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Note 2:  Stress Analysis of the Triplet Cold Mass Supports under Quench Conditions – with and without the Stainless/Invar Hook
Bob Wands

Ingrid Fang

This note summarizes the results of the following load cases:

1. Cooldown and quenching of the triplet (20 bar pressure loads) without the stainless/Invar hook
2. Cooldown and quenching of the triplet (20 bar pressure loads) with the stainless/Invar hook.
Introduction and Summary

The highest loads on the warm system occur in the 25 bar warm pressure test. 

This work looks at the combined effects of cooldown (which reacts the components of the system against each other internally) and the expected 20 bar quench pressure. 

The results show that, as pertains to cooldown, the addition of the hook has a negligible effect on the support reactions. The hooks themselves produce only a few hundred pounds of reaction; the forces on the Q1 and Q3 magnets during cooldown are dominated by the 5500 lbs/in (9.6 kN/cm) bellows that join the two to the Q2.  This bellows force preloads the supports in the opposite direction to the forces produced by the subsequent quench pressure.

The maximum reactions due to cooldown occur with the hook, at the Q1 and Q2 fixed supports, and are essentially identical at 3260 lbs (14.5 kN) at each support.
The maximum support reaction under the quench loading without the hook is 17220 lbs (76.6 kN), and occurs at the Q1 fixed support. The Q3 fixed support reaction is somewhat smaller at 14030 lbs (62.4 kN).
When the hook is added, the cold and quenched system produces a maximum support reaction of 2300 lbs (10.2 kN), which occurs at the sliding support of Q2 that is nearest the IP. The reactions at the Q1 and Q3 fixed supports, which have been preloaded against the hooks and bellows, actually drop as the quench pressure is applied, though they do not reverse sign.

The stresses in the stainless/Invar hook are well within the working stress limits for the materials. 

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. Cooldown and quenching of the triplet without the stainless/Invar hook. A 20 bar pressure force of 30700 lbs, acting toward the IP, was applied to the Q1 cold mass. A force of 25800 lbs, acting away from the IP, was applied to the Q3 cold mass.
2. Cooldown and quenching of the triplet with the stainless/Invar hook. Pressure loading is the same as Load Case 1. 

Cooldown is simulated in each case by reducing the temperature of the system from 293 K to 4.2 K uniformly. The hooks are also assigned a temperature of 4.2 K over their entire length. This will produce larger contractions than the real case (since in the real case there must be a gradient from 293 K to 4.2 K over some length of the rods), and will overestimate the hook cooldown reactions.

Results
Load Case 1

The force balance on the three cold masses is shown in Fig. 2 for the cooldown and the combined cooldown plus quench loading when the hooks are not used.
The Q1 and Q3 magnets behave in a very similar fashion during cooldown. The maximum support reaction due to cooldown is 3200 lbs and occurs at the sliding supports of these two magnets. For Q1, this force is directed toward the IP; for Q2, this force is directed away from the IP. It appears to be primarily the result of resisting both the reaction of the adjacent fixed support, and the bellows forces. 
When the 20 bar quenching pressure is applied, the maximum support reaction occurs at the Q1 fixed support, and is 17220 lbs. This is somewhat of a reduction from the 20100 lbs which this support reacted in the warm 20 bar pressure test. The difference is attributable to the “preloading” of the support against the sizable bellows forces produced during cooldown. The direction of this cooldown reaction is opposite that of the 20 bar pressure-induced reaction, providing a small reduction in final force. 
Fig. 3 and Fig. 4 show the in-plane shear stresses in the Q1 fixed and sliding supports, respectively. The calculated stresses in the fixed support in the region of the collars, even when the concentrations are ignored, are well above the maximum allowable shear stress of 9500 psi.

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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[image: image5.png]Sliding Q1 support - axial load 3258.7829 lbs
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	Magnet
	Cold Mass Axial Displacement  

(positive away from IP)

	
	Cooldown Only
	Cooldown + Quench

	
	in
	mm
	in
	mm

	Q1
	0.053
	1.35
	-0.30
	-7.62

	Q2
	-0.00025
	-0.006
	-0.0029
	-0.073

	Q3
	-0.054
	-1.37
	0.24
	6.1


Load Case 2
The force balance on the three cold masses is shown in Fig. 5 for the cooldown and the combined cooldown plus quench loading when the hooks are used.

