

k_dens=4                 ! number of elements across WP 

k=0.0254                 ! english to si conversion factor

pi=acos(-1)              ! pi

mu0=4*pi*1e-7            ! Mu0

*afun,deg                ! use degrees in trig functions

t=0.0001                 ! a tiny length

th=0.1                   ! a tiny angle

dtr=pi/180               ! degrees to radians

rtd=1/dtr                ! radians to degrees

b0=0.5                   ! nominal flux density

r0=1.4                   ! major radius

ntf=18                   ! number of tf coils

n_lay=6                  ! number of radial layers

n_pan=2                  ! number of pancakes

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

i_con=i_tf/(n_lay*n_pan) ! TF conductor current

arc=360/ntf              ! angular extent of 1 tf coil

emsym,ntf                ! electromagnetic symmetry about Z

dtmp=-215                ! differential temperature (WRT room temp)

/com

/com element types

/com

et,1,98,1             ! structure only

et,2,98,1             ! conductor and structure

/com

/com graphics keys

/com

/pnum,mat,1

/num,1

/dist

/focus

/vup,1,z

/view,1,,-1

/com

/com tf conductor, ignoring radii (in local CS vernacular)

/com

dr_con=0.434*k                       ! Conductor build in thickness

dz_con=2.513*k                       ! Conductor build in height

dri_con=0.190*k                      ! inside thickness of cooling channel

dzi_con=1.130*k                      ! inside height of cooling channel

a_con=dr_con*dz_con-dri_con*dzi_con  ! conductor metal area

/com

/com Insulation

/com

t_tw=0.049*k              ! turn wrap insulation thk

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

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

t_gw=0.12*k               ! module over-wrap thickness

t_sw=0.16*k               ! sidewall insulation thickness

t_gap=t_gw/10             ! height of gap in outboard leg for load application

/com

/com WP Build

/com

dr_wp=n_lay*(dr_con+2*t_tw)+(n_lay-1)*t_lay   ! radial build of WP

dz_wp=n_pan*(dz_con+2*t_tw)+(n_pan-1)*t_pan   ! toroidal build of WP

dr_iwp=dr_wp+2*t_gw                           ! radial build of ground-wrapped WP

dz_iwp=dz_wp+2*t_gw                           ! toroidal build of ground-wrapped WP

cel=sqrt(dr_wp**2+dz_wp**2)/k_dens            ! characteristic element size

/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_iwp)    ! 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 material properties

/com

/com TF Coils

mp, kxx,2,1

mp,murx,2,1

mp,rsvx,2,1

mp,alpx,2,10e-6    ! roughly (no reference or calc)

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

/com              TF Coils of NCSX," 07/15/03 

mp,  ex,2,111.6E9!, 93.3E9

mp,  ey,2,129.5E9!,119.0E9

mp,  ez,2,125.1E9!,113.9E9

mp, Gxy,2, 48.6E9!, 44.4E9

mp, Gyz,2, 48.6E9!, 44.4E9

mp, Gxz,2, 41.8E9!, 37.5E9

mp,nuxy,2,  0.323!,  0.329

mp,nuyz,2,  0.277!,  0.273

mp,nuxz,2,  0.277!,  0.273

/com

/com  Ground Wrap insulation (X is through thickness)

/com

mp,murx,3,1

mp,  ex,3,22e9

mp,  ey,3,33e9

mp,  ez,3,33e9

mp,alpx,3,30e-6

mp,alpy,3,10e-6

mp,alpz,3,10e-6

mp, gxy,3,8e9

mp, gyz,3,11e9

mp, gxz,3,8e9

mp,nuxy,3,0.21

mp,nuyz,3,0.21

mp,nuxz,3,0.21

mp,dens,3,1800

mp, kxx,3,1

/com

/com Cu Conductor (at 77K)

/com

mp,murx,12,1

mp,  ex,12,136e9

mp,alpx,12,14e-6

mp,nuxy,12,0.34

mp, kxx,12,1

mp,rsvx,12,1

/com

/com Turn wrap insulation (X is through thickness)

/com

mp,murx,13,1

mp,  ex,13,22e9

mp,  ey,13,33e9

mp,  ez,13,33e9

mp,alpx,13,30e-6

mp,alpy,13,10e-6

mp,alpz,13,10e-6

mp, gxy,13,8e9

mp, gyz,13,11e9

mp, gxz,13,8e9

mp,nuxy,13,0.21

mp,nuyz,13,0.21

mp,nuxz,13,0.21

mp,dens,13,9000

mp, kxx,13,1

/com

/com Layer to Layer insulation (X is through thickness)

/com

mp,murx,14,1

mp,  ex,14,22e9

mp,  ey,14,33e9

mp,  ez,14,33e9

mp,alpx,14,30e-6

mp,alpy,14,10e-6

mp,alpz,14,10e-6

mp, gxy,14,8e9

mp, gyz,14,11e9

mp, gxz,14,8e9

mp,nuxy,14,0.21

mp,nuyz,14,0.21

mp,nuxz,14,0.21

mp, kxx,14,1

/com

/com Pancake to Pancake insulation (local z is through thickness)

