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Introduction


Technical Division / Engineering and Fabrication Department is undertaking the modification of an existing Tevatron H-Spool, H367, to allow the installation of 6 kA High Temperature Superconducting (HTS) power leads. The HTS power leads will replace the existing 5 kA conventional power leads produced by American Magnetics, Incorporated (AMI).


A pair of HTS power leads is being supplied by each of two outside vendors - American Superconductor Corporation (ASC), and Intermagnetics General Corporation (IGC). The first pair of leads to arrive and be successfully bench tested will be installed in H-Spool H367. The project engineer for ASC, located in Westborough, MA, is Anthony Rodenbush, and the project engineer for IGC, located in Latham, NY, is Drew Hazelton.


Because of the power lead dimensional and design differences, the H-Spool will require modification to the existing single-phase helium vessel, vacuum vessel, and nitrogen system piping. The purpose of this report is to document the modifications that could affect the pressure rating or vacuum integrity of the device. The intent is not to establish a new pressure rating, but to confirm that the pressure rating resulting from the modifications is no less than that which has been previously documented.


During the H-Spool redesign, the principles of the ASME Boiler And Pressure Vessel Code, Section VIII, Division 1 were applied, as well as the principles of the Fermilab ES&H Manual, Section 5031 for Pressure Vessels and Section 5033 for Vacuum Vessels. Allowable stresses were taken from the ASME Code material specifications in Subsection C. ANSYS finite element analysis was performed on all critical components.


It should be emphasized that the only cutting and welding of the existing H-Spool single-phase system occurred at the extreme end of the power lead extension. The maximum pressure rating of all spool single-phase systems is determined by components of the single-phase box internal to the main spool volume. Those components were not touched, or even seen, during the course of these modifications.

Briefly, the H-Spool modification consists of the following steps:

· Disassemble the upstream bellows extension and power lead vacuum vessel extension.

· Disassemble the upstream and power lead shield components.

· Remove the two single-phase cups surrounding the bottom of the power leads.

· Remove the existing AMI power leads.

· Reroute the nitrogen piping to supply LN2 to the HTS power leads.

· Install ASME Code-stamped LN2 reservoir and piping.

· Install two Beams Division cryogenic valves and actuators.

· Install HTS power lead pair.

· Install new single-phase components and test single-phase helium vessel.

· Install new LN2 system components and test LN2 system.

· Install new and existing shield components.

· Install new and existing vacuum vessel components and test vacuum vessel.

· Complete leak checks and electrical tests - perform system tests.

Current Pressure Ratings


As reported by Tom Nicol in his March 18, 1999 documentation of Tevatron recooler spool modifications, in the early development days of the Tevatron, the design of spools did not adhere to the requirements of the ASME Code. Since then, much work has been done to document those early designs through analysis and testing. All Tevatron spools are proof tested to 75 psi at room temperature as part of the final assembly qualification. 


A paper by J.C. Theilacker, B.L. Norris, and W.M. Soyars entitled "Tevatron Quench Pressure Measurement", documents a series of tests that measured quench pressure in various Fermilab cryogenic devices, at energies up to 1000 GeV. The paper states that "A rectangular box in the spool piece that houses the quench stopper has been identified as the weakest component, yielding at a pressure of 1.45 MPa (210 psia) near liquid helium temperatures."


The tests showed that a peak pressure of 1.24 MPa (180 psia) was developed, measured at 1000 GeV. At energies of 900 GeV and above, the peak was reached in around 280 ms and dissipated as quickly. Based on this evidence of actual peak pressure experienced by a Tevatron spool, all H-Spool single-phase redesign was based on an internal pressure of 180 psia. All vacuum vessel redesign was based on an external pressure of 15 psia.

Modification Details


Potential areas in the H-Spool in which the modifications could affect either the pressure ratings or the vacuum vessel integrity are as follows:

· The added liquid nitrogen reservoir and piping.

· The added bellows motion restrainer device.

· The redesigned single-phase helium vessel components around the power leads.

· The redesigned vacuum vessel components around the power leads.

Added Liquid Nitrogen Reservoir and Piping

The liquid nitrogen reservoir is a two-gallon double wall vessel used as a phase separator to ensure that nitrogen in the liquid state is delivered to the HTS power leads. The inner vessel connects to the existing H-Spool nitrogen piping at the spool upstream extension. The outer vessel connects to the existing H-Spool vacuum system, providing a common insulating vacuum space from the spool, to the reservoir, through the Beams Division valves, through two flexible hoses, and terminating in bayonet assemblies inserted into the power leads.


