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Analysis Scope of Work:

The assignment of studying the requirements of quadrupole collaring tooling for long magnets in the Industrial Center Building was given on April 16, 1997. This assignment was presented in the form of an e-mailed office memo from John Carson, and is provided here for reference:

OFFICE MEMO





Time:
4:25 PM

Subject:

new assignment


Date:
4/16/97

Jeff,

The LHC production effort here at FNAL will, of course, need a collaring press. The current thinking is to build a new press and have it installed at ICB. I would like to enlist your help in this effort. 

As you know the existing press located in IB3 is limited to a collaring force of 100 tons which in turn limits the collaring increment for the HGQ/LHC Quad to about 3". In preparation for LHC production tooling needs I would like you to become involved in defining the new collaring press design. Specifically I would like you to create a new design which will allow the collaring to be done in minimum increments of 6" with the press working at no more than 70% of its capacity. At this time I am not interested in a detailed design. Defining the concept, sizing and selection of material for all the critical structural components and outlining the basic operation is what is required at this time. I would like your work to be the framework for the detailed design, which can be completed at a later date by others.

I believe that the current method of collaring Quads is OK but shouldn't limit your thinking. For instance; the existing press uses opposing hydraulic cylinders. Would a single cylinder do just as well? Don't be too rigidly tied to the existing press design and function, on the other hand don't feel compelled to make changes for the sake of change. 

The time frame I have in mind is to have a preliminary concept that you can present and defend with corresponding structural analysis in about 6 to 8 weeks. 

Let me know if you think this will fit in with your current work load. If you have any questions feel free to discuss with me. We can probably adjust the schedule accordingly.

John

After receiving the assignment, the start date for the project was delayed for several months because of other design work required for the model magnet program. The first work on the Analysis for ICB Collaring Tooling took place on August 21, 1997, in a meeting with John Carson.

Here is the analysis scope of work based on that initial meeting:

1) ICB Head Height and Crane Clearances:

a) determine length of magnet

b) consider depth of hole

c) consider location in building for minimal work disruption

d) consider working height obtainable under existing cranes

e) consider additional crane or gantry installation

2) Collaring Press Design:

a) consider existing IB3 design

b) redesign for ability to press six inch long keys

c) specify hydraulics required

d) perform main component stress analysis

e) specify critical dimensions

3) Additional Tooling Requirements:

a) consider assembly mandrel strength

with and without collar laminations

in horizontal and vertical positions

b) consider need for a strongback for horizontal to vertical lift

with and without collar laminations

roller and pick point mechanisms

floor space and clearances required

4) Alternate Collaring Methods:

a) horizontal collaring options

b) additional method options

c) additional tooling options

John explained that Item #2 above would be the primary concern. However, he thought that some work on Items #1, #3, and #4 should be done first to justify continued work on the vertical collaring method for long magnets in the Industrial Center Building.

Scope of Work Item #4 – Alternate Collaring Methods:

Because the direction of this analysis was dependent on the actual method of collaring chosen, attention was first given to Item #4, Alternate Collaring Methods. Several engineers and technicians expressed their opinions about collaring horizontally. The conclusions presented are a compilation of those discussions.

Horizontal installation of the laminations is considered to be very difficult, if not impossible. Keeping the laminations, bearing strips, and insulation in place during coil packaging, while maintaining the present lamination design does not look promising.

The current method of packaging the four coils and insulation system and then lifting the package vertically for collaring means that no specialized tooling or additional force is necessary to hold the lams in place while keying the section.

Horizontal collaring really only makes sense if the whole assembly length is pressed and keyed at the same time. This means that all the laminations have to be held in place by something that won't get in the way of the press or keying cylinders.

Applying four-fold pressure to squeeze the horizontal package is possible, but keying all four locations in this position would be very difficult. This was done in two locations on the SSC dipoles, but it would appear to be a major effort to do it in four places. In addition, the upper and lower key strings would be blind insertions, even if there were room for the upper and lower hydraulics in the press.

A new collar design with pole inserts that could be keyed like a dipole is a possible option, but again, this is a major effort in a new direction. In the dipoles, collar packs were made to facilitate lamination placement, but the four-fold symmetry of the quads makes even this more difficult. Based on all of these considerations, vertical collaring is the method of choice.

Scope of Work Item #1 – ICB Head Height and Crane Clearances:

Some consideration of the mechanics of vertical collaring for long model LHC IR Quadrupoles in was given next. The intent was to clarify the issues, and present some reasonable options for vertical collaring in the Industrial Center Building. To avoid disruption of main crane usage, an additional crane is desired to lift the assembly mandrel and coil package to the vertical position, and support it during the collaring and keying operations.

Gary Sliwicki reported that the ICB roof height is 38', and the maximum main crane hook height is 26'. An added boom jib crane mounted on a column in the wall would have to clear the crane bridges. These bridges were measured at 25' from the floor to the underside of the bridge. FESS engineering would, of course, have to be involved in any additional crane installation.

A building layout, 5525-ME-344113, was obtained that shows the desired locations for the stations required for LHC IR Quadrupole long magnet production. The location desired for the vertical collaring press is along the north wall, at column number 5 measured from the west wall. This location is desired to facilitate production flow through the building.

Fred Nobrega provided a sketch of long magnet lengths dated 23-Jul-97. This shows a 5.5m and a 6.3m long magnetic length. The additional .079m to the end of the return end saddles, and the .094m to the end of the lead end saddles, gives two collared coil lengths: 5.673m or 18',7.346" and 6.473m or 21',2.843".

The height from the floor to the top of the collaring tooling is assumed to be 3’, and the distance from the top of the jib crane to the hook is estimated to be 4’, based on existing cranes in IB3. The 25' bridge height, minus the 3' tooling height, minus the 4' jib crane dimension, minus 1' for pick point and roller additions to the end of the assembly mandrel, leaves just 17' from the jib hook to the top of the tooling.

This means that for the long model LHC IR Quadrupole magnets, the jib crane will either not be able to be mounted below the main crane bridges, or the tooling will not be able to be fixed to the floor, or both. In IB3, the collaring tooling is mounted to a track that allows it to be rolled out of the way. This allows the full floor height under the hook. In ICB, doing this would give us 20' feet under the jib crane hook. This is still not enough, but close enough to believe it could be done. The 4' jib hook dimension is an estimate, and may be smaller on some crane designs.

There are at least four options. The first is to keep the desired hole location in ICB as shown on proposed building layout, and install a jib crane under the crane bridge that will not interfere with either of the main cranes' travel. The collaring tooling would have to be mounted on a movable platform, and rolled out of the way. The coil package would be lifted to vertical, lowered into the hole, and suspended. The tooling can then be rolled over the hole, the crane reattached, and the collaring begun.

This option retains the desired flow of magnet production through the building, and allows unhindered main crane travel. The collaring tooling will not be able to be fixed, but must be mounted on a movable platform. A jib crane must be found with a 4' or less height from the top to the hook, and the attachment and transport mechanisms must be designed to minimize the length increase of the assembly mandrel.

A second option is to relocate the collaring tooling to the northwest corner of the building and limit the west crane travel. The west crane hook can now get to within 12' of the west wall. Limiting the crane travel will probably prevent picking any heavy loads closer than 22' from the west wall when the jib is in use, although the jib can probably be designed to get out of the west crane's way if necessary. The jib crane could now be installed above the main crane bridges.

This option will also not interfere with either of the main cranes' travel, with the exception of limiting the west crane as discussed. It allows the collaring tooling to be fixed to the floor and eliminates the need for a platform and track assembly. It allows more flexibility in jib crane selection and in mandrel end attachment design. It does disrupt the desired flow of magnet production, and displaces the desired location for the curing heating system. This option will not be possible if the detector work now in process in ICB cannot be relocated.

A third option is to install a jib crane in the original specified position, but above the main crane bridges. This crane location has the same advantages of the second option, but will more severely restrict main crane movement. The transfer of materials from east to west will be disrupted or limited. This option preserves the desired flow of magnet production, but may not be desirable because of the main crane limitations.

The fourth option is to dig a pit in the floor for the collaring tooling to reside in. The pit would have to be around 5’ deep. The construction and safety issues involved with this option are perhaps more intensive, but it would solve all the disadvantages mentioned above with the simplest tooling and support installations.

The conclusion of this discussion, is that vertical collaring in ICB is certainly possible. There are several design and assembly flow issues to resolve, but the magnet lengths specified in the LHC IR Quadrupole Long model program are able to be handled in this building. Mounting the jib crane above the main crane bridges, as in option two or three, would allow the most flexibility for future magnets of increased length.

Scope of Work Item #3 – Additional Tooling Requirements:

The main goal of this section was to determine whether the long LHC IR Quadrupole assembly mandrel will need a strongback for coil packaging, and for lifting from horizontal to vertical. After collaring and keying, the assembly will be lowered back to the horizontal position. An analysis of the system was done which determined that the assembly mandrel will indeed need a strongback for packaging and lifting.