/com

mp,murx,15,1

mp,  ex,15,33e9

mp,  ey,15,33e9

mp,  ez,15,22e9

mp,alpx,15,10e-6

mp,alpy,15,10e-6

mp,alpz,15,30e-6

mp, gxy,15,11e9

mp, gyz,15,8e9

mp, gxz,15,8e9

mp,nuxy,15,0.21

mp,nuyz,15,0.21

mp,nuxz,15,0.21

mp, kxx,15,1

/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 Smeared Winding Pack

/com

/com Straight Leg

csys,11

wpcsys

block,ri11,ri11+dr_iwp,-dy11/2,,-dz_iwp/2,dz_iwp/2

block,ri11+t_gw,ri11+dr_iwp-t_gw,-dy11/2,,-dz_wp/2,dz_wp/2

vovlap,all

block,ri11,ri11+dr_iwp,,dy11/2,-dz_iwp/2,dz_iwp/2

block,ri11+t_gw,ri11+dr_iwp-t_gw,,dy11/2,-dz_wp/2,dz_wp/2

vovlap,all

/com Local 12,13 Arc

*do,j,12,13

csys,j

wpcsys

ksel,s,loc,x,0.99*ri%j%,1.01*ri%j%

*get,ri%j%,kp,,mnloc,x

vsel,none

cylind,ri%j%,ri%j%+dr_iwp,-dz_iwp/2,dz_iwp/2,,dy%j%

cylind,ri%j%+t_gw,ri%j%+dr_iwp-t_gw,-dz_wp/2,dz_wp/2,,dy%j%

vovlap,all

*enddo

/com Top Straight

csys,14

wpcsys

ksel,s,loc,x,0.99*ri14,1.01*ri14

*get,ri14,kp,,mnloc,x

vsel,none

block,ri14,ri14+dr_iwp,,dy14,-dz_iwp/2,dz_iwp/2

block,ri14+t_gw,ri14+dr_iwp-t_gw,,dy14,-dz_wp/2,dz_wp/2

vovlap,all

/com Local 15,16,17 Arc

*do,j,15,17

csys,j

wpcsys

ksel,s,loc,x,0.99*ri%j%,1.01*ri%j%

*get,ri%j%,kp,,mnloc,x

vsel,none

cylind,ri%j%,ri%j%+dr_iwp,-dz_iwp/2,dz_iwp/2,,dy%j%

cylind,ri%j%+t_gw,ri%j%+dr_iwp-t_gw,-dz_wp/2,dz_wp/2,,dy%j%

vovlap,all

*enddo

/com Bot Straight

csys,18

wpcsys

ksel,s,loc,x,0.99*ri18,1.01*ri18

*get,ri18,kp,,mnloc,x

vsel,none

block,ri18,ri18+dr_iwp,,dy18,-dz_iwp/2,dz_iwp/2

block,ri18+t_gw,ri18+dr_iwp-t_gw,,dy18,-dz_wp/2,dz_wp/2

vovlap,all

/com Local 19,20 Arc

*do,j,20,19,-1

csys,j

wpcsys

ksel,s,loc,x,0.99*ri%j%,1.01*ri%j%

*get,ri%j%,kp,,mnloc,x

vsel,none

cylind,ri%j%,ri%j%+dr_iwp,-dz_iwp/2,dz_iwp/2,,dy%j%

cylind,ri%j%+t_gw,ri%j%+dr_iwp-t_gw,-dz_wp/2,dz_wp/2,,dy%j%

vovlap,all

*enddo

*if,k_detail,gt,0,then

/com

/com Slice-up smeared region (fr1,fr2) to make zone of detailed mesh

/com

csys,k_detail

vsel,s,loc,y,,dy%k_detail%

allsel,below,volu

cm,temp,volu

wpcsys

wprot,fr1*dy%k_detail%,90

rectng,,2*ri%k_detail%,-dz_iwp,dz_iwp

wpcsys

wprot,fr2*dy%k_detail%,90

rectng,,2*ri%k_detail%,-dz_iwp,dz_iwp

vsba,temp,all

/com

/com Add detailed WP

/com

/com Build Cross-section at origin first

/com

csys

wpcsys

asel,none

rectng,-dr_con/2,dr_con/2,-dz_con/2,dz_con/2

rectng,-dr_con/2-t_tw,dr_con/2+t_tw,-dz_con/2-t_tw,dz_con/2+t_tw

*if,t_lay,gt,0,then

rectng,-dr_con/2-t_tw,dr_con/2+t_tw+t_lay,-dz_con/2-t_tw,dz_con/2+t_tw+t_pan

*endif

*if,t_pan,gt,0,then

rectng,-dr_con/2-t_tw,dr_con/2+t_tw+t_lay,-dz_con/2-t_tw,dz_con/2+t_tw+t_pan

*endif

aovlap,all

cm,temp,area

/com Subtract the center hole

rectng,-dri_con/2,dri_con/2,-dzi_con/2,dzi_con/2

asba,temp,all

allsel,below,area

cm,temp,area

/com Miter Turn Wrap Insulation

l,kp(-dr_con/2-t_tw,-dz_con/2-t_tw,0),kp(-dr_con/2,-dz_con/2,0)

l,kp(-dr_con/2-t_tw,+dz_con/2+t_tw,0),kp(-dr_con/2,+dz_con/2,0)

l,kp(dr_con/2+t_tw,+dz_con/2+t_tw,0),kp(dr_con/2,+dz_con/2,0)

l,kp(dr_con/2+t_tw,-dz_con/2-t_tw,0),kp(dr_con/2,-dz_con/2,0)

asbl,temp,all

cm,unit,area

/com

/com Overall dimensions (should agree with previous definitions)

