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ABSTRACT

The SSC dipole magnets are the major component of the SSC zccelera-
tor. The 50 mm collider dipole cold mass shell is a pressure vessel. The design
and operating of the dipole magnet must first consider the safety, the area of
no compromise (ref. 1). The most critical stresses in the dipole shell are found
in the end shell. The present analytical result indicates that the critical
stresses can be reduced by employing an end yoke to support the end skin

The dipole shell is not only designed as a pressare vessel, but also de-
signed as a pre-loading device for obtainiag optimum performance of the
superconducting dipole magnet. Therefore, an optimom design of the end
shell is essential to minimize quench occurrence as well as to realize long
term operational safety aad reliability of the dipole.

The dipole skin, collar and yoke, can be designed 1o work together 1o
reduce the following undesirable effects. (1) Reduction of the critical current
density due to over-stressed coils, (2) Generating frictional beat due to the
micro motion of the coils under Lorentz forces, (3) over straining of the con-
doctor insulation leading to short circuit,

From pre-loading design point of view, the design objective for the
dipole shell is to minimize the coil motioa as well as local high stress within
the coils and the insulations,

From the safety point of view, the stress limit for the shell must be kept
within 2 low cycle fatigue limit with adequate margin of safety. The low cycle
fatigue limit of the dipole skin, especially in the arca of longitudinal seam
welds, should be established in the 4.2 K thermal environment. Rigoroas
analyses and tests are needed to predict the adequate margin of safety, Past
stodies indicate that the critical skin stresses are located in the area where the
body yoke “fall off" to the magnet ends. Various desiga modifications of the
end skin were proposed to reduce the high local stresses (ref. 2, S, 6)

Critical skin stresses found in the end skins can be minimized by wtiliz-
ing an end yoke extendiag from the body yoke to the end plate. Effect of the
field quality by adding the end yoke is not considered in the present analysis.



INTRODUCTION
Functions of the dipole magnet skin are listed as follows:

(1) To perform as a pressure vessel,
(2) To provide axial and radial direction pre-loads to the collared coil,
(3) To serve as a rigid platform Lo integrate the coil and yoke assemblies.

The elastic skin pre-stress is produced in two sieps: (2) Mechanical pre-
stress: apply a “skin press™ during seam welding to pre-load the skin to about
207 MPa (30 ksi), (b) Thermal pre-stress; optimize the geometrical, elastic, 2ad
thermal items on the yoke, skin and collar Lo attain the desirable coil stress. It
is desirable to induce local plastic siress in the skin along the seam welds to
produce uniform stress distribution over the entire length of the dipole mag-
net skin. Test results of the 40 mm dipole skin reveal that plastic strains exist
in the longitudinal seam welds. The local plastic strains may be actuated by
thermal coniraction of the seam welds. Concerns about plastic strain are an
important design consideration.

The skin pre-stresses on the shell are designed not only to overcome the
Lorentz forces of the dipole, but also to close the yoke gap which is specified as
a means to provide cxact control of the coil deformation and stresses which are
related to field quality. The essential skin stress analysis was performed on a
2-D section model. The model defines the yoke and the collared ¢oil assembly
in details including gaps between cach part as shown in Fig.4. The maximem
skin stress in the 2-D section, however, is not the maximum stress in the dipole
shell. The maximum skin stresses are found in the end shell section. Under
thermal loading, the end skin stress is two times that of the 2-D section stress.
It can be expressed as "o=1.98 E*aT*aa"(ref. 6). This equation also suggests
that the end skin stresses are independent of the skin thickness, Various
design modifications of the end skin (ref. 2 & 5) were proposed to reduce the
critical end shell siress. The present analytical results indicates that by using
an end yoke with suitable thermal proeperties, we can effectively reduce the
critical stresses.

3-D FINITE ELEMENT MODEL

A description of the end shell assembly is shown in Fig. 1. The finite
element of the end shell assembly is shown in Fig. 2. The analysis was pes-
formed using ANSYS code (4.4 a +) on 8 VAX 6420 in the SSC Laboratory. The
skin, end yoke, end plate, vessel head and the body yoke were modeled with
STIF-73 shell elements. The interfaces of the end yoke to the skin is modeled
with STIF-10 to account for “compression only™ lap-joint. Nonlinear interface
elements used for interference fit, and sliding frictions inside the end skin is
under evaluation using STIF-52. The weldments for the end plate and vessel
head enclosurc are also included in the 3-D model for determining the con-
nections stress.

Mechanical pre-stress on the skin is modeled as skin radial pressure of
6.897 MPa (1 Ksi). Thermal load is considered as thermal steady load with
initial temperature at 300 K and cool down to 4.2 K. It is possible that thermal
transient condition may exist during cool down of the cold mass. The skin
stress in the transient state will be higher than in the stcady state condition.

The yoke body was modeled Inclediag helium holes and bas cavities to
account for local stiffeness effects on skin stress. The yoke is modeled for the
horizontal split with no gap configuration. The model global states is listed as
follows: Number of Element = 1982, Number of Nodes = 4758.