Only the results are shown in this document, but all calculations are available for inspection upon request. Five different conditions were considered:

1)
The assembly mandrel by itself.

2) The assembly mandrel with the eight coils, no increase in moment of inertia due to the stiffness of the coils.

3)
The assembly mandrel with the eight coils, using a composite moment of inertia which includes the coil stiffness. 

4)
The assembly mandrel, eight coils, plus collar laminations, no increase in moment of inertia due to coil stiffness.

5)
The assembly mandrel, eight coils, plus collar laminations, using a composite moment of inertia which includes the coil stiffness.

Case 1: (mandrel only)

Mandrel area



= 4.7914 in2
Mandrel weight



= 1.3574 lb/in (366.5 lb for 270 in long mandrel)

Mandrel moment of inertia

= 1.8915 in4
Mandrel distance to extreme fiber
= 1.353 in
Maximum full-span stress

= -8848 psi
Maximum full-span deflection

= 1.712 in
Maximum half-span deflection

= 0.045 in
Maximum third-span deflection

= 0.009 in
Case 2: (mandrel+coils/NO coil stiffness)

Mandrel area



= 4.7914 in2
Mandrel weight



= 1.3574 lb/in (366.5 lb for 270 in long mandrel)

Coil area



= 10.0521 in2
Coil weight



= 2.4927 lb/in (635.1 lb for 254.8 in long coils)

Total weight



= 1002 lb
Mandrel moment of inertia

= 1.8915 in4
Mandrel distance to extreme fiber
= 1.353 in
Maximum full-span stress

= -24,190 psi
Maximum full-span deflection

= 4.682 in
Maximum half-span deflection

= 0.122 in
Maximum third-span deflection

= 0.024 in
Case 3: (mandrel+coils/ADD coil stiffness)

Mandrel area



= 4.7914 in2
Mandrel weight



= 1.3574 lb/in (366.5 lb for 270 in long mandrel)

Coil area



= 10.0521 in2
Coil weight



= 2.4927 lb/in (635.1 lb for 254.8 in long coils)

Total weight



= 1002 lb
Composite moment of inertia

= 22.8540 in4
Composite distance to extreme fiber
= 2.465 in
Maximum full-span stress

= -3648 psi
Maximum full-span deflection

= 0.387 in
Maximum half-span deflection

= 0.010 in
Maximum third-span deflection

= 0.002 in
Case 4: (mandrel+coils+collars/NO coil stiffness)

Mandrel area



= 4.7914 in2
Mandrel weight



= 1.3574 lb/in (366.5 lb for 270 in long mandrel)

Coil area



= 10.0521 in2
Coil weight



= 2.4927 lb/in (635.1 lb for 254.8 in long coils)

Collar pair area



= 16.0310 in2
Collar weight



= 4.5416 lb/in (1157.2 lb for 254.8 in long coils)

Inner shim area



= 0.2580 in2
Inner shim weight


= 0.0792 lb/in (20.2 lb for 254.8 in long coils)

Outer shim area



= 0.2488 in2
Outer shim weight


= 0.0799 lb/in (20.4 lb for 254.8 in long coils)

Collar key area



= 0.6848 in2
Collar key weight


= 0.2191 lb/in (55.8 lb for 254.8 in long coils)

Total weight



= 2256 lb
Mandrel moment of inertia

= 1.8915 in4
Mandrel distance to extreme fiber
= 1.353 in
Maximum full-span stress

= -54,463 psi
Maximum full-span deflection

= 10.541 in
Maximum half-span deflection

= 0.273 in
Maximum third-span deflection

= 0.054 in
Case 5: (mandrel+coils+collars/ADD coil stiffness)

Mandrel area



= 4.7914 in2
Mandrel weight



= 1.3574 lb/in (366.5 lb for 270 in long mandrel)

Coil area



= 10.0521 in2
Coil weight



= 2.4927 lb/in (635.1 lb for 254.8 in long coils)

Collar pair area



= 16.0310 in2
Collar weight



= 4.5416 lb/in (1157.2 lb for 254.8 in long coils)

Inner shim area



= 0.2580 in2
Inner shim weight


= 0.0792 lb/in (20.2 lb for 254.8 in long coils)

Outer shim area



= 0.2488 in2
Outer shim weight


= 0.0799 lb/in (20.4 lb for 254.8 in long coils)

Collar key area



= 0.6848 in2
Collar key weight


= 0.2191 lb/in (55.8 lb for 254.8 in long coils)

Total weight 



= 2256 lb
Composite moment of inertia

= 22.8540 in4
Composite distance to extreme fiber
= 2.465 in
Maximum full-span stress

= -8212 psi
Maximum full-span deflection

= 0.872 in
Maximum half-span deflection

= 0.023 in
Maximum third-span deflection

= 0.004 in
John Carson stated that only the stiffness of the assembly mandrel should be considered in any of the cases, and that not even the stiffness of the coils should be considered. Case 4 is the one that conforms to John's specification. John also recommended that we take some deflection measurements during the assembly of the model magnets, to confirm how much stiffness the coils actually do provide.

Obviously, some of the deflections shown are very large. Even the mandrel alone will deflect 1.712 in under its own weight. Also note that in all cases the stresses are not large, even when accompanied by huge deflections. The maximum stress is encountered in the 10.541 in full-span deflection of Case 4, -54,463 psi. This is 82% of the 66,000 psi allowable for 100,000 psi yield strength 4150 HT steel from which the mandrel is made.

Regardless of the approach, the mandrel will need intermediate support all through the coil packaging, insulation, collaring, and handling stages. Perhaps the most straight-forward approach would be to mount the assembly mandrel to a strongback with the necessary supports that would allow the coils to be added and the mandrel rotated while still controlling deflections.

This strongback could contain the roller assemblies at one end that would allow the horizontal to vertical lift. When vertical, the strong-back would need to be detached and safely handled until the collaring and keying was complete. After completion of keying, the strongback would then be re-attached for lowering the assembly back to horizontal. Therefore, the supports would need to be adjusted to accommodate the mandrel alone, with coils, and with collars.

Scope of Work Item #2 – Collaring Press Design:

The rest of this document is concerned with the design and analysis of new collaring tooling for the Industrial Center Building. Data on the existing tooling located in IB3 was gathered, and an analytic solution of the forces, bending moments, stresses, and deflections in the steel ring, or toroid, was developed. The toroid is the component that supports all the forces present, and is the main structural component of the collaring tooling. At the end of this document is a discussion of additional design considerations.

The analytic solution was first verified by studying additional texts and solution methods. The analytic solution was then applied to the existing IB3 tooling. The results obtained were analyzed and verified by field measurements of the IB3 tooling, and by a finite element analysis performed by Jim Kerby. Then the analytic solution was applied to the new tooling design. Two separate solution Cases are included in this document.

Another document, titled “LHC IR Quadrupole Collaring Tooling Analysis”, is available that contains a complete record of all the work done for this project, including work not suitable for presentation in a design review. It also documents the train of thought used to work the project out, even when these efforts were not directly applied to the analytic solution. This additional document was given Technical Division Note number TD-97-049, dated 12-Dec-97, and is available upon request.

Existing IB3 Collaring Tooling Introduction:

The existing quadrupole collaring tooling in IB3 was developed for the Energy Doubler in 1978. The heart of this tooling is an ASTM A36 steel ring, or toroid. The toroid is Fermilab drawing 1630-MD-101597, and is shown in Figure 1. The toroid is supported over a deep hole in the floor through which the magnet is lowered for vertical collaring and keying.

The toroid has hydraulic cylinders mounted to it on the inside diameter, which provide the forces necessary to squeeze the collared coil assembly, and insert the keys required to maintain the coil preloads. In the IB3 tooling, four 100 ton hydraulic cylinders, mounted symmetrically at 90( to each other, provide the large force necessary to preload the coils and close the collar laminations. Eight 5 ton cylinders, two per location, are mounted symmetrically between the 100 ton cylinders to provide the force necessary to insert the keys.

[image: image1.wmf]s

Figure 1: Existing IB3 Toroid

The main cylinders are Modified Enerpac RCS-1002, 100 ton, low height, single-acting. They each mount to a cylinder holder plate (1630-MC-101608), which fits against the inside diameter of the toroid. The main cylinders are each surrounded by a cylinder mount block (1630-MD-101602), which also guides the insert pusher (5525-MC-344477). These insert pushers were recently designed to allow the existing press to be used for LHC IR Quadrupole short models.

It is the insert pusher that actually contacts the collar laminations. Because of the high coil preloads required in the LHC IR Quadrupoles, the contact length of the insert pusher is limited to 4.00 in, limiting the key length that can be inserted to 3.00 in. The total lamination contact area of each existing insert pusher is 10.494 in², 4.00 in long ( 2.6235 in wide.