/com

cmsel,s,unit

allsel,below,area

csys

*get,xmx,kp,,mxloc,x

*get,ymx,kp,,mxloc,y

*get,xmn,kp,,mnloc,x

*get,ymn,kp,,mnloc,y

dr_cell=xmx-xmn

dz_cell=ymx-ymn

/com

/com Build array of conductors

/com

agen,n_lay,all,,,dr_cell

agen,n_pan,all,,,,dz_cell

cm,tf%k_detail%,area

/com

/com Nix extra insulation layers

/com

cmsel,s,tf%k_detail%

allsel,below,area

*if,t_lay,gt,0,then

*get,xmx,kp,,mxloc,x

ksel,s,loc,x,xmx-t_lay-t,xmx+t

lslk,,1

asll,,1

adele,all,,,1

*endif

*if,t_pan,gt,0,then

*get,ymx,kp,,mxloc,y

ksel,s,loc,y,ymx-t_pan-t,ymx+t

lslk,,1

asll,,1

adele,all,,,1

*endif

/com

/com Glue Detailed WP areas together

/com

vsel,all

allsel,below,volu

asel,invert

cm,tf%k_detail%,area

allsel,below,area

aglue,all

numcmp,area

asll,,a

cm,tf%k_detail%,area

*get,xmx,kp,,mxloc,x

*get,ymx,kp,,mxloc,y

*get,xmn,kp,,mnloc,x

*get,ymn,kp,,mnloc,y

dr_coil=xmx-xmn      ! should match dr_wp

dz_coil=ymx-ymn      ! should match dz_wp

/com

/com Move Detailed WP area set to correct location

/com

cmsel,s,tf%k_detail%

allsel,below,area

agen,2,all,,,(x11-ri11-dr_iwp/2)-(xmx+xmn)/2,-(ymx+ymn)/2,,,,1

/com

/com Nix the smeared WP volume where the detailed WP will be placed

/com

csys,k_detail

ksel,s,loc,x,ri%k_detail%+t_gw/2,ri%k_detail%+dr_iwp-t_gw/2

ksel,r,loc,y,-t+fr1*dy%k_detail%,fr2*dy%k_detail%+t

ksel,r,loc,z,-dz_wp/2-t,+dz_wp/2+t

lslk,,1

asll,,1

vsla,,1

vdele,all,,,1

/com

/com Put the detailed X-section in the desired location and extrude the volume

/com

/com Make some keypoints for VROTAT

allsel

*get,kmx,kp,,num,max

csys,%k_detail%

k,kmx+1,,,-1

k,kmx+2,,,+1

cmsel,s,tf%k_detail%

*if,k_detail,eq,11,then

csys,11

agen,2,all,,,,fr1*dy11/2,,,,1

vsel,none

vext,all,,,,dy11*(fr2-fr1)/2

*elseif,k_detail,eq,12

csys,11

agen,2,all,,,,dy11/2,,,,1

csys,12

agen,2,all,,,,fr1*dy12,,,,1

vrotate,all,,,,,,kmx+1,kmx+2,dy12*(fr2-fr1)

*elseif,k_detail,eq,13

csys,11

agen,2,all,,,,dy11/2,,,,1

csys,12

agen,2,all,,,,dy12,,,,1

csys,13

agen,2,all,,,,fr1*dy13,,,,1

vrotate,all,,,,,,kmx+1,kmx+2,dy13*(fr2-fr1)

*elseif,k_detail,eq,14

csys,11

agen,2,all,,,,dy11/2,,,,1

csys,12

agen,2,all,,,,dy12,,,,1

csys,13

agen,2,all,,,,dy13,,,,1

csys,14

agen,2,all,,,,fr1*dy14,,,,1

vext,all,,,,dy14*(fr2-fr1)

*elseif,k_detail,eq,15

csys,11

agen,2,all,,,,dy11/2,,,,1

csys,12

agen,2,all,,,,dy12,,,,1

csys,13

agen,2,all,,,,dy13,,,,1

csys,14

agen,2,all,,,,dy14,,,,1

csys,15

agen,2,all,,,,fr1*dy15,,,,1

vrotate,all,,,,,,kmx+1,kmx+2,dy15*(fr2-fr1)

*elseif,k_detail,eq,16

csys,11

agen,2,all,,,,dy11/2,,,,1

csys,12

agen,2,all,,,,dy12,,,,1

csys,13

agen,2,all,,,,dy13,,,,1

csys,14

agen,2,all,,,,dy14,,,,1

csys,15

agen,2,all,,,,dy15,,,,1

csys,16

agen,2,all,,,,fr1*dy16,,,,1

vrotate,all,,,,,,kmx+1,kmx+2,dy16*(fr2-fr1)

