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1.0 Introduction

The proposed retrofit coil is made of superconducting Cable-in-Conduit Conductor
(CICC). The coils are designed to produce a nominal vertical field of 4.5 tesla within the MHD
channel based on a nominal current density of 13.05 MA/rn2 . The coils are supported within a
case, or so-called constant tension strap. When the magnet is energized, the electromagnetic J x
B body forces push the winding pack laterally outward and vertically towards the machine's
midplane, thus putting the strap in tension. The end turns add axial tension to the conductor (a
condition which is not simulated by this 2-D model of the midlength cross section). A sketch of
the magnet system and structure is shown in Fig. 1.0-1.

The purpose of this report is to describe the progress made in the design and analysis of
the DC CICC retrofit magnet, and to outline the proposed next step. The previous progress
report' discusses a preliminary coil support concept and a 2-D finite element (FE) ANSYS 2

model of the dipole cross section. As a result of this analysis, adjustments to the design and
improvements to the model have been made to reduce the stresses and increase the reliability of
the design. These changes have included adding a smooth elliptical shape to the coil cross section
and tension strap, simplifications in the strap support concept, and the addition of a low friction
slip plane between the strap and the conductor. The finite element model is used as a design tool
to perform preliminary scoping studies such as exploring the effects of variations in the coil cross
section, support strap thickness, and slip plane friction coefficient. The results presented here
indicate that the 2-D model provides many insights into the fundamental characteristics of the
machine.

The most recent work and the proposed next step in the design and analysis process focus
on a 3-D model of the magnet system and structure. The complex field and forces which occur
in the end turn regions of the magnet are highly three dimensional, and are best captured by a
3-D model with comparable complexity. An element plot of the 3-D model is presented and the
proposed analysis is discussed. Results of the 3-D analysis will be presented in the next progress
report.

"'DC CICC Retrofit Magnet Preliminary Design, Protection Analysis and Software
Development," PFC/RR-91-10, J. Chen, P.G. Marston, J.R. Hale, and A.M. Dawson, Issued May,
1991, Plasma Fusion Center, MIT.

2ANSYS Engineering Analysis System, Rev. 4.4A, Swanson Analysis Systems, Inc., Houston,
PA
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2.0 Summary and Conclusions

The 2-D finite element analysis indicates that the stresses in the coil and the 5 cm thick
support strap are within reasonable design limits. The concept of a constant tension strap, which
wraps like a wide belt around the straight section of the magnet system, works well in
conjunction with a low friction slip plane. Results show a ±13% variation in the stress across the
thickness of the strap with an average stress of 157 MPa. By design, the stresses in the coil
remain compressive in the vertical and lateral directions. In addition, the analysis indicates that
turn-to-turn and pancake-to-pancake interfaces will remain motionless providing the coils are
bonded with a minimum shear strength of about 3 MPa.

3.0 Analysis Description

The analysis described herein is designed to evaluate the global structural behavior of the
semi-elliptical coil cross section, support strap, low friction interface, and field homogeneity. The
electromagnetic and structural evaluation is based on a 2-D nonlinear finite element analysis of
the coil and support strap. The modeling process takes advantage of two symmetry planes to
minimize the model size and computation time. Figure 3.0-1 shows the finite element model.

3.1 Modeling Details

The model is generated within the ANSYS PREP7 preprocessor. The geometry is defined
by parameters which greatly simplify the inevitable changes to the model which occur during the
analysis process. Changes such as mesh density, coil build and construction radii can be
accommodated by simply redefining numbers in the parameter list. For example, the conductor
element density is easily varied by changing the parameter NEC=5, which is a user-defined
abbreviation for the Number of Elements in the Coil.

The nature of the analysis and its objectives establish the level of detail that must be
included in the model. On this basis, the actual winding pack (i.e., insulation, conductor, conduit)
is approximated by smeared orthotropic material properties (Young's Modulus: E1, Ey, E,;
Poisson's Ratio: v,,,, v,, and v.). These properties are calculated such that the global structural
characteristics of the saddle coil are represented. The material properties associated with the strap
are simply isotropic constants.

The electromagnetic boundary conditions (BC) of the problem are chosen by visualizing
the flux path and identifying flux-normal and flux-parallel symmetry planes. The vertical field
at the vertical symmetry plane indicates the need for a flux-parallel BC. For the vector potential
formulation, this is achieved by setting the potential A, (or MAG in ANSYS language) to zero
for all nodes along this boundary. The vertical field at the horizontal symmetry plane indicates
a flux-normal condition, which is the "natural" BC for the vector potential solution. No condition
on A, is required.

