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Introduction
It has been the objective of CDG to capture the structural/thermal behavior of the magnet under

all conditions including assembly and operation. To fully meet the objective requires a 3-D
analysis which is not yet complete. A 2-D analysis has been completed. Recent tests of the long
magnet showed that excessive training was required, and the origin of these quenches was
attributed to the ends of the coils, particularly the early quenches. In order to shed light on the
conditions of the coil as a result of assembly loads with an uncertainty in dimensional control of
end components, a 2-D representation has been attempted. As there are no definitive design criteria
being met at the ends of the coil, the 2-D calculation described below sets out to establish coil
capability to withstand radial assembly pressure that can help to formulate structural design criteria

in the future magnets.

Model

The 2-D approximation near the tangent point of the coil consists of G-10 the wedges and
replacement of the sections of the collar with G-10 material (see Fig. 1). A radial pressure p is
applied to the outside surface of the outer coil and G-10; this differs from previous calculations
where circumferential pressure or displacement was applied at the equatorial plane. The radial
pressure p, is increased linearly. Slide lines separate the coil, wedges, and collar of the type that
permits sliding with friction and separation. Friction values of .¢ (perfect sliding plus separation),
.3, and .3 everywhere except between the wedges and the coil which are bonded, differentiated the

3 sets of calculations reported herein. Using the post-processor (Qrion) on the structural (NIKE)



results, principal stress, effective stress (von Mises” stress), maximum shearing stress and their
respective strains, and displacements were obtained as a function of radial pressure for each set of
conditions. It is assumed that the bond strength in the last set of calculations is as strong as that of
the parent material. The bond is in fact most likely weaker than the interLaminar shear strength.

The mechanical properties of each material used were established. This included G-10 and the
specific components used to make up the coil: niobium titanium wire, copper, kapton, and epoxy
woven fiberglass. The structural failure criteria contained in the System Requirements were then
applied to the material properties to quantitatively determine the failure levels. Once the failure
criterion is obtained, the maximum radial pressure that can be sustained can be directly determined
from the graphical results (given in the Appendix). The radial pressure is then the common

denominator for which the maximum stress in the various components can be determined.

Results

The results are the maximum stress allowable without exceeding the System Requirements.
The following describe basic terms used.
Failure Criterion: Failure criterion is the mode of failure by which inelastic or permanent
deformation begins.
Principal Stress: There are two Principal Stresses — a max. and a min. usually designated o; and
o2 where G; > 032. These are stresses one obtains on a plane which has been rotated such that
there is no shear stress. Generally one obtains normal and shearing stresses and using Mohr's
Circle or equivalent equétions, obtains o) and 6. The principal stress for the coil are g and o,
circumferential (hoop) and radial since this plane Ty = 0. The hoop stress Op is the min. principal
stress since it is negative and greater then 0y, O is max. principal stress and O is min. principal
stress since a less negative value is greater — convention adopted by author of codes. Gy is the
stress we wish to maximize to avoid separation due to energization. However, in all graphs it will

appear as Minimum Principle Stress.



Principal stress criterion of failure: The principal stress reaches the yield of a material

regardless of the normal or shearing stress that occurs on other planes.
oloyl > losl) < %ce

where O is the yield strength of a material and a material property and 2/3 is the System

Requirement.
The Max, Shearing Stress Criterion says inelastic action begins only after the max. shearing stress
reaches a value equal to max. shearing stressina tension specimen when yielding starts.

Tmax = %(%c‘) = % (@ I:I C2) Gf &5—0—2) is shear strength , then for System
Requirement N = 2).
The Max, Strain Criterion states that inelastic action begins when max. strain is equal to a value

which occurs when inelastic action begins in a material in a tension test.

_OL_ Mo oy O
b = F ~"F - F <EN

where UL Poisson Ratio and E modulus of elasticity.

The Energy of Distortion (also called the von Mises’ or Effective Stress Criterion) says that in-
elastic action begins under any combination of stress only when the strain energy of distortion is
equal to strain energy of distortion in a simple tensile test.

G=GN°-=[0%+0§—0102]1’2 =-§-oe

where %— is the System Requirement.