*endif

/com

/com End the Detailed WP Logic

/com

*endif

/com

/com Glue Up WPs

/com

allsel

vglue,all

/com

/com Trim to make wedged region

/com

allsel

csys

*get,zmx,kp,,mxloc,z

ksel,s,loc,x,,x12

lslk,,1

asll,,1

vsla,,1

cm,tf,volu

csys

wpcsys

wprot,arc/2

wpoff,,-t_sw

cswpla,21

block,.01,r0,,r0,-1.5*zmx,1.5*zmx

csys

wpcsys

wprot,-arc/2

wpoff,,+t_sw

cswpla,22

block,.01,r0,-r0,,-1.5*zmx,1.5*zmx

btol,t_tw/20

vsbv,tf,all

btol

/com

/com Add Wedged-Region Insulation

/com

csys,21

asel,s,loc,y

vext,all,,,,t_sw

csys,22

asel,s,loc,y

vext,all,,,,-t_sw

/com

/com Slit Outboard Leg for Volt BC

/com

csys

wpcsys

allsel

cm,tf,volu

block,r0,3*r0,-dz_wp,dz_wp,,t_gap

btol,t_gap/2

vsbv,tf,all

/com

/com Set Attributes of Smeared WP

/com

*do,j,11,20

*if,j,eq,k_detail,cycle

csys,j

ksel,s,loc,x,ri%j%+t_gw-t,ri%j%+dr_iwp-t_gw+t

*if,j,eq,11,then

ksel,r,loc,y,-dy%j%/2-t,dy%j%/2+t

*else

ksel,r,loc,y,-t,dy%j%+t

*endif

lslk,,1

asll,,1

vsla,,1

vatt,2,,2,j

*enddo

/com

/com Set attributes for smeared volumes of partially detailed region

/com

*if,k_detail,gt,0,then

csys,k_detail

ksel,s,loc,x,ri%k_detail%+t_gw-t,ri%k_detail%+dr_iwp-t_gw+t

*if,k_detail,eq,11,then

ksel,r,loc,y,-dy11/2-t,dy11/2+t

*else

ksel,r,loc,y,-t,dy%k_detail%+t

*endif

ksel,r,loc,z,-dz_wp/2-t,dz_wp/2+t

lslk,,1

asll,,1

vsla,,1

cm,v%k_detail%,volu

*if,fr1,ne,0,or,fr2,ne,1,then

 allsel,below,volu

 *if,k_detail,eq,11,then

  ksel,r,loc,y,fr1*dy11/2-t,fr2*dy11/2+t

  *else

  ksel,r,loc,y,fr1*dy%k_detail%-t,fr2*dy%k_detail%+t

 *endif

lslk,,1

asll,,1

vsla,,1

vsel,invert

cmsel,r,v%k_detail%

*endif

vatt,2,,2,k_detail

*endif

/com

/com Attributes of Detailed WP

/com

*if,k_detail,gt,0,then

csys,k_detail

*do,np,1,n_pan

*do,nl,1,n_lay

/com Conductor 

ksel,s,loc,x,ri%k_detail%+t_gw+t_tw+(nl-1)*dr_cell-t,ri%k_detail%+t_gw+t_tw+dr_con+(nl-1)*dr_cell+t

ksel,r,loc,z,-dz_wp/2+t_tw+(np-1)*dz_cell-t,-dz_wp/2+t_tw+dz_con+(np-1)*dz_cell+t

ksel,r,loc,y,fr1*dy%k_detail%-t,fr2*dy%k_detail%+t

lslk,,1

asll,,1

vsla,,1

vatt,12,,2,k_detail

/com Turn Insulation

ksel,s,loc,x,ri%k_detail%+t_gw+(nl-1)*dr_cell-t,ri%k_detail%+t_gw+2*t_tw+dr_con+(nl-1)*dr_cell+t

ksel,r,loc,z,-dz_wp/2+(np-1)*dz_cell-t,-dz_wp/2+2*t_tw+dz_con+(np-1)*dz_cell+t

ksel,r,loc,y,fr1*dy%k_detail%-t,fr2*dy%k_detail%+t

lslk,,1

asll,,1

vsla,,1

vsel,u,mat,,12

vatt,13,,1,k_detail

*if,t_lay,ne,0,then

*if,nl,ne,n_lay,then

/com Layer Insulation (not checked since not really necessary for this coil)

ksel,s,loc,x,ri%k_detail%+t_gw+(nl+0)*dr_cell-t_lay-t,ri%k_detail%+t_gw+(nl+0)*dr_cell+t

ksel,r,loc,z,-dz_wp/2+(np-1)*dz_cell-t,-dz_wp/2+(np+0)*dz_cell+t

ksel,r,loc,y,fr1*dy%k_detail%-t,fr2*dy%k_detail%+t

lslk,,1

asll,,1

vsla,,1

vatt,14,,1,k_detail

*endif

*endif

*if,t_pan,ne,0,then

*if,np,ne,n_pan,then

/com Pancake Insulation

ksel,s,loc,x,ri%k_detail%+t_gw+(nl-1)*dr_cell-t,ri%k_detail%+t_gw+(nl+0)*dr_cell+t