The reservoir was built by an outside vendor, Meyer Tool in Oak Lawn, Illinois. The inner nitrogen vessel was required to be an ASME Code compliant pressure vessel, with an internal MAWP of 100 psia at a minimum temperature of 77 K. These values were provided by Tom Peterson, based on his experience with the Tevatron nitrogen system.


The outer vacuum vessel was not required to be ASME Code compliant, but to be designed and manufactured to the rules and recommended practices of the ASME Code for vacuum vessels, with an external MAWP of 30 psia with full internal vacuum. The liquid nitrogen reservoir is shown on Fermilab drawing #5520-ME-351765, and is accompanied by Fermilab engineering specification #5520-ES-351764.


All piping and vacuum jacketing were designed according to these MAWP. All components were required to meet ASME Code material specifications, and be accompanied by material certification. The flexible hose and bayonet assemblies, built by Quality Cryogenics in Jasper, Georgia, are shown on Fermilab drawing #5520-MD-351811. The bayonet design was requested by ASC as an interface requirement, and adopted by IGC for compatibility.

Added Bellows Motion Restrainer Device

The existing power leads connect to a pair of copper bus bars, which pass through a pair of horizontal bellows. The bellows connect the back plate of the single-phase power lead extension to the power lead single-phase cups. The cups are suspended from a top plate by a pair of stainless steel tube assemblies, which surround the power leads. During a quench, the pressure increase tends to extend the bellows, applying a side load to the stainless steel tube assemblies, and to a mechanical support device under the single-phase cups.


The support device consists of a stainless steel pin welded to each single-phase cup, and positioned by a pair of G-10 blocks, which screw to the shield. The bellows extension forces must be transferred through the pins into the G-10, and ultimately into the copper shield. The current design may also allow forces to be transmitted to the power leads. Depending on the actual contact area, this mechanism can produce a very large heat leak into the helium.


This support device will be replaced by a pair of pair of stainless steel screws, which are located between the two bellows. These screws connect to blocks welded to both the existing back plate of the single-phase power lead extension, and to the front plate of the new box which will replace the single-phase cups. The effective area of the bellows, 5.7 in², times the 180 psi internal pressure, equals the extension force per bellows, 1026 lb.


Each screw has to resist this force. For a 5/16-24 UNF thread, with a 0.058 in² stress area, the stress developed in each screw is 17,690 psi. The maximum allowable stress for 304 stainless steel bolt material is 18,800 psi, per the ASME Code table UHA-23.


The existing back plate of the single-phase extension (1620-MB-126687) was then analyzed. The maximum ASME allowable stress for 316L stainless steel plate is 16,700 psi by Table UHA-23. This value is then derated by 0.8 per the Fermilab ES&H Manual (Article 5031TA-2), giving 13,360 psi as the maximum allowable membrane stress.


The existing back plate is part of a welded rectangular pressure vessel. For total stress in the plates of a rectangular vessel (membrane plus bending), ASME Code specifies 1.5SE as the maximum allowable. The weld joint efficiency, E, is taken as 0.6 by Table UW-12. Therefore, the ASME allowable total stress is 1.5(13,360)(0.6) = 12,024 psi.


Using ANSYS, the weld perimeter was modeled and a 180 psi internal pressure was applied. The stresses in the plate were within allowable limits, as shown in Table 1. The motion restrainer block with welds was then added to the ANSYS model, and the bellows extension force was applied to the screw contact areas. Again, the stresses were within allowable limits.

Table 1: ANSYS Finite Element Analysis
von Mises Stress
Sum of Deflections

Existing single-phase back plate with 180 psi internal pressure.
9,270 psi
0.0009 in

Existing single-phase back plate with 180 psi internal, pressure, welded motion restrainer block, and additional screw forces.
11,202 psi
0.0005 in

Redesigned Single-Phase Helium Vessel Components

A new box will be added to the H-Spool single-phase system to replace the existing single-phase cups that surround the bottom of the power leads. The new box is considered by ASME definition as a rectangular pressure vessel with flat, unstayed ends. There are two multi-diameter openings in both the top plate, and the front plate of the box. The inside dimensions are 4.19 in high ( 3.50 in wide ( 7.75 in long.


The length / width and length / height ratios are small, 2.21 and 1.85 respectively. According to Appendix 13-4(h), ASME Code analysis can be expected to show higher than actual stresses because the nearby end plates increase the stiffness of the box. Also, the added bellows motion restrainer block, the added screw forces, and the weld prep grooves are not covered by ASME Code calculations. For these reasons, ANSYS finite element analysis was employed.


