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Subject: Stress Analysis of the TF Coil Terminal Design with Lead Spurs

1.0 Executive Summary

Detailed analysis of the first TF coil terminal support structure design was presented in an earlier project memo
. That study shows that unacceptable stress levels develop in the 90˚ bend region of the conductor break-out region, and suggests a conceptual fix. Since then, PPPL has developed that concept into a redesigned terminal support structure. This memo presents the structural analysis of this latest design. 

The geometries are imported into ANSYS
 from a PPPL solid model (courtesy of J. Rushinski). Loads, boundary conditions (BCs), constraints, material properties and contact surface elements are added. Since the geometry in this region is very complicated, conservative simplifying approximations are employed to produce an efficient and manageable model. Conservative approximations include zero friction and no load-sharing between the conductor and the honeycomb insulation matrix. The methodology and nonlinear contact analysis results are presented.

The analysis indicates that the structure is sufficiently beefy to reduce local stress to manageable figures which are within the requirements of the project’s structural design criteria. A movie is included to illustrate the deformations of the terminal region under applied loads.
2.0 Assumptions and Notable Concerns
2.1 It is assumed that the various insulating blocks are bonded together and remain monolithic (from VPI). The pins which transmit shear stresses between these parts should provide the “suspenders” to the structure in case the epoxy bonds weaken with cyclic operation.

3.0 Analysis

Solid models of the terminal support structure are shown in Fig. 3.0-1. This region contains both insulated conductor terminations with large lead spurs, and three insulating support block. This critical stress area must sustain the large tensile loads which develop from two sources:

· Differential thermal contraction (which puts the Cu conductor into poloidal tension and the epoxy/glass insulation into poloidal compression), and

· EM forces which produce poloidal tension in the conductor and insulation

Fig. 3.0-2 shows the 3D ANSYS model which is developed by importing the reference geometry through IGES files. Loads, boundary conditions (BCs), constraints, material properties and contact surface elements are added to simulate the in-service loading of these components. The white arrows signify the poloidal tension applied to the conductor from the two sources listed above. These forces are determined quantitatively by the stress results from two models. 

Fig. 3.0-3 is a plot of the stress in the terminal region of the detailed/smeared hybrid model
. The legend lists “STEP=9999” which signifies that the stresses are not from a particular load step, but a result of some load case operation. As the author of [3], I know that this stress is a result of the subtraction of [cooldown stresses] from [cooldown + 0.5T EM stresses]. In addition, while the plot shows stress intensity contours (SINT), I also know that the stress in this region is almost entirely due to poloidal tension. So, the ~20 MPa stress in the terminal region from the 0.5 T operating condition is carried by the conductor as an axial tensile load. Each conductor unit cell (conductor and insulation) has a cross-sectional area of 0.0270 m by 0.0205 m or 554 mm2. Multiplying this area by 20 MPa yields a poloidal force of 11.1 kN (or 2500 lb). 

Fig. 3.0-4 is a plot of the vertical stresses in the terminal region of a quarter-pancake detailed model (also presented in [3]) from thermal contraction effects only. The outer layer shows a tensile stress of about 19 MPa. Reaction forces sum to 3678 N for this half-wide conductor or 7356 N for a full-wide conductor (1650 lb).

So, the outer layer conductors in the terminal region carry a poloidal tensile load of ~18.5 kN from 0.5T and 85K cooldown effects. This defines the design-basis mechanical loading applied to the model.

General surface to surface contact elements are placed on the surface of each part. Fig. 3.0-5 shows the contact elements. Admittedly, the plot is busy. But it is included to document the use of general contact elements. Friction effects are ignored along with any load sharing between the conductor and insulation matrix, which makes this a relatively conservative stress analysis. 

Fig. 3.0-1 Recent Terminal Design Solid Model (courtesy J. Rushinski)
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Fig. 3.0-2 ANSYS Model

Fig. 3.0-3 Stress in Smeared WP in Terminal Region

(0.5 T, hybrid model [3])
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Fig. 3.0-4 Vertical stress in Outboard Leg and Half-Conductor Force Sum 

(85K, half-pancake model [3])
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The conductor break-out region will need to support this 3678 x 2 or 7400 N (1650 lb) unbalanced poloidal load produced by the conductor termination.
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Fig. 3.0-5 Contact and Target Elements on the surface of the terminal support blocks and terminals
4.0 Results

The results of the PPPL terminal model analysis are summarized below in a series of stress and displacement contour plots and compared to the limits of the project’s structural design criteria document
. Note that the model is defined in mm and loaded with N. Consistent stress units are MPa.
Figs. 4.0-1 and 4.0-2 are plots of the stress intensity in the terminal support block as a result of the design-basis mechanical load. The plots show a couple highly localized stress regions and the legend indicates the peak value of 75 MPa. This stress level should be compared to a maximum tension/compression allowable stress of 130 MPa. 