ksel,r,loc,z,-dz_wp/2+(np+0)*dz_cell-t_pan-t,-dz_wp/2+(np+0)*dz_cell+t

ksel,r,loc,y,fr1*dy%k_detail%-t,fr2*dy%k_detail%+t

lslk,,1

asll,,1

vsla,,1

vatt,15,,1,k_detail

*endif

*endif

*enddo

*enddo

*endif

/com Attributes of GW

vsel,s,mat,,0

vatt,3,,1

/com

/com Mesh the detailed WP Volumes

/com

MSHAPE,1,3D 

*if,k_detail,gt,0,then

vsel,s,mat,,12

type,2

esize,dr_con

vmesh,all

vsel,s,mat,,13,15

esize,dr_con!/2

vmesh,all

*endif

/com

/com Mesh the smeared WP Volumes

/com

vsel,s,mat,,2

esize,cel

vmesh,all

/com Insulation (could be improved)

vsel,s,mat,,3

vmesh,all

/com

/com Fix GW Insulation Esys

/com

local,23,,,,,90

*do,j,11,20

csys,j

/com Inner Band

nsel,s,loc,x,ri%j%-100*t,ri%j%+t_gw+10*t

*if,j,eq,11,then

nsel,r,loc,y,-dy%j%/2-t,dy%j%/2+t

*else

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

*endif

esln,,1

esel,r,mat,,3

emodif,all,esys,j

emodif,all,real,11

/com Outer Band

nsel,s,loc,x,ri%j%+dr_iwp-t_gw-10*t,ri%j%+dr_iwp+100*t

*if,j,eq,11,then

nsel,r,loc,y,-dy%j%/2-t,dy%j%/2+t

*else

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

*endif

esln,,1

esel,r,mat,,3

emodif,all,esys,j

emodif,all,real,12

/com Sides

*if,j,eq,11,cycle

nsel,s,loc,x,ri%j%-10*t,ri%j%+dr_iwp+10*t

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

esln,,1

esel,u,esys,,j

esel,r,mat,,3

emodif,all,esys,23

emodif,all,real,13

*enddo

/com Straight Leg Wedged Faces

csys,21

nsel,s,loc,y,-t,12

esln,,1

wpcsys

wprot,90

cswpla,31

emodif,all,esys,31

emodif,all,real,14

csys,22

nsel,s,loc,y,-12,t

esln,,1

wpcsys

wprot,90

cswpla,32

emodif,all,esys,32

emodif,all,real,14

/com

/com Fix the R-Z plane Turn Insulation ESYS

/com

*if,k_detail,gt,0,then

csys,k_detail

*do,np,1,n_pan

nsel,s,loc,x,ri%k_detail%+t_gw/2,ri%k_detail%+dr_iwp+t_gw/2    ! CHECK THIS +t_gw/2 sign

nsel,r,loc,z,-dz_wp/2+(np-1)*dz_cell-t,-dz_wp/2+(np-1)*dz_cell+t_tw+t

nsel,r,loc,y,-t,dy%k_detail%+t

esln,,1

esel,u,mat,,2

emodif,all,esys,23

nsel,s,loc,x,ri%k_detail%+t_gw/2,ri%k_detail%+dr_iwp+t_gw/2

nsel,r,loc,z,-dz_wp/2+dz_con+t_tw+(np-1)*dz_cell-t,-dz_wp/2+dz_con+2*t_tw+(np-1)*dz_cell+t

nsel,r,loc,y,-t,dy%k_detail%+t

esln,,1

esel,u,mat,,2

emodif,all,esys,23

*enddo

*endif

/com

/com Couple Volts and Apply Current to TF WP

/com

esel,s,mat,,2

nsle

csys

nsel,r,loc,x,r0,12

nsel,r,loc,z

cp,next,volt,all

*get,n_tf,node,,num,min

f,n_tf,amps,i_tf

/com Ground other end

esel,s,mat,,2

nsle

csys

nsel,r,loc,x,r0,12

nsel,r,loc,z,t_gap

d,all,volt

/com Nix MAG

esel,s,type,,1,2

nsle

d,all,mag

d,all,temp,dtmp

allsel

/psym,csys

kni_tf=nint(i_tf/1000)