First the ASME Code example 13-17(a) was studied. In this example, a rectangular vessel is analyzed according to the principles of the following sections:


Appendix 13

Vessels of Non-Circular Cross Section


Part UW


Requirements for Pressure Vessels Fabricated by Welding


Part UG-34

Unstayed Flat Heads and Covers


Table UCS-23

Maximum Allowable Stress Values in Tension for Carbon Steel


This example was then modeled in ANSYS, to compare the finite element analysis to the Code calculations. The results are summarized in Table 2. The nodal solution plot for the multi-diameter hole plate analysis is shown in Figure 1.
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Figure 1
Table 2: ASME Code Calculation / ANSYS Summary
von Mises Stress

ASME Code Example 13-17(a)


ASME Code Midpoint Short Side Total Stress
6,155 psi

ANSYS FEA Midpoint Short Side Total Stress
6,003 psi




ASME Code Maximum Long Side (constant diameter holes) Total Stress
18,400 psi

ANSYS FEA Maximum Long Side (constant diameter holes) Total Stress
18,357 psi




ASME Code Maximum Long Side (multi-diameter holes) Total Stress
20,725 psi

ANSYS FEA Maximum Long Side (multi-diameter holes) Total Stress
20,763 psi


Based on the close agreement of these results, the new single-phase box was then analyzed using ANSYS. The new box was modeled and a 180 psi internal pressure was applied. The model included the finalized geometry with end plates, the weld prep grooves, the added bellows restrainer block with welds, and the bellows extension forces applied to the screw contact areas. The nodal solution plot for the front plate analysis is shown in Figure 2.
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Figure 2


The maximum ASME allowable stress for 304 stainless steel plate is 18,800 psi by Table UHA-23. This value is then derated by 0.8 per the Fermilab ES&H Manual (Article 5031TA-2), giving 15,040 psi as the maximum allowable membrane stress. For total stress in the plates of rectangular vessels (membrane plus bending), ASME Code specifies 1.5SE as the maximum allowable. The weld joint efficiency, E, is taken as 0.6 for a single-welded butt joint (Table UW-12). Therefore, the ASME allowable total stress is 1.5(15,040)(0.6) = 13,536 psi.


An alternate weld joint design was desired to make the box easier to disassemble. To replace the butt welds with fillet welds, the weld joint efficiency, E, is taken as 0.45 for a single-welded fillet joint (Table UW-12). For this design, the ASME allowable total stress is 1.5(15,040)(0.45) = 10,152 psi. The stresses in all components were within allowable limits, as shown in Table 3.

Table 3: ANSYS Finite Element Analysis
von Mises Stress
Sum of Deflections

New single-phase box with 180 psi internal pressure, weld prep grooves, bellows restrainer block with welds, and screw forces.



Front Plate - 0.375 in thick
10,030 psi
0.0015 in

Top Plate - 0.562 in thick
9,183 psi
0.0011 in

Back Plate - 0.375 in thick
7,585 psi
0.0022 in

End Plates - 0.312 in thick
5,213 psi
0.0017 in

Bottom Plate - 0.375 in thick
4,377 psi
0.0007 in

Vertical Tube - 3.500 in O.D. x 0.035 in wall
9,238 psi
0.0011 in

Redesigned Vacuum Vessel Components

The H-Spool vacuum vessel is not required to be ASME Code compliant, and is exempt from the rules of Fermilab ES&H Manual (Section 5033 Vacuum Vessel Safety) because its volume is less than 35 ft³. All new components were designed with an external pressure of 15 psia with full internal vacuum, and analyzed using ANSYS.


Conservatively applying the rules for pressure vessels, the maximum ASME allowable stress for 304 stainless steel plate is 18,800 psi by Table UHA-23. This value is then derated by 0.8 per the Fermilab ES&H Manual Article 5031TA-2. The weld joint efficiency, E, is taken as 0.45 for a single-welded fillet joint (Table UW-12). The ASME allowable total stress 1.5(15,040)(0.45) = 10,152 psi. The stresses in all components were within allowable limits, as shown in Table 4.

Table 4: ANSYS Finite Element Analysis
von Mises Stress
Sum of Deflections

New vacuum box with 15 psi external pressure.



Back Plate - 0.312 in thick
8,824 psi
.0085 in

Side Plates - 0.250 in thick
8,953 psi
.0037 in

Summary


Based on the existing operating history of Tevatron spools and the analyses and testing programs undertaken during the course of this history, the analysis summarized above shows that the integrity of spools subject to the modifications described is not compromised.


The added liquid nitrogen reservoir is an ASME Code compliant pressure vessel. The added bellows motion restrainer device does not compromise the pressure rating of the existing single-phase box, and eliminates a potentially large heat leak. The new single-phase helium vessel components, and the new vacuum vessel components, were designed according to the principles of the ASME Pressure Vessel Code and the Fermilab ES&H Safety Manuals. Analysis shows that all stresses are within allowable limits.
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