The weakest link and the controlling failure is the G-10 material based on low interLaminar
shear stress capability or bond strength between components. Using the Maximum Shearing
Stress Theory, the max. radial pressure that can be applied is 2500 psi. However, the data
indicates that slippage first begins at 2000 psi radial pressure and can be observed under
magnification on either the fringe plot for minimum principal stress (Fig. 2) or maximum dis-

placement. What is in fact observed is the coil sliding past the G-10 wedge in the outer coil (see



Fig. 2). The maximum circumferential stress allowable under this condition is 1 kpsi in both Inner
Coil (1.C.) and Quter Coil (O.C.) in the elements adjacent to the G-10 at the pole to counteract the
affect of the Lorentz forces which means that the coil can be unloaded at very low values of
current.

The Lorentz stress for 6.6 Tesla is approximately 15% lower at the tangent point (1.6 kpsi
I.C. and 1.4 kpsi O.C. at the pole) then that of coil with Cu wedges and steel collar. This
indicates that the system requirements for preload cannot be met . In the main body of the coil (Cu
wedges, steel collar), the Kapton is the critical material and it allows —7 kpsi for the hoop stress for
O.C. element at pole and 4 kpsi for 1.C. element at pole which then presents no problems, since
both exceed the Lorentz stress for 6.6 Tesla (-1.9, —1.7 kpsi for elements respectively). The
effect of the longitudinal force was not being considered and the uncertainty needs to be clarified
and will be with a 3-D analysis. The results are summarized in Table I and Table II, with the more
critical results in Table L

Calculations were run as stated previously for f =.¢, f=.3, and f =.3 with bonded wedges.
The critical case was for cither f = .¢ or f =.3 which produced the lowest failure criterion, The
stresses for f = .¢ and f = .3 for p < 4000 psi were indistinguishable. For p > 4000 psi with no
friction, the output was smoother because of the absence of stick slip. For the case f = .3 bonded
wedges, the stresses were slightly higher. The displacements were considerably higher for no
friction than friction, since the absence of friction left the components free to slide.

Evaluating the graphical data, it appears that if a bond exists, the bond will most likely fail
under a radial pressure of 4000 psi. However, if the bond strength is limited to su'éngm of parent
material, then it, more likely will fail at 2800 psi, since the Max. Shearing Stress with T = 3.5
results in a radial pressure of 2800 psi. If one considers failure in Kapton (using Max. Principal
Stress) a pressure of 6000 psi is obtained (for the case where the wedges were bonded and friction
elsewhere is .3). Therefore 2800 psi radial pressure is the critical failure and is the basis for the

values in the chart in Table II. The results in Table I are more severe than the results in Table II.
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In Table II, the value of hoop stress, Gg, for I.C. at the pole (~1.5 kpsi) is slightly below 1.6 kpsi.
The bond improves the assembly behavior response. However, no hard evidence exists as to the
quality of the bond or that, more importantly, the coil and wedges stay bonded. Therefore, if the

bond does not exist, Table I represents the critical failure capability.

Table I
Summary of Failure Results, Kpsi, f =.3 "Wedges Bonded"

Theory I.C. D.C. G-10 Element 129/143
Prin. Stress Gg=-1.7 Og = 4 g =35 cg =-15/09 = 40
Effective Stress c=1 6 =3 c=5

Shear Stress T =05 T =28 T = 3.5%

Strain <0.2%

Displ. <4 mils.

Conclusion

Maximum radial stress that the end assembly is capable to withstand is in the neighborhood of
2000 psi. This end configuration and composition of components are inadequate to compensate
for the Lorentz stress. In practice, we do not know what loads are being applied at the ends (at
BNL). Therefore if care is not taken during collaring operational failure of components of the end
may result. Three-D analysis currently being performed will aid in evaluating more realistically

the end behavior under multi-directional loading.
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Appendix

Fig. 1 Boundary conditions.

Fig. 2 Radial pressure = 2000 psi. First slip magnified 200.

Fig. 3-5 Element, Nodes.

Fig. 6-26 Results Near End Section Friction 0.3.

Fig. 27-49 Results Near End Section Friction ¢

Fig. 50-51 Results Center Section, Steel Wedges, Cu. Wedges Friction 0.3.
Fig. 52-73 Results Wedges Bonded to Coil, Friction Elsewhere 0.3.
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