The vector potential solution also requires modeling the air out to an "infinite boundary,"
often results in air elements which exceed the number of structural elements. This is simplified
greatly by the use of so-called 2-D boundary elements. Placed at a conveniently located far field
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boundary, these boundary elements capture the effect of semi-infinite space without requiring the
discrete definition of air elements out to infinity. These magnetic field BCs are depicted in Fig.
3.1-1.

The displacement boundary conditions for the structural analysis are almost trivial. Full
machine behavior is achieved by specifying zero vertical displacements for all nodes which lie
on the horizontal symmetry plane, and zero lateral displacements for all nodes which lie on the
vertical symmetry plane. These BCs are shown for structural elements in Fig. 3.1-2.

The model is loaded electromagnetically by a uniform current density of 13.05 MAT/n 2 ,
which produces a nominal 4.5 tesla at the machine axis. In the first "iteration" the program solves
the magnetics problem. J x B body forces are also calculated and saved automatically as input
to the next "iteration" which is the structural solution. The analysis is only complete when the
nonlinear gap elements with friction have converged as the coil strains and slips within the
confines of the strap.

3.2 Variables in the Analysis

A series of computer runs is made to characterize the behavior of the coil, strap and the
effects of their interaction. The series includes variations in coil profile (achieved by varying the
lateral build of the coil cross section while maintaining the baseline vertical half build of 0.88
meters), variations in the strap thickness, and variations in the slip surface friction coefficient
(ranging from frictionless to stuck). The most illustrative and conclusive results are presented
below in section 4.0.

4.0 Results

Although a variety of builds is analyzed, the cross section with a nominal build of 0.72
meters wide and a half height of 0.88 meters represents a coil which operates right at the design
current density of about 13 MAT/tn2 . As the lateral build of the coil is increased from 0.72
meters to 1.08 meters, its cross-sectional area increases by 50% and the location of the current
center moves away from the channel. The effect is an increase in the current required to produce
the 4.5 tesla field, and a 27% drop in the current density to 9.6 MAT/n 2 , well below the design
value. The wider build coil operates at lower Von Mises and shear stress levels (by about a factor
of 2). However, at this level of analysis, the stresses in the baseline coil cross section are not a
limiting factor, and the narrower 0.72 m build offers a more optimum design.

The coefficient of friction between the coil and strap determines, to a great extent, the
level of shear and tensile stresses in the coil. While a fully stuck strap produces tum-to-tum and
pancake-to-pancake tensile stresses of 16 MPa and 11 MPa, respectively, a free sliding interface
does not produce any tensile stresses. The analysis shows that compression throughout the coil
is maintained even with a friction coefficient of 0.1.

Variations in the strap thickness have little effect on the results other than to change the
stress level of the strap itself. A nominal strap thickness of 5 cm appears to be sufficient at this
level of analysis.
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4.1 Graphical Output

The series of plots which follow summarize the results of the new baseline design, which
is a 0.72 m by 1.76 m coil build, a 5 cm thick strap, and a friction coefficient of 0.1.

Figure 4.1-1 shows a flux plot of the entire model, including the air elements out to the
3 m boundary. The results seem to make sense, and the boundary conditions and boundary
elements appear to be working. The flux is parallel at the vertical symmetry plane, normal at the
horizontal symmetry plane and neither parallel nor normal at the 3 m radius, a condition one
would expect at a boundary so close to the magnet. Incidently, analyses indicate that variations
in the position of this radial boundary have almost no effect on the field results.

Figure 4.1-2 is a plot of the field homogeneity within a 0.27 m wide by 0.34 m tall
quarter window. The figure indicates a variation about 4.5 T of +2.6% to -1.1%, well within the
±5% design criteria.

Figure 4.1-3 shows the displaced shape of the coil and strap cross section superimposed
on an undisplaced element plot. As a matter of interest, J x B force vectors are shown in Fig.
4.1-3a to demonstrate the complicated force field which so often is reduced to net lateral and
vertical scalars at the hand-calculation level of analysis.

Figure 4.1-4 shows the SX stress in a coordinate system which is parallel to the strap (the
equivalent of hoop stress in a thin wall vessel). The most significant result is the very small
amount of bending in the strap. The variation from the average stress is less than 20%. In
addition the peak stress is only about 180 MPa.

