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Note 1:  Stress Analysis of the Triplet Cold Mass Supports for Warm Pressure Testing with and without the Stainless/Invar Hook

Bob Wands

Ingrid Fang

This note summarizes the results of the following load cases:

1. The warm 20 bar pressure test without the stainless/Invar hook (failure scenario)
2. The warm 25 bar pressure test with the stainless/Invar hook.
Introduction and Summary

A metal  “hook” acting in the axial direction has been proposed for remediation of the overstressing of the G11 cold mass supports on the Q1 quadrupole of the Fermilab LHC triplet. This hook consists of a U-shaped stainless steel portion which bears against the cold mass support bracket, and connects to the vacuum shell with long 0.75 in. diameter Invar rods. A stress analysis was performed using an FE model of all three magnets to assess the effects of this additional restraint under warm pressure testing.
The failure of the Q1 fixed support during testing occurred at a pressure of 20 bar, which produces an axial force of 30700 lbs (136.4 kN) on the Q1 acting toward the IP, and 25800 lbs (115 kN) on Q3 acting away from the IP. The calculated load on the fixed support at failure was 20100 lbs (89 kN); the calculated load on the floating support was 8760 lbs (39 kN). The calculated cold mass deflection of Q1 at 20 bar was 0.35 in (8.9 mm), toward the IP.
The required maximum test pressure is 25 bar. For this case, the axial loads on Q1 and Q3 are 38400 lbs (171 kN), and 32300 lbs (144 kN), respectively. When the hook is added to the system, it reacts approximately 31800 lbs (141 kN) of the load on the Q1; of the remainder, about 4300 lbs (19 kN) is carried by the Q1 fixed support, 1900 lbs (8.5 kN) by the Q1 sliding support, and about 400 lbs (1.8 kN) by the bellows interconnecting  Q1 and Q2
Stresses in the hook are within the limits of the materials. Maximum load on the Q1 fixed support is reduced from 20100 lbs to 4300 lbs (89.5 kN to 19 kN), a reduction of about 75%.
Geometry and Material Properties

The geometry was obtained directly from the I-deas solid models of the components. A half-symmetric solid model was generated, retaining all relevant support detail, and simplified interconnections.
Material properties used in the analysis are given in Table I.

Yield, ultimate, and allowable stress intensity for each material are shown in Table II. For the two metals, maximum allowable stress intensity is listed, based on the lower of 0.66 Sy and 0.33 Su. For conservatism, given the various modes in which G11 may fail, only ultimate shear stress was considered in establishing an allowable maximum shear stress for the G11. Tensile yield and ultimate were not used. The maximum allowable shear stress for  G11 is taken as 0.5 times the ultimate shear stress. 
	Material
	Young’s Modulus - psi
	Integrated Thermal Contraction ΔL/L  from 293 K to 4.2 K

	G11
	In-plane
	3e6
	0.0025

	
	Through thickness
	1e6
	0.0071

	Invar 36
	21.5e6
	0.0004

	SS304
	29e6
	0.0030

	Material
	Yield Stress in Tension, Sy - psi
	Ulimate Stress in Tension,   Su - psi
	Ultimate Stress in Shear - psi
	Maximum Allowable Stress Intensity - psi
	Maximum Allowable Shear Stress - psi

	G11
	-
	-
	19000
	
	9500

	Invar 36
	40000
	65000
	-
	21600
	-

	SS304 (SA240)
	30000
	75000
	-
	 20000
	-
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The Finite Element Model
The finite element model is shown in Fig. 1. Geometry was drawn directly from the CAD model. The bellows at the interconnections between cold masses were simulated with spring elements having a total stiffness of 5500 lbs/in at each interconnection.
Elements are second-order hexahedral and tetrahedral solids. A total of 500 thousand elements and 600000 nodes were used. Meshing of the supports was refined to include three elements through the half-inch thickness of the G11.
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Load Cases
Two load cases were considered:

1. The warm pressure test to 20 bar which resulted in failure of the supports. (The hook is not included in the analysis) An axial force of 30700 lbs, acting toward the IP, is applied to the Q1 cold mass. An axial force of 25800 lbs, acting away from the IP, is applied to the Q3 cold mass.
2. A warm pressure test to 25 bar which includes the hook to react axial forces. An axial force of 38400 lbs, acting toward the IP, is applied to the Q1 cold mass. An axial force of 32300 lbs, acting away from the IP, is applied to the Q3 cold mass.
Results
Load Case 1

The force balance on the three cold masses is shown in Fig. 2. 
Of the 30700 lbs acting on the Q1, 1920 lbs is reacted by the bellows that link Q1 to Q1. The remainder is shared by the two supports, with 20100 lbs reacted by the fixed support, and 8760 lbs reacted by the sliding support.
Q2, because of its isolation by relatively soft bellows, and the lack of any inherent pressure imbalance, shows very small support reactions, the largest being 150 lbs on the fixed support.

The Q3 supports are highly stressed, with the fixed support reacting 16900 lbs, and the sliding support reacting 7330 lbs.