The IB3 toroid is mounted on two vertical 1.07 in diameter ball screw threaded rods, and guided by linear bearings which run on two vertical rails. These four components allow the toroid to be raised or lowered into working position. Since these rods are of relatively small diameter, the forces they are able to apply to the toroid are negligible and will not be considered. Therefore, the only forces on the toroid come from the hydraulic cylinders mounted on the inside diameter.

General Curved Beam Analysis:

The curved beam stress formula presented in this section is used as part of the analytic solution to calculate stresses. According to Hibbeler (page 330), straight beam formulas assume a linear distribution of normal strain across the section, since the lengths of all unstressed fibers in any incremental length are equal. Curved beams have longer unstressed fiber lengths at the outer radius than at the inner radius.

Hibbeler (and others) makes several assumptions in his analysis. The first is that cross-sections remain plane after a bending moment is applied. Any distortion of a cross-section within its own plane is neglected. Another is that the material is homogeneous and isotropic, and finally, that it behaves in a linear-elastic manner when a load is applied.

As in a straight beam, an applied moment will produce tension in the outside fibers and compression in the inside fibers. This implies the existence of a neutral axis, or neutral surface, contained within the section. Because of the different unstressed fiber lengths, the location of the neutral axis is not at the centroid of the section, but is shifted toward the inside radius. Also because of the different unstressed fiber lengths, and because of the shifted position of the neutral axis, the stress distribution across any cross-section is not linear, but is in fact hyperbolic.

These differences make application of straight beam formulas to the toroid inaccurate. Following Hibbeler’s approach in analyzing the IB3 toroid, the variables shown below are used. These are incorporated into Hibbeler’s curved beam formulas to solve for the radius of the neutral axis, and for the stresses in the extreme fibers.

From Hibbeler, page 333:
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=
the normal, or circumferential, stress in the curved member
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=
the internal moment computed about the neutral axis for the cross-section

(This moment is positive if it tends to increase the member’s radius of curvature)
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=
the cross-sectional area of the member
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=
the distance measured from the center of curvature to the neutral axis
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=
the distance measured from the center of curvature to the centroid of the



cross-sectional area
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=
the distance measured from the center of curvature to the point where the



stress 
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 is to be determined
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=
the inside radius of the curved member
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=
the outside radius of the curved member
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=
the base, or width, of the curved member

Using the strain analysis of a differential segment of the curved beam, and applying Hooke’s law, Hibbeler obtains the following equation for determining the radius of the neutral axis (page 332):
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In the case of a rectangular cross-section, the integral may be solved directly:
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In order to solve for the stress at any point in the cross-section, Hibbeler points out that the resultant internal moment in the section must be equal to the moment of the stress distribution computed about the neutral axis. The following equation results:
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A textbook was found that provided a solution for a thick curved bar forming a closed ring, with an internal force pair. The book was written by Arthur P. Boresi, Professor and Head of civil and architectural engineering at the University of Wyoming at Laramie, Richard J. Schmidt, Associate Professor at the same school, and Omar M. Sidebottom, Professor Emeritus of theoretical and applied mechanics at the University of Illinois at Champaign-Urbana. Boresi provides the following formula for circumferential stress in a thick curved beam (page 365):
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(9.11)

The first term in this equation is the tensile stress on the cross-section resulting from the normal force divided by the cross-sectional area. In later stress calculations, this tensile component is always added to the circumferential stress component resulting from the bending moment.

From Boresi, page 365:
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Same as Hibbeler, page 332

From Boresi, page 370:
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Same as Hibbeler, page 332

From this equation, the area can be expressed as:
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Substituting into the bending moment component of Boresi’s circumferential stress equation:
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As shown, the stress formulas of Hibbeler and Boresi are mathematically equivalent. The formula as expressed by Hibbeler, with the tensile component provided by Boresi, is used to calculate stresses throughout the remainder of this document.

Boresi states that equation (9.11) for circumferential stress is an approximation, since it is based on the assumptions that plane sections remain plane after deformation, and that the effect of the radial stress present in the curved bar is negligible. He compares the maximum circumferential stress in rectangular section curved beams calculated by this method, to those calculated by Timoshenko and Goodier using elasticity theory, and to those calculated using the straight beam flexure formula:
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For the Cases considered in this document, the smallest ratio R/h is 3.75. Therefore, in the analytic solution, circumferential stress calculated with the Hibbeler / Boresi method will agree with the elasticity theory solution to better than 0.6%. Considering Boresi’s example, the applied forces V, N, and M at any cross section specified by θ are given by equations (9.34) on page 392, and are illustrated in Figure 2.
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Figure 2: Thick Closed Ring Force Pair Example

The applied forces in Boresi’s example:
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Boresi uses Castigliano’s theorem to analyze the quarter-ring free body diagram of Figure 2. He obtains the following expression for total strain energy, U, in equation (9.31) on page 386:
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(9.31)

From Boresi, page 178:
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From Hibbeler, page 107:
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Referring to Figure 2, the rotation of the free end face is given by equation (9.33) on page 391:
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(9.33)

By symmetry of the full ring, the angular change of the cross-section at the free end is zero. Substituting the force equations of (9.34) into the energy equations (9.33) and (9.31), Boresi obtains the following equation (9.36) on page 392:
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(9.36)

Solving for M0 in the IB3 toroid by Boresi’s equation (9.36):
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Boresi then states that if R/h is greater than 2.0, then M0 is given by equation (9.37), page 392:
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(9.37)

For the existing IB3 toroid, the ratio R/h = 18.75/5.00 = 3.75, which is the smallest value for R/h of all the cases analyzed in this document. In equation (9.37), Boresi simplifies the moment calculation by ignoring the coupling energy UMN , which is the fourth term of equation (9.31).

Solving for M0 in the IB3 toroid by Boresi’s equation (9.37):
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The difference between these two methods is 1.02%. Because of this close agreement, because of Boresi’s statement concerning the ratio of R/h, and because equation (9.37) produces more conservative stress calculations, bending moments calculated from Boresi’s second equation (9.37) were used throughout the remainder of this document.

Similarly, the load equations of (9.34) are substituted into the energy equations (9.31) and (9.33) to obtain deflections. The following relations are obtained for the deflections at the free end of the free body diagram shown in Figure 2:


[image: image47.wmf](

)

(

)

AE

M

A

RA

AE

PR

M

RA

AE

RP

AG

kRP

m

m

x

0

0

4

4

4

+

-

-

-

-

=

d




[image: image48.wmf](

)

(

)

(

)

(

)

(

)

AE

M

PR

A

RA

AE

PR

M

RA

AE

RP

AG

kRP

m

m

y

0

0

4

1

1

8

3

1

2

8

8

-

-

-

-

-

-

-

+

-

-

=

p

p

p

p

p

d


Boresi discusses the validity of this method for computing deflections on page 386 and 387. He states that the equation (9.31) for strain energy is an approximation, since it is based on the assumptions that plane sections remain plane after deformation, and that the effect of the radial stress present in the curved bar is negligible. He compares the deflections in rectangular section curved beams calculated by this method, to those calculated by Timoshenko and Goodier using elasticity theory:


Pure

Bending
Shear

Loading


[image: image49.wmf]h

R



[image: image50.wmf]elast

U

d

d



[image: image51.wmf]elast

U

d

d



2.0
0.983
1.008

3.0
0.993
1.003

5.0
0.997
1.001

For the Cases considered in this document, the smallest ratio R/h is 3.75. Therefore, deflections calculated with Boresi’s method will agree with the elasticity theory solution to better than 0.7%. For this reason, deflections calculated from Boresi’s energy method were used throughout the remainder of this document.

IB3 Toroid Analytic Solution:

The Boresi solution method may be applied to the IB3 toroid by considering the internal moment and deflections produced by each pair of hydraulic cylinders separately. The principal of superposition is then applied to sum the moments and defections at any point considered. The forces to be considered are shown in Figure 3.
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Figure 3: Force Pair System

According to Hibbeler (page 134), the principle of superposition is only applicable if two conditions apply. First, the loading must be linearly related to the stress or displacement that is to be determined. Second, the loading must not significantly change the original geometry or configuration of the member. Both of these conditions are satisfied in the toroid analysis.

Once the resultant internal moment is computed at all points of interest using Boresi’s thick curved bar analysis, the deflections are computed using Boresi’s formulas, and the stresses on the extreme fibers are computed using the Hibbeler / Boresi curved beam formula. This section documents the analytic solution, as applied to the IB3 toroid.

The first pair of cylinders, 100 tons each, are oriented like the force pair in Boresi’s example shown in Figure 2. The bending moment and deflections are calculated at three points: at θ = 0°, at θ = 45°, and at θ = 90°. These three positions will specify the cylinder contact points, at which the stresses due to bending moment will be the highest. By symmetry, analyzing one quarter of the toroid will provide a solution at all points around the ring.