Imposed displacements = 1153. Nomber of Force = 1
Number of element pressure = 760,
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Fig. 2 50 mm Dipole End Shell Finite Element Model




RESULTS OF 3-D ANALYSIS

The present 3-D model with the yoke as an annular plate can best be
considered as a horizontal split yoke design with no gap. For a vertical yoke
design with a initial gap in the split, the skin stress will be increased 10 2
certain amount depending upon the specificd ovality of the coil assembly, Fig.
4 and S present the skin stress of the 2-D section,

The loading condition for the 3-D model is listed as (ollowing:

(2) Thermal steady state load for cool down from 300 K 10 4.2 K,
(b) Skin pre-stressed to 206.9 MPa (30 Ksi) by radial pressure,
(¢) Axial pre-load to coil assembly by 84519 N (19000 1bs).

SIGE stress is used for the siress resylt. SIGE is the average stress of the
skin calculated as combined elastic stresses according theory of fzilare. The
stress state in the skin at time of failure normally is considered in full plastic
state. Therefore, employing the SIGE, may be justified for the average stress
approximation if low cycle fatigue failure occurs for ductile skin material.
Stress al top and bottom over the thickness of the skin are considerably highes
than the SIGE value and should be used for material shown lack of ductility.

The skin stress (SIGE) for the four cases are listed in the (ollowing:

(1) End skin without end yoke support.
Stress (SIGE) = 707 MPa ( 103 Ksi)

(2) End skin supported by end yoke with a soft interface.(solder)
Stress (SIGE) = 517 MPa (75 Ksi)

(3) End skin supported by end yoke with a welded interface, (weld)
Stress (SIGE) = 597 MPa (86.6 Ksi)

(4) End skin supported by end yoke and with a lap-jointed interface.
Stress (SIGE)= 613 MPa (89 Ksi)

The yiceld stress for 316 LN stainless steel at 4 K after 1000 cycles.is

Allowable stress = 896 MPa (130 Kszi) (Ref.4)

2-D FINITE ELEMENT SKIN STRESS ANALYSIS

The primary objective of the 2-D dipole siress analysis is to evaluate coil
siress and deformatioa. Molti-field element (STIF-13) can be used to obtain the
combined stresses from magnetic, thermal, and mechanical loadings. The 2.D
analysis for 3 40 mm dipole magnet is modeled with temperature-independent
linear-elastic materials without frictional interfaces. Local bending resulted
from the body yoke cavity have sdded some stresses to the total skin stresses. For
the 50 mm dipole with end yoke design(ref. 4), relocating the bus cavity inward
on the body yoke become necessary. The new design will greatly reduce the local
bending stress on the skin,

The 2-D finite element model for the 40 mm dipole are showa ia Figure
4, and S. The 50 mm dipole 2-D section stress is under evaluation by engineers
{a che cold mass sectioa of SSC magnet division,



SKIN STRESS (PS1)

Muhi ficld Elements STIF 13 are used to modeled the 2 - D section.
Elements at location A for air are omited in the figure for clarity.

FIGURE 4. FINITE ELEMENT MODEL FOR DIPOLE MAGNET 2 - D SECTION
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3-D FINITE ELEMENT SKIN STRESS ANALYSIS

The 3-D linite element siresss Is performed for the end skin
assembly with or without the end yoke supporiing the end skin.

Design case 4 Is shown in Fig. S and Fig. 6 for the radisl defiection
and skin siress distribution.
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Encloser  (a) The mazimum radial deflection on the skin is
1.143 mm (0.045") for the design case 4 with soft
interface. For the design case | with no end yoke to
support the end skin the maximum radial deflection
on the skinls 4.62 mm (0.18277).

(b) The dotted lines represents vadefromed secticn
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Fig. 7 Stress Distribution on End Skin ( X3i ) for the Design Case 4
where Lhe End Skin is Soldered to the End Yoke
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CONCLUSION

(1) Using soft interface to joinl the end skin to the end yoke will
reduce the critical end shell siress by 30% .

{(2) The factor of safety is 1.73 for the soft interface design with the
following conditions: 316 LN stainless steel as the dipole magnet skin
material, and under 1000 operating cycles,

DISCUSSIONS AND RECOMMENDATION

The followings are recommended for improvement of the
dipole cold mass shell design and analysis.

(3) Margin of safety for the S5C dipole magnet needs to be established as
no less than 1.5,

{b) Low cycle fatigue limit of the skin and the weldments at 4.2 K 1o
300 K. need 1o be established from dipole shell sample.

(¢} Thermal transient temperature analysis and test data for the body
voke, end yoke and collared coil assembly need to be performed.

(d) Residual stresses and the stress distribution on the skin need to be
evsiuated. Confidence level of the uniformity the skin residual stresses
and 2ssembling process need to be established.

The 207 MPa (30 Ksi) skin pre-stress at room temperature as vsed for the
present analysis, needs to be corfirmed for the latest 50 mm dipole design.
External loadings including supporting post coeflicient of thermal expansion,
temperature and gravity load to the skin need to be included in the final
anslysis. Iaterconnection loadings, settlement or misaligment loadings are to
be added to the end shell design. The present analysis indicating that using a
flat encloser head with 2.54 ¢m (1.07) thickness and & § cm central hole pro-
duces a maximum flat head stress that is less than 1bhe end skin stress,
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