/title,tfdetail2b%rn%, TF EM/ST, %kni_tf% kA-t/TF (%b0%T, %r0% m)

esel,s,mat,,2

nsle

eplo

allsel

save

fini

/solu

tref,0

/com Solve for the conduction problem

allsel

solve

/com Solve for the fields

esel,s,mat,,2,12,10

nsle

biot,new

allsel

solve

fini

/post1

esel,s,mat,,2

nsle

/psym,esys,1

/type,1,0

eplo

esel,s,real,,11,12

esel,r,mat,,3

nsle

eplo

esel,s,real,,13

nsle

/view

eplo

esel,s,real,,14

nsle

eplo

/type

/view,1,,-1

/psym,esys

esel,s,mat,,2,12,10

nsle

rsys,0

ETABLE,js,JS,SUM

etab,fx,fmag,x

etab,fy,fmag,y

etab,fz,fmag,z

ssum

*get,fx,ssum,,item,fx

*get,fy,ssum,,item,fy

*get,fz,ssum,,item,fz

nfx=nint(fx)

nfy=nint(fy)

nfz=nint(fz)

mjave=0.1*nint(i_tf/(dr_wp*dz_wp)/1e5)

csys

nsel,r,loc,z,-cel,+cel

nsel,r,loc,x,,r0

*get,xhf,node,,mxloc,x

bmx=0.01*nint(100*mu0*i_tf*ntf/(2*pi*xhf))

nsle

/com Contour Plots

plns,volt

/title,tfdetail2b%rn%, CurrDens, %kni_tf% kA-t/TF (%b0%T, %r0% m), J(ave)=%mjave% MA/m**2

PLETAB,JS,AVG   

/title,tfdetail2b%rn%, FluxDens, %kni_tf% kA-t/TF, (Mu0)(NI)/(2PiR)=%bmx% T

plns,b,sum

/title,tfdetail2b%rn%, JxBdV, %kni_tf% kA-t/TF, FX/FY/FZ=%nfx%/%nfy%/%nfz% N

PLVECT,FMAG, , , ,VECT,ELEM,ON,0

allsel

save

fini

:1000

!rn=13

!k_nl=1

!dtmp=-215

/filnam,tfdetail2s%rn%

/show,tfdetail2s%rn%,grp

/prep7

shpp,off

et,1,92

et,2,92

esel,s,type,,1,2

nsle

bfunif,temp,dtmp

/com Apply Wedged Face BCs

*if,k_nl,eq,0,then

/com Simply set toroidal displacements to zero at wedged surfaces

csys,1

esel,s,real,,14

nsle

*get,thmn,node,,mnloc,y

*get,thmx,node,,mxloc,y

nsel,u,loc,y,thmn+th,thmx-th

nrotate,all

d,all,uy

*else

/com Generate Rigid Contact surfaces (with real constant 10)

et,10,170

csys

wpcsys

wprot,-arc/2

wprot,,90

asel,none

rectng,0.25,0.50,-1.25,+1.25

aatt,10,10,10

tshap,quad8

esize,2*r0

arev,all

amesh,all

csys

wpcsys

wprot,+arc/2

wprot,,90

asel,none

rectng,0.25,0.50,-1.25,+1.25

aatt,10,11,10

tshap,quad8

esize,2*r0

amesh,all

/com Fix Rigid surface displacements

esel,s,type,,10

nsle

d,all,ux,,,,,uy,uz

/com Generate Flex Contact surfaces (with real constant 10 & 11)

et,11,174!,,,,,3

keyopt,11, 9,2

keyopt,11,10,1

!r,10,,,-1e5 !1e-3

!r,11,,,-1e5 !1e-3

esel,s,mat,,3

nsle

nsel,ext

csys,1

nsel,u,loc,y,-arc/2+t,arc

mat,10

real,10

type,11

esurf

nsle

nsel,u,loc,y,-arc,arc/2-t

mat,10

real,11

type,11

esurf

/com Add a radial spring for stability

!et,3,14

!r,3,1e6

!allsel

!*get,nmx,node,,num,max

!csys

!n,nmx+1

!mat,3

!type,3

!real,3

!e,nmx+1,node(2*r0,0,0)