Figures 4.1-5, 6, 7 and 8, respectively, show plots of the lateral (SX), vertical (SY), shear
(SXY), and Von Mises equivalent (SIGE) stresses in the coil cross section. These plots represent
the stress levels in the smeared conductor material. To convert SX and SY from smeared values
to say conduit stresses, the results must be scaled by the ratio of the moduli. Here, the scale
factor is 5.7, which makes the largest compressive stress (42.4 MPa smeared value) about 240
MPa. Although the SX stress is small where the vertical stress is large, this analysis does not
include the axial stress term which will add directly to the stress intensity at the 240 MPa
midplane location. This stress component will be determined by the proposed 3-D analysis.

The final two stress plots, Figs. 4.1-9 and 10, show a derived quantity called "Shear
Margin." The value represents the amount of shear stress the coil can sustain without
experiencing relative motion. The spatial dependent quantity is determined by multiplying the
local compressive stress (SX or SY) by an estimated friction coefficient (say 0.3), and subtracting
the magnitude of the local shear stress. MRGX represents the tum-to-tun shear margin, and
MRGY represents the pancake-to-pancake shear margin. For regions of positive shear margin,
the friction capacity produced by the local compression is sufficient to sustain a no-slip interface.
For regions of negative shear margin, the friction capacity must be supplemented by bonding the
surfaces with an adhesive which will add at least the indicated shear strength. These figures
indicate that a relatively small fraction of the coil must be bonded with a nominal shear capacity
of 1 MPa between pancakes and 3 MPa between turns.

Two series of stress results are summarized in Table 4.1-1 below. In the baseline case,
the slip plane between the coil and the strap is modeled with a friction coefficient of 0.1. A
preliminary review of these results indicates an acceptable stress condition for the conductor and
insulation. In the contrasting extreme case, the interface between the coil and the strap is modeled
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as a no-slip condition, and the results indicate an unacceptable state of stress. There are increases
in the vertical, Von Mises equivalent, and shear stresses. In addition, the bonding requirements
of the coil increase by a factor of 5, while large regions of the coil experience turn-to-turn and
pancake-to-pancake tension. This indicates that the design must incorporate some form of slip
surface between the coil and the structure.

Table 4.1-1: Summary of Significant Stress Results

Strap
Coil Stress (MPa) Stress

(MPa)
Case

Description Smeared Tum-to- Pan-to-
Lateral Vertical . Shear Turn Pan Tensile

SXEqu val t SXY Shear Shear SX
Margin Margin

Baseline -13.3 -42.4
Case to to 38.4 4.7 -2.9 -0.9 179

FC = 0.1 -0.1 -2.5

Extreme -13.1 -53.0
Case to to 48.0 13.2 -11.97 -15.57 190

Fully Stuck 15.5 11.1

Notes:

1. Coil build: 0.72 m wide x 1.76 m tall
2. Strap thickness: 5 cm
3. Field strength: 4.5 T
4. Results from 2-D model of coil mid-length; end turn effects not included.
5. Conductor conduit stresses can be obtained by scaling SX and SY by the actual-to-smeared

modulus ratio: 5.7.
6. FC = Friction Coefficient
7. Shear Margin calculation inappropriate and unconservative where tensile stresses exist in coil.
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5.0 Proposed Future Work

The 2-D analysis presented here demonstrates the attractiveness of the constant-tension
strap coil support concept. It also serves as an effective design optimization tool. However, the
complexities associated with the magnet and support system demands a more detailed inspection
of the magnetic fields and structure. In fact, the magnets most vulnerable region (the end turns)
can only be captured by a full 3-D finite element model. To this end, work has begun on a
detailed 3-D model.

Figure 5.0-1 shows an isometric view of a 3-D electromagnet structural model in its early
stages of development. The analysis requires that all current carrying elements are present for the
electromagnetic field analysis. However, the structural analysis phase of the solution can make
use of symmetry plane boundary conditions. Neglecting the slight taper along the coil axis allows
a 1/8th symmetry structural model as shown. The support structure is presently limited to the
strap, which extends from the half-length of the magnet into the end turn region. The structure
must also include material to support the end turns around the channel. This is work in progress,
the goal of which is to produce an efficient and effective coil support structure for the CICC
retrofit magnet system.
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