Fig. 4.0-2 is two similar plots of the displacement magnitude superimposed on a greatly exaggerated deformed structure. They are included because they show the tendency for one conductor to pull away from the slot and the other to move into the slot. In reality, the EM loads might produce some mutual attraction which works in favor of keeping the wayward conductor seated. And of course, the ground wrap will provide some mechanical restraint preventing such a tendency. It is worth noting that the magnitudes of these displacements (~1 mm) are probably overestimated by this conservative analysis approach.

Fig. 4.0-3 is a plot of the stress intensity in the turn insulation. Again, the maximum stress of 80 MPa is highly localized and a result of contact between the shoulder of the lead spur and the support block. Away from this peak, the contact stress is a more moderate 30 MPa. Again, this material can sustain stresses of at least 130 MPa, especially since this is predominantly a flat-wise compressive stress.

Fig. 4.0-4 is a plot of the displacement modulus. It shows that the ±18.5 kN load produces deflections on the order of ±0.15 mm across the full length of the terminal region. This seems small enough.
Fig. 4.0-5 is a plot of the stress distribution in the conductor and lead spur as a result of this design-basis tensile loading. While the tensile force is sufficient to produce ~60 MPa away from the terminal, these stresses are amplified to a mere 75 MPa at the contact shoulder. This is a substantial reduction from the 300 MPa produced by the previous design, and well below the Recall that design-basis load is composed of two parts; 1650 lb comes from thermal contraction effects and 2500 lb comes from the 0.5 T operating condition. This means that the 13000 0.5 T cycles produce a stress history as follows:

σ(CoolDown+0.0T) = (75 MPa)(1650/(1650+2500) = 30 MPa

σ(CoolDown+0.5T) = 75 MPa

This stress history has a mean stress (σmean) of 52 MPa with an alternating stress (σalt) of ±23 MPa. This produces an equivalent alternating stress (σeq) of:

σeq (tension) = σalt / {1 - σmean/σut} = 23/{1-52/340} = 27 MPa (4 ksi)

This equivalent alternating stress level will easily survive the design-basis 13k cycles, according to the design-basis Cu fatigue curve included here as Fig. 4.0-6. Similarly, the most limiting monotonic stress requirement (Primary Membrane + Bending<1.5Sm) is also not met:

σ(PM+ PB) =75 MPa (Fig. 4.0-5) < 225 MPa (1.5Sm)

This indicates that the insulation and Cu pass monotonic and fatigue design requirements.

Fig. 4.0-7 is an AVI movie of the deformations from applied loads. It may be useful to aid in visualizing the response of the structure from this design-basis loading.
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Fig. 4.0-1 Stress Intensity [MPa] in Terminal Support Block from Design-Basis Loading
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Fig. 4.0-2 Stress Intensity [MPa] in Terminal Support Block from Design-Basis Loading
Fig. 4.0-3 Stress Intensity [MPa] in Conductor Turn Insulation from Design-Basis Loading
[image: image10.png]Al

Fle Help

ANSYS 9.0
MAY 25 2005
10:33:03

NODAL SOLUTION

STEP=1
SUB =6
TIME=1

SINT
DMX
SMN
SMX

(AVG)

=.018861
=.068344
=32.487

068344
3.67
7.272
10.874
14.476
18.078
21.681
25.283
28.885
32.487





Fig. 4.0-4 Displacement Modulus [mm] from Design-Basis Loading

[image: image11.png]I image1

Fle Help

ANSYS 9.0

MAY 25 2005
10:35:05

NODAL SOLUTION
STEP=1

SUB =6

TIME=1

SINT

(AVG)

DMX =.151518
SMN =.103E-04
SMX =79.805

-103E-04
8.867
17.734
26.602
35.469
44.336
53.203
62.07
70.937
79.805






Fig. 4.0-5 Stress Intensity [MPa] in Cu Conductor from Design-Basis Loading
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Fig. 4.0-6 Source of Proposed Design-Basis Cu Fatigue Curve

(From http://ncsx.pppl.gov/NCSX_Engineering/Materials/CopperProperties/PB92172766.pdf) Notice that the σ/2 curve is more limiting than the N/20 curve.
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Fig. 4.0-7 Displacement Movie (double-click to execute)
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� Leonard Myatt, “Stress Analysis of the TF Coil Lead Region,” April 16, 2005.


� ANSYS Release 9.0, UP20041104, INTEL NT, ANSYS, Inc., Canonsburg, PA.


� Leonard Myatt, “Stress Analysis of the 3x4 Slip-Plane TF Coil with Cast SS Wedges,” May 16, 2005.


� NCSX Structural Design Criteria, NCSX-CRIT-CRYO-00, 11/29/04, http://ncsx.pppl.gov/NCSX_Engineering/Design_Criteria/StructuralCryo/NCSX-CRIT-CRYO-00-Signed.pdf
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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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