!d,nmx+1,uy,,,,,uz

!d,nmx+1,ux,0.0

*endif

/com Restrain TF Coil in Z

allsel

csys

*get,zmn,node,,mnloc,z

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

*get,xmn_bot,node,,mnloc,x

*get,xmx_bot,node,,mxloc,x

xav_bot=(xmn_bot+xmx_bot)/2

nsel,r,loc,x,xav_bot-cel/2,xav_bot+cel/2

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

d,all,uz

/com Apply Coupling at Equatorial Slit

csys,1

nsel,s,loc,x,r0,2*r0

nsel,r,loc,z,-t,2*t_gap

cpint,ux,2*t_gap

cpint,uy,2*t_gap

cpint,uz,2*t_gap

/com UY=0 at Y=0 nodes, Based on Symmetry

csys

esel,all

nsle

nsel,r,loc,y

d,all,uy

cm,n_cl,node

/com Grab some nodes to displace to engage NL interface

nsel,r,loc,x,r0,12

nsel,u,loc,z,-2*t_gap,2*t_gap

*get,x_nforc,node,,mxloc,x

nsel,r,loc,x,x_nforc-t,x_nforc+t

cm,nforc,node

allsel

save

/solu

*if,k_nl,eq,0,then

allsel

solve

ldread,forc,2,,,,tfdetail2b%rn%,rst

!ldread,forc,2,,,,tfdetail2b3,rst

solve

*else

allsel

nsubst,5,100,2

autots,on

kbc,0

!cmsel,s,nforc

!d,all,ux,-0.001

nropt,full,,off

lnsrch,on

solve

ldread,forc,2,,,,tfdetail2b%rn%,rst

solve

*endif

fini

:2000

!/filnam,tfdetail2s%rn%

!resume

!/show,tfdetail2s%rn%,grp

/auto

/post1

*do,j,1,2

set,j

/view,1,,-1

/title,tfdetail2s%rn%, Conductor Stress (Pa), %kni_tf% kA-t/TF

esel,s,mat,,2,12,10

nsle

plns,s,int

/title,tfdetail2s%rn%, UX (m), %kni_tf% kA-t/TF, FX/FY/FZ=%nfx%/%nfy%/%nfz% N

plns,u,x

/title,tfdetail2s%rn%, SideWall Insul Normal Stress (Pa), %kni_tf% kA-t/TF

esel,s,real,,14

nsle

rsys,0

csys,1

nsel,u,loc,y,thmn+th,thmx-th

esel,all

fsum

rsys,1

esel,s,real,,14

nsle

plns,s,y

/CVAL,1,-1,0,1,0,0,0,0,0

/title,tfdetail2s%rn%, SideWall Insul Normal Stress Tens/Comp, %kni_tf% kA-t/TF

plns,s,y

/cval

/title,tfdetail2s%rn%, %kni_tf% kA-t/TF (%b0%T, %r0% m)

/com

/com WP Insulation Stress Evaluation

/com

/com constants for TPX Epoxy/S-2 glass Insulation

/com

*dim,insul,,6       ! GW(Normal),GW(Shear),GW(Norm+Shear),WP(Normal),WP(Shear),WP(Norm+Shear)

rsys,solu

bs=40e6             ! Bond Strength (t0)

cf=0.51             ! Friction Coefficient (c2)

sn_small=2.4e6      ! threshold for allowing small tensile stress (0.02% strain in 22 GPa Insul)

/com GW

esel,s,mat,,3

cm,gw,elem

etable,volgw,volu

ssum

*get,vgw,ssum,,item,volgw

etable,sx,s,x

etable,sy,s,y

etable,sz,s,z

etable,sxy,s,xy

etable,sxz,s,xz

smult,sxy2,sxy,sxy

smult,sxz2,sxz,sxz

sadd,sxy2xz2,sxy2,sxz2

sexp,sxyxz,sxy2xz2,,0.5

*if,k_detail,gt,0,then

/com WP Insulation

esel,s,mat,,13,15

cm,wp,elem

etable,volwp,volu

ssum

*get,vwp,ssum,,item,volwp

esel,s,mat,,13,14

etable,sx,s,x

etable,sy,s,y

etable,sz,s,z

esel,s,mat,,15

etable,sx,s,z

etable,sy,s,y

etable,sz,s,x

esel,s,mat,,13,15

etable,sxy,s,xy

etable,sxz,s,xz

smult,sxy2,sxy,sxy

smult,sxz2,sxz,sxz

sadd,sxy2xz2,sxy2,sxz2

sexp,sxyxz,sxy2xz2,,0.5

*endif

/com

/com Process GWI

/com

cmsel,s,gw

/com Shear Allowable based on bs and cf

sadd,shallgw,sx,,-cf,,2*bs/3

/com Shear Margin = Shear Allowable - Local Shear

sadd,smgw,shallgw,sxyxz,1,-1

/com Elements with local shear margin

esel,r,etab,smgw,.001,1e12

cm,oktgw,elem

ssum

*get,voktgw,ssum,,item,volgw

/com Elements with positive shear margin, and Local normal stress less than Limit

cmsel,s,gw

esel,r,etab,sx,-1e12,sn_small

cm,okngw,elem

ssum

*get,vokngw,ssum,,item,volgw

cmsel,s,oktgw

esel,r,etab,sx,-1e12,sn_small

cm,oktngw,elem

ssum

*get,voktngw,ssum,,item,volgw

/com

/com Process WPI

/com

*if,k_detail,gt,0,then

cmsel,s,wp

/com Shear Allowable based on bs and cf

sadd,shallwp,sx,,-cf,,2*bs/3

/com Shear Margin = Shear Allowable - Local Shear

sadd,smwp,shallwp,sxyxz,1,-1

/com Elements with positive shear margin

esel,r,etab,smwp,.001,1e12

cm,oktwp,elem

ssum

*get,voktwp,ssum,,item,volwp

/com WPI Elements with positive shear margin, and Negative normal

cmsel,s,wp

esel,r,etab,sx,-1e12,sn_small

cm,oknwp,elem

ssum

*get,voknwp,ssum,,item,volwp

cmsel,s,oktwp

esel,r,etab,sx,-1e12,sn_small

cm,oktnwp,elem

ssum

*get,voktnwp,ssum,,item,volwp

*endif

/com

/com Plot commands for GWI

/com

cmsel,s,okngw

nsle

pfrac=0.1*nint(1000*(vokngw/vgw))

insul(1)=pfrac

/title,tfdetail2s%rn%,GW Insul., %pfrac% percent Pass Normal Stress Criteria

plet,sx,avg

cmsel,s,gw

cmsel,u,okngw

nsle

ffrac=0.1*nint(1000*(1-vokngw/vgw))