From Boresi, page 365 and 368:
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From Boresi, page 332, for the radius of the neutral axis:
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From Boresi, page 392:



[image: image60.wmf](

)

(

)

q

p

q

cos

1

2

1

2

1

-

-

-

=

PR

PR

M


Applied to the first 100 ton cylinder pair:
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At the free end of the quarter-ring, the displacements due to the first 100 ton cylinder pair are:
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By symmetry around the ring, the moments and defections calculated for this 100 ton cylinder pair will be the same for the second 100 ton cylinder pair. The orientation of the two cylinder pairs are 90° apart, so the respective moments and deflections for the second 100 ton cylinder pair will merely be rotated 90° relative to the first.

Applying the same procedure to the first 10 ton cylinder pair, oriented like the force pair in Boresi’s example shown in Figure 2:
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By the same symmetry argument, the respective moments and deflections for the second 10 ton cylinder pair will merely be rotated 90( relative to the first. In respect to the first 100 ton cylinder pair, the first 10 ton cylinder pair will then be rotated 45(, causing the second 10 ton cylinder pair to be oriented at -45(.

At the free end of the quarter-ring, the displacements due to the first 10 ton cylinder pair are:
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Now all the moments and deflections from each of the force pairs are known. The resultant moments and deflections from the action of all the force pairs can now be calculated. By symmetry of the full ring, understanding these resultants at two cross-sections is sufficient. First, the moments are added using the principle of superposition while considering symmetry:

At θ = 0( (and 90(, 180(, and 270() :
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100 ton cylinders, second pair
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10 ton cylinders, first pair
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10 ton cylinders, second pair
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Resultant moment due to all cylinders
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Resultant moment due to 100 ton cylinders only
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At θ = 45( (and 135(, 225(, and 315() :


100 ton cylinders, first pair
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100 ton cylinders, second pair
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10 ton cylinders, first pair
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10 ton cylinders, second pair
  
[image: image119.wmf]366

,

119

-

 
[image: image120.wmf]in

lb

×



Resultant moment due to all cylinders
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Resultant moment due to 100 ton cylinders only
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It should be noted that the maximum resultant bending moments occur under the action of only the 100 ton hydraulic cylinders, even at the points of action of the 10 ton cylinders. In other words, the smaller cylinders act in a way that reduces the bending moments caused by the larger cylinders at all points.

Now the defections are added using the principle of superposition while considering symmetry. The contribution of the 10 ton cylinders to the deflections at θ = 0(, 90(, 180(, and 270( is not considered, nor is the contribution of the 100 ton cylinders to the deflections at θ = 45(, 135(, 225(, and 315(. While these components may be calculated, the resultant deflections are so small that these contributions are considered negligible.

Superposition of deflections, δ indicates a change in the radius of the ring:

At θ = 0( (and 90(, 180(, and 270() :


100 ton cylinders, first pair
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100 ton cylinders, second pair
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Resultant deflection
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At θ = 45( (and 135(, 225(, and 315() :


10 ton cylinders, first pair
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10 ton cylinders, second pair
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Resultant deflection

δ 
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Finally, the stresses in the extreme fibers are calculated using the resultant moments from Boresi incorporated into the Hibbeler / Boresi curved beam formula. At each cross-section considered, the stress distribution from the bending moment is added to the stress due to tension from the appropriate hydraulic cylinders. The forces contributing to these tensions are shown in Figure 4.
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Figure 4: Resultant Forces For Tension Components

At θ = 0( :
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At θ = 45( :
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The stresses in the extreme fibers due to the action of all cylinders:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)
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Outer radius extreme fiber (assume tension)
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At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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The stresses in the extreme fibers due to the action of the 100 ton cylinders only:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)
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Outer radius extreme fiber (assume tension)
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At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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IB3 Toroid Measured Deflections:

On 01-Dec-97, a series of measurements was taken on the existing IB3 toroid to determine its deflection under the action of only the 100 ton cylinders operating at 9000 pump psi. Two dial indicators were obtained from the inspection department that were graduated in 0.0001 in increments, and accurate to within 0.0002 in.

These indicators were mounted to magnetic bases, which rested on heavy steel press spacer blocks, which in turn rested on solid concrete blocks placed on the floor adjacent to the press platform. Every effort was made to stabilize the indicator mounts and isolate them from the press and the platform.

The indicator tips were made to contact the tooling on the line of action of two opposing 100 ton cylinders. Because of the cylinder mounting arrangement, and the toroid support tooling, the indicators did not actually contact the toroid. The block they contacted was part of the ball screw height adjustment mechanism, which in turn bolted to the cylinder mount block clamping plate.

In other words, two separate components existed between the toroid and the indicator tip. There was no way to avoid this, and no way to improve the surface finish of the ball screw blocks the tips touched. The plates the ball screw blocks bolt to are machined to fit the outside radius of the toroid, and are 9.50 in wide.

A steel master, used in mechanical model experiments, was supported by the crane in position between the insert pushers. The indicators were zeroed out before the cylinders were extended to contact the master.

After the master was contacted, the indicator readings were recorded, and the pressure was raised in 3000 pump psi increments, up to a maximum of 9000 pump psi. The sum of the two indicator readings represented the change in diameter of the toroid. The average change in diameter from six separate cycles was 0.0054 in, or a 0.0027 in average change in radius.

For comparison, the calculated change in radius for Boresi’s thick curved bar model at 9000 pump psi is shown in the table below. Also included are the results from Jim Kerby’s finite element analysis described in the next section. The maximum stresses are shown for reference and comparison.


Change in Radius

of IB3 Toroid,

9000 pump psi
Maximum

Stress

Measured in IB3
0.0027 in


Analytic Solution
0.0056 in
14,671 psi

FEA Point Load
0.0055 in
13,419 psi

FEA Distributed Load
0.0054 in
12,361 psi

The difference between the measured deflection and the radial deflection calculated by the analytic solution is 0.0029 in. When consideration is given to the fact that the calculated deflection is the superposition of the two 100 ton force pair deflections, this difference is not so great. The first force pair wants to change the radius of the toroid 0.0348 smaller, while the second force pair wants to change the radius 0.0404 larger. The computed resultant of 0.0056 in is the difference between these two deflections, and is only 15% of the average of the individual force pair contributions.

Furthermore, the 0.0029 in difference between the computed radial deflection and the measured deflection is only 8% of the average of the individual force pair contributions. The difference is accounted for by an error of only 0.0015 in, in each of the force pair contributions.

As for the accuracy of the measurements, even though the experiment was very repeatable, the tolerance of the dial indicators, the stability of the indicator mount supports, and the surface finish of the ball screw blocks could all account for a significant portion of the difference.

One additional factor may be contributing to the difference between the computed radial deflection and the measured deflection. As explained above, the dial indicator used did not actually contact the toroid. If the fit between the toroid outside radius and the clamping plate was not perfect, the 9.50 in wide clamping plate may not move the same amount as the toroid.

Jim Kerby looked at the radial deflections of the toroid at the edges of the clamping plate. The previous table reports the maximum radial deflection at the centerline of the 100 ton cylinders, but the radial deflection at the edge of the clamping plate is only 0.0038 in. If the clamping plate moved only as much as its edge contact points did, the difference between the computed radial deflection and the measured deflection is reduced to the range of measurement accuracy.

IB3 Toroid Finite Element Analysis:

Jim Kerby did a finite element analysis of the existing IB3 toroid using ANSYS. He analyzed the ring under the action of only the 100 ton cylinders operating at 9000 pump psi, producing a force of 180,000 lb each. Two load conditions were considered: the first a point load of 180,000 lb, and the second, nine 20,000 lb forces distributed over a 6.0 in arc length centered on the line of action of the hydraulic cylinder.

His results for deflections are shown in the table of the previous section. The FEA radial deflection of 0.0055 in for the point load condition is less than 2% smaller than the radial deflection computed by the Boresi thick bar analytic solution used in this document.

The 0.0054 in FEA radial deflection for the distributed load condition is very close to the 0.0055 in deflection for the point load condition, less than 2%. Since the 6.00 in wide distributed area covers less than 6% of the 102.1 in circumference at the inside radius, this is reasonable. No calculation was made to determine the resistance to bending that the cylinder mount blocks and clamping plates would add to the toroid.

The stresses given by the FEA were close to those computed by the analytic solution. The FEA maximum stress at the outside radius for the point load condition is only 9% smaller than the maximum stress computed by the Boresi thick bar solution. A localized deflection and stress produced on the inside radius in the area of point load contact was ignored. The stress in the outside radius from the distributed load is 6% lower than that for the point load.

New Toroid Introduction:

Now the analytic solution may be used to design a new toroid, for the up-scaled ICB long model collaring tooling. Some preliminary work was done first: calculation of the insert pusher contact area, a look at steel plate availability, an investigation into larger hydraulic cylinders, and calculation of the allowable working stress as defined by the Steel Construction Manual.