The failure of the Q1 fixed support apparently occurred at 20100 lbs.
Figs 3 shows the in-plane shear stresses in the Q1 fixed support at the failure load. Even if the concentration is disregarded, there are large volumes of material around it with stresses in excess of 19 ksi, the maximum shear strength of the G11.
Stress concentrations are typically ignored for statically loaded ductile metals because their ability to yield without fracture allows safe stress redistribution. However, in the analysis of composites, these concentrations cannot be as readily dismissed. In the absence of a more sophisticated material model, and experience in predicting composite failures with FEA , the failure load of the supports is best determined by actual testing. 
The motions of the cold masses, taken as the motion of the bracket to which the support attaches at the fixed support of each magnet, are given in Table III.
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Sliding Q1 support - axial load -8759.13358 lbs
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Fixed Q1 support - axial load -4287.97912 lbs
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Sliding Q1 support - axial load -1881.8685 lbs






	Magnet
	Axial Movement 

(positive away from IP - inches)

	
	in
	mm

	Q1
	0.35
	8.9

	Q2
	-0.0025
	-0.06

	Q3
	0.30
	7.6


Load Case 2
The reactions for the various component for Load Case 2 are shown in Fig. 5. When the hook is added, and the warm pressure test load applied at its full pressure of 25 bar (an axial force of 38400 lb), the maximum reaction seen by any support occurs at the fixed support on Q1, and is 4300 lbs. This is about 20% of the load at which the support appears to have failed in the 20 bar test.
The fixed support is reacting about a quarter of the load it experienced at failure in the original 20 bar pressure test. 

The stresses in the hook can be evaluated by linearizing the primary membrane and bending stresses in the critical sections, as is routinely done in pressure vessel analyses.
Fig. 6 shows the stress intensity in the hook; the figure identifies three critical sections for evaluation. Table IV gives the primary stresses in those sections.

	Section

(see Fig. XX)
	Material
	Primary Membrane (psi)
	Primary Membrane + Bending (psi)

	A-B
	Stainless steel
	6800
	14400

	A-C
	Stainless steel
	8800
	12600

	D-D
	Invar
	18000
	-


Maximum allowable primary membrane stress intensity for the stainless steel (see Table II) is 20000 psi.  Maximum allowable primary membrane plus bending stress intensity is 1.5*20000 = 30000 psi. The stresses in the stainless steel under the 25 bar pressure loading are below these allowables. 
The maximum allowable primary membrane stress intensity for the Invar is 21600 psi, which is above the 18000 psi primary membrane stress calculated in the Invar rods.

The shear stresses in the Q1 fixed and sliding supports are shown in Figs. 7 and 8, respectively. The stress concentration at the collar is only 10000 psi; and the material surrounding the collar, in the area at which failure occurred in the 20 bar test, is stressed well below the maximum allowable shear stress of 9500 psi assumed for this analysis.

The cold mass motions for Load Case 2 are given in Table V.


	Magnet
	Cold Mass Axial Displacement 

(positive away from IP - inches)

	Q1
	-0.076

	Q2
	-0.0005

	Q3
	0.064






Conclusion
The failure of the fixed support on the Q1 appears to have occurred at an axial reaction force of about 20100 lbs. The stresses in the fiberglass as calculated by the FE model indicate that, in the region near the collar through which axial loads are transferred from the cold mass to the support the in-plane shear stress exceeded the ultimate shear stress of the G11. 

The addition of the hooks reduces the load on the fixed Q1 support by 75%. Shear stresses are proportionately reduced, to a calculated level that satisfies the criterion of a maximum allowable shear stress of 9500 psi. 

Other criterion could be applied. Though the failure of the G11 was likely progressive (composites are somewhat damage tolerant, for the same reasons that certain fabrics can arrest tears), this analysis, with its simplified material model, cannot predict the path of that failure well. However, if the failure of the Q1 fixed support provides at least some indication of its ultimate strength, then the installation of the hooks gives a safety factor of nearly five.
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Figure 1. The Finite Element Model of the Triplet showing 20 and 25 Bar Pressure Load Application
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Figure 7. Calculated In-Plane Shear Stress in Q1 Fixed Support @ 25 bar with Hook





collar for load transfer to support





Figure 8. Calculated In-Plane Shear Stress in Q1 Sliding Support @ 25 bar with hook





fixed support - 3620 lbs


                         





Figure 6. Stress Intensity in Hook 





Figure 3. Calculated In-plane Shear Stress in Q1 Fixed Support for Load Case 1 (failure)





Figure 4. Calculated In-plane Shear Stress in Q1 Sliding Support for Load Case 1
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Table II. Allowable Stresses





Table I. Material Properties





Table IV. Stress Intensity in Invar Rod Critical Sections
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Figure 2. Reactions for 20 Bar Warm Pressure Test – without hook
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Figure 5. Reactions for 25 Bar Warm Pressure Test – with hook





Table III. Cold Mass Axial Movement Due to Load Case 1





Table V. Cold Mass Motions for Load Case 2
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