/title,tfdetail2s%rn%,GW Insul., %ffrac% percent Fail Normal Stress Criteria

plet,sx,avg

cmsel,s,oktgw

nsle

pfrac=0.1*nint(1000*(voktgw/vgw))

insul(2)=pfrac

/title,tfdetail2s%rn%,GW Insul., %pfrac% percent Pass Shear Stress Criteria

plet,sxyxz,avg

cmsel,s,gw

cmsel,u,oktgw

nsle

ffrac=0.1*nint(1000*(1-voktgw/vgw))

/title,tfdetail2s%rn%,GW Insul., %ffrac% percent Fail Shear Stress Criteria

plet,sxyxz,avg

cmsel,s,oktngw

nsle

pfrac=0.1*nint(1000*(voktngw/vgw))

insul(3)=pfrac

/title,tfdetail2s%rn%,GW Insul., %pfrac% percent Pass Shear & Normal Stress Criteria

!/edge,1,1

!eplo

plet,sx,avg

cmsel,s,gw

cmsel,u,oktngw

nsle

ffrac=0.1*nint(1000*(1-voktngw/vgw))

/title,tfdetail2s%rn%,GW Insul., %ffrac% percent Fail Shear & Normal Stress Criteria

plet,sx,avg

!eplo

!/edge

/com

/com Plot commands for WPI

/com

*if,k_detail,gt,0,then

cmsel,s,oknwp

nsle

pfrac=0.1*nint(1000*(voknwp/vwp))

insul(4)=pfrac

/title,tfdetail2s%rn%,WP Insul., %pfrac% percent Pass Normal Stress Criteria

plet,sx,avg

cmsel,s,wp

cmsel,u,oknwp

nsle

ffrac=0.1*nint(1000*(1-voknwp/vwp))

/title,tfdetail2s%rn%,WP Insul., %ffrac% percent Fail Normal Stress Criteria

plet,sx,avg

cmsel,s,oktwp

nsle

pfrac=0.1*nint(1000*(voktwp/vwp))

insul(5)=pfrac

/title,tfdetail2s%rn%,WP Insul., %pfrac% percent Pass Shear Stress Criteria

plet,sxyxz,avg

cmsel,s,wp

cmsel,u,oktwp

nsle

ffrac=0.1*nint(1000*(1-voktwp/vwp))

/title,tfdetail2s%rn%,WP Insul., %ffrac% percent Fail Shear Stress Criteria

plet,sxyxz,avg

cmsel,s,oktnwp

nsle

pfrac=0.1*nint(1000*(voktnwp/vwp))

insul(6)=pfrac

/title,tfdetail2s%rn%,WP Insul., %pfrac% percent Pass Shear & Normal Stress Criteria

!/edge,1,1

!eplo

plet,sx,avg

cmsel,s,wp

cmsel,u,oktnwp

nsle

ffrac=0.1*nint(1000*(1-voktnwp/vwp))

/title,tfdetail2s%rn%,WP Insul., %ffrac% percent Fail Shear & Normal Stress Criteria

!eplo

!/edge

plet,sx,avg

esel,s,mat,,13,15

nsle

smult,sy2,sy,sy

smult,sz2,sz,sz

sadd,sy2z2,sy2,sz2

sexp,s_inpln,sy2z2,,0.5

/title,tfdetail2s%rn%,WP Insul., Normal Stresses

plet,sx,avg

/title,tfdetail2s%rn%,WP Insul., In-Plane Stresses

plet,s_inpln,avg

allsel

/title,tfdetail2s%rn%, %kni_tf% kA-t/TF (%b0%T, %r0% m)

/type

*endif

/com Write the Insulation Stress Criteria Review (% Passing Criteria)

*vwrite,

('GrWrp(Norm)  GrWrp(Tau)  GrWrp(N+T)   WP(Norm)    WP(Tau)     WP(N+T)')

*vwrite,insul(1),insul(2),insul(3),insul(4),insul(5),insul(6)

(1p6e12.4)

*enddo

fini

/exit,all

/eof

6.2 Design Drawings
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Fig. 6.2-1 TF Conductor (taken from PPPL drawing TF_COND)

Fig. 6.2-2 TF Equatorial Plane Winding Pack (taken from PPPL drawing se131-0092)
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Fig. 6.2-3 TF Winding Pack Elevation (taken from PPPL drawing se131-009)

6.3 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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Figure 4.4. Measurements of the stress-controlied fatigue life at different temperatures are shown. For
clarity, overlapping data points are eliminated from the figure. All data are presented in Table 4.2.
Products were in bar and sheet form. The tests reported in Reference 4.4 were carried out on
copper with an oxygen content of 0.03 wt%, which is closer to the C11000 specifications than to
C10100 or C10200. Ali R-ratios were —1.
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6.4 Material Properties Data

Fig. 6.4-1 Source of Design-Basis Cu Fatigue Curve

Notice that the σ/2 curve is more limiting than the N/20 curve.

[image: image43.emf]Oxygen-Free Cu Design-Basis Fatigue Curve (77K, R=-1)
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Fig. 6.4-2 Proposed Design-Basis Cu Fatigue Curve
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