The actual lamination contact area of the IB3 insert pushers (5525-MC-344477) is 10.494 in², 4.00 in long ( 2.6235 in wide. Since John Carson specified the system to operate at “no more than 70% of its capacity”, 7000 pump psi was used in the following calculations to determine how much the lamination contact length can be increased with larger hydraulic cylinders.

For a 100 ton cylinder (Enerpac RCS-1002), having a cylinder effective area of 19.64 in²:
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 on 4.00 in long insert pusher area

For a 200 ton cylinder (OTC RD2002), having a cylinder effective area of 41.28 in²:
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 (insert pusher length)


A key length of 7.00 in to 7.50 in should be possible with these cylinders.

For a 300 ton cylinder (OTC RD3002), having a cylinder effective area of 60.13 in²:
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 (insert pusher length)


A key length of 10.75 in to 11.25 in should be possible with these cylinders.

The Steel Construction Manual defines allowable working stresses for the toroid in Part 5, Specifications and Codes. Chapter H covers Combined Stresses, and Section H2 outlines the method for determining allowable stresses for the combination of Axial Tension and Bending.

Formula H2-1, page 5-55:
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The terms used in formula H2-1, page 5-55:
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The computed axial tension stress.
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The allowable tensile stress defined in Section D1.



Section D1, page 5-40:
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The computed strong axis bending stress.
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The allowable strong axis bending stress defined in Section F1.



Section F1, page 5-45:
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The computed weak axis bending stress.
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The allowable weak axis bending stress defined in Section F2.



Section F2, page 5-48:
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For the toroid, the maximum stress is tension, and occurs in the outer radius extreme fiber at the points of action of the main cylinders. Section H also specifies that the computed bending compressive stress shall not exceed the applicable value required in Chapter F. Section F2 states that for solid rectangular sections bent about their weaker axis, the allowable stress is 0.75 times the yield stress. For ASTM A36 steel, the allowable compressive stress is 27,000 psi from formula F2-1, and the allowable shear stress is 14,400 psi from formula F4-1.

The following table is the result of a study of different cylinder and ring geometry combinations:

Case
Cylinder

Force

ton
Cylinder

Stroke

in
Ring

Height

r2-r1
Ring

Width

b
Outside

Diameter

in
Maximum

Moment

lb·in
Maximum

Stress

psi

0
100
2.25
5
8
42.50
-512,324
16,600

1
200
6.62
6
10
68
-1,694,086
29,847

2
200
2
6
10
60
-1,475,494
26,208

3
200
2
7
10
61
-1,475,494
19,470

4
200
2
7
12
61
-1,475,494
16,227

5
300
2
7
12
61
-2,213,240
24,340

6
300
2
7
10
61
-2,213,240
29,209

7
300
2
7.50
12
68
-2,479,649
23,673

Applying the Steel Construction Manual formulas (compressive and shear stress are maximums):

Case #0:

[image: image259.wmf](

)

(

)

(

)

(

)

(

)

(

)

638

.

0

000

,

36

75

.

0

100

,

14

000

,

36

66

.

0

0

000

,

36

60

.

0

500

,

2

=

+

+

psi

psi

psi

psi

psi

psi


yes



Compressive stress:  
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Shear stress:  
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Case #1:
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Compressive stress:  
[image: image265.wmf]840

,

26

-

 
[image: image266.wmf]psi



Shear stress:  
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Case #2:
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Compressive stress:  
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Shear stress:  
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Case #3:
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Compressive stress:  
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Shear stress:  
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Case #4:
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Compressive stress:  
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Shear stress:  
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Case #5:
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Compressive stress:  
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Shear stress:  
[image: image287.wmf]707

,

5

 
[image: image288.wmf]psi


Case #6:
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Compressive stress:  
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Shear stress:  
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Case #7:
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Compressive stress:  
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Shear stress:  
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These calculations show that all Cases result in compressive and shear stresses below the Steel Construction Manual allowable stresses for ASTM A36 steel. Only Cases #0, #3, #4, #5, and #7 result in combined axial tension and bending stresses below allowable. Case #0 shows the existing IB3 tooling for comparison. For the new tooling, two cases were chosen for continued development: Case #3 with a 200 ton cylinder, and Case #7 with a 300 ton cylinder. The relative size of the three Cases considered in this document are shown in Figure 5.
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Figure 5: Tooling Options Considered

For the new toroid, ASTM A36 plate is available in 10 in and 12 in thickness from the Ryerson catalog. Again, the yield strength for this material 36,000 psi. Ryerson also lists a 4140 MTS steel as available in 10 in thickness. The yield strength for this material is 54,000 psi. The 10 in plate of Case #3 will be easier to manufacture, easier to work around when collaring, and is available in a higher yield strength if desired.

In both new Cases, the increase in toroid radius will make it more difficult for technicians to work within, and will require ergonomic considerations for workers. The weight of the Case #3 toroid will be 3367 lb, while the weight of the Case #7 toroid will be 4850 lb. The weight of the other mounting components will also increase for the 300 ton cylinders.

A 200 ton cylinder has a body diameter of 9.50 in, while a 300 ton cylinder has a body diameter of 10.75 in. A stock stroke cylinder (Case #1) requires the toroid diameter to become as large for the 200 ton cylinders as it will for the 300 ton cylinders. Only OTC responded to requests for quotation for modified stroke cylinders. OTC Quotation 101564 lists a 200 ton cylinder with a stroke modified to 2 in as part #RD2002, $3,520.00 each. OTC Quotation 101576 lists a 300 ton cylinder with a stroke modified to 2 in as part #RD3002, $4,400.00 each.

The 200 cylinder of Case #3 has an 11.38 in retracted height with a 2 in stroke. The body diameter is 9.50 in, and the piston rod diameter is 4.88 in. It has four base mounting holes, 1¼-7 UNC thread on a 6.50 in bolt circle. The 300 cylinder of Case #7 has an 13.28 in retracted height with a 2 in stroke. The body diameter is 10.75 in, and the piston rod diameter is 6.25 in. It has four base mounting holes, 1¼-7 UNC thread on a 6.25 in bolt circle.

In both new Cases, we will need to make sure that the bolt pattern in the cylinder base is indexed to the ports, and we may want to add dowel pin holes to the base. There is a 3¼-8 UN ( 2¼ deep internal thread in the piston rod on the 200 ton cylinder, but this internal thread is an option on the 300 ton cylinder. The 200 ton cylinder has a 9½-12 external collar thread which we will probably not use. The 300 ton cylinder has an external thread available only as an option, and was not requested in the above quote.

Later analysis of the insert pusher defections (see pages 43-46), showed that insert pushers will have to get larger to allow the longer key lengths available with larger cylinders. The toroid diameters in Case #3 and #7 have increased to account for this, as well as for the increased height of the cylinders. Both new Cases place the cylinder stroke at 1.00 in when the collars are closed.

The 200 ton cylinders will allow insertion of a key as long as 7.50 in, but the press will be at 7000 pump psi to close the collars. The 300 ton cylinders will allow insertion of a key as long as 11.25 in with the press at 7000 pump psi, but insert pusher deflections may be too large. The 300 ton cylinders will allow insertion of a 7.50 in key with the press at 4800 pump psi, with smaller insert pusher deflections.

In all Cases, the maximum stress in the toroid occurs at the points of contact of the main cylinders, a tension stress in the outer radius extreme fibers. These stresses are developed with only the main hydraulic cylinders operating at full pressure (10,000 pump psi), which is not intended at Fermilab, so the actual working pressure stresses will be proportionally lower. Also, the stresses shown result from considering the cylinder forces as a point load instead of distributed through a cylinder mounting plate. As shown by the FEA on page 23, this should lower the actual maximum stresses by around 6%.

Case #3 - New Toroid Analytic Solution (200 ton) :
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Figure 6: New Toroid Geometry (200 ton)

The same solution technique is applied to this toroid and cylinder configuration. The first pair of cylinders, 200 tons each, are oriented like the force pair in Boresi’s example shown in Figure 2. The bending moments and the deflections are calculated at three points: at θ = 0°, at θ = 45°, and at θ = 90°. These three positions will specify the cylinder contact points, at which the stresses due to bending moment will be the highest. By symmetry, analyzing one quarter of the toroid will provide a solution at all points around the ring.

From Boresi, page 365 and 368:
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From Boresi, page 332, for the radius of the neutral axis:
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From Boresi, page 392:
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Applied to the first 200 ton cylinder pair:
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At the free end of the quarter-ring, the displacements due to the first 200 ton cylinder pair are:


[image: image326.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

in

psi

in

in

lb

in

in

in

psi

in

in

lb

in

lb

in

in

in

psi

lb

in

psi

in

lb

in

x

0684

.

0

10

29

27

253

,

962

,

1

70

6073

.

2

27

10

29

70

4

27

000

,

400

253

,

962

,

1

6073

.

2

27

70

10

29

4

000

,

400

27

10

11

70

4

000

,

400

27

20

.

1

6

2

6

2

2

6

6

2

=

´

×

+

-

´

-

×

-

´

-

´

=

d



[image: image327.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

in

psi

in

in

lb

in

lb

in

in

in

psi

in

in

lb

in

lb

in

in

psi

in

lb

in

psi

in

lb

in

y

0792

.

0

10

29

70

253

,

962

,

1

4

1

27

000

,

400

70

6073

.

2

27

10

29

70

1

8

3

27

000

,

400

1

2

253

,

962

,

1

6073

.

2

27

10

29

70

8

000

,

400

27

10

11

70

8

000

,

400

27

20

.

1

6

2

2

6

2

6

2

6

2

-

=

´

×

-

-

-

-

´

-

-

-

×

+

´

-

´

-

=

p

p

p

p

p

d


By symmetry around the ring, the moments and deflections calculated for this 200 ton cylinder pair will be the same for the second 200 ton cylinder pair. The orientation of the two cylinder pairs are 90° apart, so the respective moments and deflections for the second 200 ton cylinder pair will merely be rotated 90° relative to the first.

The 10 ton force pairs of the IB3 tooling are up-scaled to 20 tons at each point, provided by two 10 ton cylinders at each of the four locations. Applying the same procedure to the first 20 ton cylinder pair, oriented like the force pair in Boresi’s example shown in Figure 2:
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At the free end of the quarter-ring, the displacements due to the first 20 ton cylinder pair are:


[image: image346.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

in

psi

in

in

lb

in

in

in

psi

in

in

lb

in

lb

in

in

in

psi

lb

in

psi

in

lb

in

x

0068

.

0

10

29

27

225

,

196

70

6073

.

2

27

10

29

70

4

27

000

,

40

225

,

196

6073

.

2

27

70

10

29

4

000

,

40

27

10

11

70

4

000

,

40

27

20

.

1

6

2

6

2

2

6

6

2

=

´

×

+

-

´

-

×

-

´

-

´

=

d



[image: image347.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

in

psi

in

in

lb

in

lb

in

in

in

psi

in

in

lb

in

lb

in

in

psi

in

lb

in

psi

in

lb

in

y

0079

.

0

10

29

70

225

,

196

4

1

27

000

,

40

70

6073

.

2

27

10

29

70

1

8

3

27

000

,

40

1

2

225

,

196

6073

.

2

27

10

29

70

8

000

,

40

27

10

11

70

8

000

,

40

27

20

.

1

6

2

2

6

2

6

2

6

2

-

=

´

×

-

-

-

-

´

-

-

-

×

+

´

-

´

-

=

p

p

p

p

p

d


By the same symmetry argument, the respective moments and deflections for the second 20 ton cylinder pair will merely be rotated 90° relative to the first. In respect to the first 200 ton cylinder pair, the first 20 ton cylinder pair will then be rotated 45°, causing the second 20 ton cylinder pair to be oriented at -45°.

Now all the bending moments and deflections from each of the force pairs are known. The resultant moments and deflections from the action of all force pairs can now be calculated. By symmetry of the full ring, understanding these resultants at two cross-sections is sufficient.

The moments are added using the principle of superposition while considering symmetry:

At θ = 0( (and 90(, 180(, and 270() :


200 ton cylinders, first pair
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200 ton cylinders, second pair
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20 ton cylinders, first pair
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20 ton cylinders, second pair
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Resultant moment due to all cylinders
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Resultant moment due to 200 ton cylinders only
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At θ = 45( (and 135(, 225(, and 315() :


200 ton cylinders, first pair
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200 ton cylinders, second pair
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20 ton cylinders, first pair
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20 ton cylinders, second pair
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Resultant moment due to all cylinders
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Resultant moment due to 200 ton cylinders only
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It should be noted that the maximum resultant bending moments occur under the action of only the 200 ton hydraulic cylinders, even at the points of action of the 20 ton cylinders. In other words, the smaller cylinders act in a way that reduces the bending moments caused by the larger cylinders at all points.

Next the deflections are added using the principle of superposition while considering symmetry. The contribution of the 20 ton cylinders to the deflections at θ = 0(, 90(, 180(, and 270( is not considered, nor is the contribution of the 200 ton cylinders to the deflections at θ = 45(, 135(, 225(, and 315(. While these components may be calculated, the resultant deflections are so small that these contributions are considered negligible.

Then, the stresses in the extreme fibers are calculated using the resultant moments from Boresi incorporated into the Hibbeler / Boresi curved beam formula. At each cross-section considered, the stress distribution from the bending moment is added to the stress due to tension from the appropriate hydraulic cylinders. The forces contributing to these tensions are shown in Figure 7.

Superposition of deflections, δ indicates a change in the radius of the ring:

At θ = 0( (and 90(, 180(, and 270() :


200 ton cylinders, first pair
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Resultant deflection
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At θ = 45( (and 135(, 225(, and 315() :


20 ton cylinders, first pair
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20 ton cylinders, second pair
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Resultant deflection
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Figure 7: Resultant Forces For Tension Components

At θ = 0( :
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At θ = 45( :



[image: image397.wmf](

)

(

)

lb

lb

P

P

all

P

R

000

,

20

843

,

282

2

45

sin

20

200

+

=

+

°

=



[image: image398.wmf](

)

=

all

P

R

 
[image: image399.wmf]843

,

302

 
[image: image400.wmf]lb





[image: image401.wmf](

)

=

200

R

P

 
[image: image402.wmf]843

,

282

 
[image: image403.wmf]lb


The stresses in the extreme fibers due to the action of all cylinders:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)


[image: image404.wmf](

)

(

)

(

)

(

)

(

)

=

-

-

×

-

=

in

in

in

in

in

in

in

lb

moment

8481

.

26

27

5

.

23

70

5

.

23

8481

.

26

368

,

399

,

1

2

s

 
[image: image405.wmf]748

,

18

-

 
[image: image406.wmf]psi



[image: image407.wmf](

)

(

)

=

=

2

70

284

,

228

in

lb

tension

s

 
[image: image408.wmf]261

,

3

 
[image: image409.wmf]psi





[image: image410.wmf]=

total

s

 
[image: image411.wmf]487

,

15

-

 
[image: image412.wmf]psi


Outer radius extreme fiber (assume tension)
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At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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The stresses in the extreme fibers due to the action of the 200 ton cylinders only:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)
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Outer radius extreme fiber (assume tension)
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At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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Case #7 - New Toroid Analytic Solution (300 ton) :
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Figure 8: New Toroid Geometry (300 ton)

The same solution technique is applied to this toroid and cylinder configuration. The first pair of cylinders, 300 tons each, are oriented like the force pair in Boresi’s example shown in Figure 2. The bending moments and the deflections are calculated at three points: at θ = 0°, at θ = 45°, and at θ = 90°. These three positions will specify the cylinder contact points, at which the stresses due to bending moment will be the highest. By symmetry, analyzing one quarter of the toroid will provide a solution at all points around the ring.

From Boresi, page 365 and 368:
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From Boresi, page 332, for the radius of the neutral axis:
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From Boresi, page 392:
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Applied to the first 300 ton cylinder pair:
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At the free end of the quarter-ring, the displacements due to the first 300 ton cylinder pair are:
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By symmetry around the ring, the moments and deflections calculated for this 300 ton cylinder pair will be the same for the second 300 ton cylinder pair. The orientation of the two cylinder pairs are 90° apart, so the respective moments and deflections for the second 300 ton cylinder pair will merely be rotated 90° relative to the first.

The 10 ton force pairs of the IB3 tooling are up-scaled to 30 tons at each point, provided by two 15 ton cylinders at each of the four locations. Applying the same procedure to the first 30 ton cylinder pair, oriented like the force pair in Boresi’s example shown in Figure 2:
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At the free end of the quarter-ring, the displacements due to the first 30 ton cylinder pair are:
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By the same symmetry argument, the respective moments and deflections for the second 30 ton cylinder pair will merely be rotated 90° relative to the first. In respect to the first 300 ton cylinder pair, the first 30 ton cylinder pair will then be rotated 45°, causing the second 30 ton cylinder pair to be oriented at -45°.

Now all the bending moments and deflections from each of the force pairs are known. The resultant moments and deflections from the action of all force pairs can now be calculated. By symmetry of the full ring, understanding these resultants at two cross-sections is sufficient.

The moments are added using the principle of superposition while considering symmetry:

At θ = 0( (and 90(, 180(, and 270() :


300 ton cylinders, first pair
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300 ton cylinders, second pair
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30 ton cylinders, first pair
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30 ton cylinders, second pair
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Resultant moment due to all cylinders
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Resultant moment due to 300 ton cylinders only
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At θ = 45( (and 135(, 225(, and 315() :


300 ton cylinders, first pair
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300 ton cylinders, second pair
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30 ton cylinders, first pair
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30 ton cylinders, second pair
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Resultant moment due to all cylinders
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Resultant moment due to 300 ton cylinders only
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It should be noted that the maximum resultant bending moments occur under the action of only the 300 ton hydraulic cylinders, even at the points of action of the 30 ton cylinders. In other words, the smaller cylinders act in a way that reduces the bending moments caused by the larger cylinders at all points.

Next the deflections are added using the principle of superposition while considering symmetry. The contribution of the 30 ton cylinders to the deflections at θ = 0(, 90(, 180(, and 270( is not considered, nor is the contribution of the 300 ton cylinders to the deflections at θ = 45(, 135(, 225(, and 315(. While these components may be calculated, the resultant deflections are so small that these contributions are considered negligible.

Finally, the stresses in the extreme fibers are calculated using the resultant moments from Boresi incorporated into the Hibbeler / Boresi curved beam formula. At each cross-section considered, the stress distribution from the bending moment is added to the stress due to tension from the appropriate hydraulic cylinders. The forces contributing to these tensions are shown in Figure 9.

Superposition of deflections, δ indicates a change in the radius of the ring:

At θ = 0( (and 90(, 180(, and 270() :



300 ton cylinders, first pair
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Resultant deflection
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At θ = 45( (and 135(, 225(, and 315() :


30 ton cylinders, first pair
δ 
[image: image558.wmf]=

 
[image: image559.wmf]0097

.

0

 
[image: image560.wmf]in

 smaller



30 ton cylinders, second pair
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Resultant deflection
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Figure 9: Resultant Forces For Tension Components

At θ = 0( :
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At θ = 45( :
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The stresses in the extreme fibers due to the action of all cylinders:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)
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Outer radius extreme fiber (assume tension)


[image: image590.wmf](

)

(

)

(

)

(

)

(

)

=

-

-

×

-

=

in

in

in

in

in

in

in

lb

moment

0944

.

30

25

.

30

34

90

34

0944

.

30

714

,

351

,

2

2

s

 
[image: image591.wmf]290

,

19

 
[image: image592.wmf]psi



[image: image593.wmf](

)

(

)

=

=

2

90

426

,

342

in

lb

tension

s

 
[image: image594.wmf]805

,

3

 
[image: image595.wmf]psi





[image: image596.wmf]=

total

s

 
[image: image597.wmf]095

,

23

 
[image: image598.wmf]psi


At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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The stresses in the extreme fibers due to the action of the 300 ton cylinders only:

At θ = 0(, 90(, 180(, and 270( :

Inner radius extreme fiber (assume compression)
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Outer radius extreme fiber (assume tension)
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At θ = 45(, 135(, 225(, and 315( :


Inner radius extreme fiber (assume tension)
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Outer radius extreme fiber (assume compression)
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Insert Pusher Considerations:

In the existing tooling, the main cylinders mount to a cylinder holder (1630-MC-101608), which in turn attaches to a cylinder mount block (1630-MD-101602). The cylinder mount block attaches to the toroid, and guides the action of the insert pushers (5525-MC-344477). The cylinder mount block could probably be simplified or eliminated. The cylinder holders could be attached directly to the toroid, with a simpler guide system for the insert pushers. The cylinder mount blocks now completely enclose the cylinders, preventing access to fittings and making service more difficult. 

The insert pushers are made of 4150 HT steel. They attach to the cylinder mount blocks with die springs, to return them to their start position when the cylinders are retracted. The existing 100 ton cylinders are single-acting, and have a built-in return spring. The insert pushers are not attached to the cylinders.

The new double-acting cylinders may be used in the same way, or the insert pushers could be attached to the cylinders through the internal thread in the piston rod. This will eliminate the need for the die springs, but will require some thought to ensure that unwanted loads do not act on the piston rod. The guide system for the insert pushers should address this. The existing insert pusher may be analyzed as a simply supported beam with a single load at center:


Results of Anvil Section Analysis:
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Centroid Coordinates:
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2nd Moment About X:
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        Figure 10:

                Existing Insert Pusher

From Machinery’s Handbook, page 260 and 261:

Maximum Deflection at center of 4.00 in contact length :
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Maximum Stress (at center) :
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The stress shown is fairly low, only 21% of the 66,000 psi allowable stress for 100,000 psi yield 4150 HT steel. The deflection is negligible, and will actually be smaller because the cylinder force is not a point load, but is distributed across the area of the 3.62 in diameter piston rod. Also, the beam is not simply supported, but bears against laminations for its full length.

For Case #3, the 200 ton cylinder produced a stress of 57,148 psi, and a deflection of 0.0049 in, using the existing insert pusher cross-section extended to 8.407 in in length. This stress is below allowable, and the deflection is reasonable considering the above arguments. However, if it were desired to reduce the deflection, the height of the cross-section could be increased 1.00 in. The Case #3 toroid was sized for this increase, and the following equations result.
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Centroid Coordinates:
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2nd Moment About X:
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        Figure 11:

                200 ton Insert Pusher

From Machinery’s Handbook, page 260 and 261:

Maximum Deflection at center of 8.407 in contact length :
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Maximum Stress (at center) :
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The stress shown is fairly low, only 57% of the 66,000 psi allowable stress for 100,000 psi yield 4150 HT steel. The deflection is almost negligible, and will actually be smaller because the cylinder force is not a point load, but is distributed across the area of the 4.88 in diameter piston rod. Also, the beam is not simply supported, but bears against laminations for its full length.

For Case #7, the 300 ton cylinder produced a stress beyond yield when using the existing insert pusher cross-section extended to 12.246 in in length. The height of the cross-section could be increased by 2.157 in, and the width by 1.25 in. The Case #7 toroid was sized for this increase, and the following equations result.
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Centroid Coordinates:
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2nd Moment About X:
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        Figure 12:

                300 ton Insert Pusher

From Machinery’s Handbook, page 260 and 261:

Maximum Deflection at center of 12.246 in contact length :



[image: image705.wmf](

)

(

)

(

)

(

)

4

6

3

3

4420

.

131

10

29

48

246

.

12

000

,

600

48

in

psi

in

lb

EI

PL

´

=

=

u



υ 
[image: image706.wmf]=

 
[image: image707.wmf]0060

.

0

 
[image: image708.wmf]in



Maximum Stress (at center) :
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The stress shown is reasonable, 76% of the 66,000 psi allowable stress for 100,000 psi yield 4150 HT steel. The deflection is not negligible, but will actually be smaller because the cylinder force is not a point load, but is distributed across the area of the 6.25 in diameter piston rod. Also, the beam is not simply supported, but bears against laminations for its full length.

In this Case, the insert pusher should perhaps be analyzed in a more realistic way to determine if the deflection will truly be a problem, or the contact length of the insert pusher could be reduced. If the length were limited to 9.50 in, the stress would be 39,081 psi, and the deflection would be 0.0028 in, very much like the 200 ton pusher. Under these conditions, the 300 ton cylinder would allow a 8.00 in to 8.50 in key to be inserted, while operating at only 5,430 pump psi.

In all Cases, the maximum contact compressive stress would occur if the piston rod were allowed to contact the insert pusher with no load cap or adapter. For the 200 ton cylinders of Case #3, the compressive stress would be 38,432 psi. For the 300 ton cylinders of Case #7 (assuming a 3¼-8 internal thread), the compressive stress would be 26,805 psi. In all cases, the compressive stress is well within the allowable limit of the insert pusher material.

One more point about the insert pushers. The existing pushers have a 4.00 in lamination contact length. At the ends of this 4.00 in, the contact surface abruptly ends. If the end of the insert pusher contacts the edge of a collar lamination, the lamination can be displaced, or chevroned, up or down. During the collaring of the mechanical model, this actually happened, making a loud popping sound, and chevroning the remainder of the un-keyed stack.

For this reason, it would be advisable to end the insert pusher contact length with a radius. This would have to be laid out to create a contact surface that pulled away gradually, and not so sharply that laminations contacting the radius would still be displaced up or down. If this idea is employed, the laminations adjacent to the effective insert pusher length would be partially compressed. Perhaps the straight portion of the pusher length will need to be reduced to allow for the load contribution of these partially pushed laminations.

Control Considerations:

The technicians in IB3 have expressed the desire to have retract control on the main cylinders, something they don’t have with the current tooling. For the hydraulic cylinders specified, OTC RD2002, are double-acting cylinders, rated at 200 tons pushing, and 113 tons pulling. OTC RD3002, are double-acting cylinders, rated at 300 tons pushing, and 147 tons pulling.

One of the problems encountered with the present tooling, is that the cylinders do not all extend at the same rate. OTC has a computer controlled synchronous lift system available. This system is perhaps more than is required, but is available with operating pressures up to 10,000 psi. Bill Robatzek suggested that a needle valve on the inlet of each main cylinder would allow us to manually control the faster cylinders at a moderate cost.

A 4-way valve is required to control the double-acting main cylinders, with advance/hold/retract functionality. These valves are available in manual or solenoid operation, and as remote or pump mount. We should use a valve that is equipped with built in check valves to prevent pressure loss when shifting from advance to hold.

The existing 100 ton cylinders have an oil capacity of 44.2 cubic inches each. The total oil capacity for the four cylinders is 176.8 cubic inches, or 0.77 gallons. The 200 ton cylinders will have an oil capacity of 83 cubic inches each. The total oil capacity for the four 200 ton cylinders will be 332 cubic inches, or 1.44 gallons. The 300 ton cylinders will have an oil capacity of 120 cubic inches each. The total oil capacity for the four 300 ton cylinders will be 480 cubic inches, or 2.08 gallons.

The existing pump, an Enerpac PER5305, has a 5.00 gallon usable oil capacity, and should be able to handle either of the new configurations, although cylinder fill times may be increased by a factor of 1.9 for the 200 ton cylinders, and by a factor of 2.7 for the 300 ton cylinders. The existing pump is the largest of the “Hushh-Pump” series, rated at 640 cubic inches per minute at 0-800 psi, and 120 cubic inches per minute at 800-10,000 psi.

If faster fill times are necessary, the Enerpac 70 series will supply 4.0 gallons (924 cubic inches) per minute at 0-1,000 psi, and 1.2 gallons (277 cubic inches) per minute at 1,000-10,000 psi. The Enerpac 80 series will supply 4.4 gallons (1,016 cubic inches) per minute at 0-3,700 psi, and 2.0 gallons (462 cubic inches) per minute at 3,700-10,000 psi.

One important control feature should be noted. The four main cylinders must be operated together at all times. If only one pair of cylinders is allowed to energize, the bending moments are maximized at the force contact points, and will result in a tension stress of 41,350 psi in the outer radius extreme fiber for the 200 ton cylinders, and 50,479 psi for the 300 ton cylinders. Since the yield strength ASTM A36 steel is exceeded, the stress formulas used are no longer applicable - the stress values are given only for reference. This effect is not a problem on the keying cylinders, and they should remain individually controlled.

Key Insertion Considerations:

The new toroid configurations shown merely up-scale the size of the key cylinders, and do not provide any more opportunity to close the collars by driving the keys than the existing tooling does. If that function is desired, an analysis of the required force, and the effect on the toroid stresses, would have to be done.

The cassettes in which the tapered keys are loaded are an item which might be improved. The technicians find it difficult to load and position the keys in the cassettes so that the eight key strings are inserted without gaps or overlaps. The increased key length will make the cassettes heavier and more difficult to use. Finding a way to fine tune the position of each key to be inserted is a challenging design issue which is not addressed in this document.

At the point of collar contact, the width of the cassette assembly is limited by the distance between the insert pushers. For the 200 ton cylinders, this distance will remain the same. For the 300 ton cylinders, this distance will remain the same if the angles on the sides of the insert pushers are merely extended to meet the new width.

On the existing IB3 tooling, the minimum distance between the 100 ton cylinder bodies is 7.68 in. For Case #3, the distance between the 200 ton cylinders becomes 8.61 in, and for Case #7, the distance between the 300 ton cylinders becomes 9.31 in. Since the cylinders in the existing tooling are buried within the cylinder mount blocks, these dimensions are not the limit of the cassette width, but the increase in available space would be proportional if the cylinder mount blocks are retained in the new design. Eliminating or reducing the size of the cylinder mount blocks would again increase the space available for the cassette assembly.

The existing 5 ton cylinders used for inserting the keys are Enerpac RC-50. These have body dimensions of 2.31 in long ( 1.62 in wide ( 1.62 in tall, with a 0.62 in stroke. Case #3 specifies a 10 ton cylinder. In the Enerpac RC series, only the RC-50 is made in a low profile, rectangular body style. Larger cylinders become round, with longer strokes. The RC-101 cylinders are 10 ton, have body dimensions of 2.25 in diameter ( 3.53 in tall, and a 1.00 in stroke. If used, they would require the width of the cassette assembly to increase by 0.63 in, and the height by 1.91 in.

Case #7 specifies a 15 ton cylinder The RC-151 cylinders are 15 ton, have body dimensions of 2.75 in diameter ( 4.88 in tall, and a 1.00 in stroke. If used, they would require the width of the cassette assembly to increase by 1.13 in, and the height by 3.26 in. Both key cylinder options are within the range of increased space between cylinder mount blocks, and the height range increase allowed by the larger toroid diameters.

Additional Considerations:

The existing tooling in IB3 is mounted on a platform which is approximately 4.00 in off the floor. This platform has four track wheels attached which allow the entire platform and tooling assembly to be moved away from the hole in the floor. No investigation was made into the hole required in the ICB floor. The existing tooling is supported off the platform by two vertical 1.07 in diameter threaded ball screw rods. These rods, along with two vertical guide rails, allow the entire toroid assembly to be raised and lowered.

The range of motion of the tooling height is from approximately 26 in to 42 in from the platform to the top of the toroid. This height adjusting feature was added to the IB3 tooling because the crane pick height limit did not allow long magnets to be collared for their full length. For short models, the technicians leave the height from the platform to the top of the toroid at approximately 32 in, and use the crane to adjust the position of the collared coil assembly.

From field measurements, at the maximum height, the unsupported column height of the ball screw rods is 21 in. The root diameter of the rods is 0.83 in. The estimated weight of the suspended IB3 tooling is 4300 lb, meaning each ball screw rod must support 2150 lb. The critical load these rods can support without buckling can be calculated.

From Hibbeler, page 667, for a column fixed at the bottom and free at the top:
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This calculation shows that the ball screw rods are able to support the weight of the IB3 tooling without buckling, at full height, with a safety factor of 1.8. The estimated weight of the Case #3 assembly with 200 ton cylinders and up-scaled mounting attachments is 8,000 lb. Solving the previous formula for the size of the new rod required to maintain a safety factor of 2 in the Case #3 design, gives a 1.00 in root diameter required. For the Case #7 design, the estimated weight of the suspended tooling is 12,000 lb, and the root diameter of the ball screw rod must be 1.11 in.

The height adjustment feature is a rather elaborate group of components that are not really used in normal production. If this feature is not retained in the new design, the fixed supports should hold the tooling approximately 32 in from the top of the platform to the top of the toroid, and be able to support the entire weight of the tooling and workers with an appropriate safety factor.

No additional loads are expected, but if the crane suspending the collared coil assembly were to be accidentally lowered while the main cylinders were squeezing, an additional 2300 lb could be transferred to the supports. If a crane failure occurred with a long magnet in the press, a very dangerous condition would result, and should perhaps be considered in the detailed design.

The platform on which the tooling rests may be able to be eliminated, depending on the method of vertical collaring chosen for ICB. This topic is discussed on pages 4 and 5 of this document. If the tooling does not have to be moved out of the way, the fixed supports can be attached to the floor. If the moving platform is necessary, it must support the full weight of the tooling, the hydraulics, the workers, and the collaring components and tools.

Conclusions:

Alternate collaring methods, specifically horizontal collaring, do not appear to be practical. Either the collar lamination must change to allow key insertion with only two-fold symmetry, or the press design must be drastically altered to allow vertical (and blind) key insertions Vertical collaring must be done in increments, but four-fold symmetry is preserved, and no special tooling is required to keep collar laminations in place. Based on these considerations, vertical collaring is the method of choice.

The height to the crane bridges in the Industrial Center Building poses some problems for vertical collaring. The length of the long model LHC IR quadrupoles will require process design attention. Several options exist which may or may not limit main crane travel in ICB, and may or may not allow the desired building layout location of the collaring station to be retained. Each of these options would allow vertical collaring to be done in ICB.

The collaring assembly mandrel is strong enough to support the weight of the coils, and collars within allowable stress limits, but not without large deflections. At least two intermediate support points will be required to limit deflections. These support points will require detail design to make them adaptable to changing diameters during the coil assembly and collaring operations. The support mechanism should facilitate horizontal to vertical lifts and returns.

The new collaring tooling design was based on the existing IB3 tooling. An analytic solution for the stresses and deflections in the toroid was developed and applied to the existing IB3 tooling. The analytic solution was verified by means of additional texts, finite element analysis, and field measurements.

The analytic solution was applied to two Cases representing new tooling with either 200 ton or 300 ton main hydraulic cylinders. Both Cases represent conservative, workable designs which limit stresses and deflections to within allowable values at full hydraulic capacity. All critical components and dimensions for each of the two Cases are specified in this document.

Case #7 with 300 ton main cylinders is the most practical design to pursue. Both new Cases will require ergonomic consideration for workers during collaring and keying operations. The 300 ton cylinders will allow the longest key lengths to be used, allow operation at the lowest hydraulic pressures, and provide the most adaptability for future magnet designs which may require larger dimensions or higher forces.

Finally, some detailed attention was given to several additional design considerations. Included is a section on insert pusher considerations, control considerations, key insertion considerations, and platform and tooling support considerations. Many requirements of the detail design for these functions are discussed and specified.
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