The maximum support reactions due to cooldown alone again occur at the sliding supports of Q1 and Q3. They are slightly larger (3260 lbs vs 3200 lbs) than the those calculated for the model without the hooks. This is because the hooks provide additional force, which is additive to the much larger bellows force, therefore raising the cold mass support reactions.
The maximum support reaction for the combined cooldown plus quench loading is 2300 lbs, and occurs at the sliding support of Q2 that is closest to the IP. The Q1 and Q3 sliding supports, which have been preloaded against the bellows and hook forces, actually drop in response to the pressure loading.
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 for the combined cooldown and quenching loads (The hook forces for cooldown only are negligible); 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
	5160
	11260

	A-C
	Stainless steel
	8000
	11850

	D-D
	Invar
	14550
	-


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 combined cooldown and 20 bar quench pressure are below these allowables. 
The maximum allowable primary membrane stress intensity for the Invar is 21600 psi, which is well above the 14550 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 maximum calculated stress, even considering concentrations, is well below the maximum allowable shear stress of 9500 psi.
	Magnet
	Cold Mass Axial Displacement 

(positive away from IP)

	
	Cooldown Only
	Cooldown + Quench

	
	in
	mm
	in
	mm

	Q1
	0.056
	1.42
	-0.0051
	-0.13

	Q2
	-0.00020
	-0.005
	-0.00066
	-0.017

	Q3
	-0.056
	-1.42
	-0.0048
	-0.12


The cold mass motions for both the cooldown and the cooldown plus quenching pressures is shown in Table V.







Conclusion
The effect of adding the hooks is to slightly increase the support reactions due to cooldown, and dramatically reduce the maximum reactions under the combined cooldown and 20 bar quench pressure loadings. 

The hooks themselves work comfortably below their design limits. They produce small forces during cooldown, and take considerable reaction under pressure loading.
The highest support reaction in the triplet will occur in the Q1 and Q3 sliding supports during cooldown when the hook is used. Because these supports are preloaded against the considerable bellows forces (and the small contribution made by the hook), these reactions will actually drop – though not reverse sign – when the pressure loading is applied. 
Appendix
Movement of Sliding Supports due to Cooldown Only

The table below gives the axial motion of the sliding supports on the Q1, Q2, and Q3 for cooldown only, both with and without the hook.
These motions were taken as the motion of the collar which is attached to the support, and slides on the pin attached to the cold mass.

There is essentially no difference in sliding support motions with or without the hook. This is consistent with the low tensile force which the hooks develop during cooldown

	Support
	Motion of Sliding Supports 

(positive away from IP)

	
	without hook
	with hook

	
	in
	mm
	in
	mm

	Q1
	0.046
	1.17
	0.047
	1.19

	Q2 – IP side
	0.032
	0.81
	0.032
	0.81

	Q2 – non-IP side
	-0.041
	-1.04
	-0.041
	-1.04

	Q3
	-0.056
	-1.42
	-0.056
	-1.42


25800 lbs @ 20 bar





30700 lbs @ 20 bar








Figure 1. The Finite Element Model of the Triplet showing 20 bar Quenching Pressure Loads
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Figure 7. Calculated In-Plane Shear Stress in Q1 Fixed Support for Load Case 2 – Cooldown only





collar for load transfer to support





Figure 8. Calculated In-Plane Shear Stress in Q1 Sliding Support for Load Case 2 – Cooldown only





fixed support - 65 lbs


                         (2910 lbs)





Figure 6. Stress Intensity in Hook for Load Case 2 





Figure 3. Calculated In-plane Shear Stress in Q1 Fixed Support for Load Case 1 – Combined Cooldown + Quench Loading





Figure 4. Calculated In-plane Shear Stress in Q1 Sliding Support  for Load Case 1 – Combined Cooldown + Quench Loading
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Table II. Allowable Stresses





Table I. Material Properties





Table IV. Stress Intensity in Invar Rod Critical Sections for Load Case 2





30700 lbs


(0 lbs)





bellows - 6330 lbs


               (5590 lbs)





IP





bellows - 6393 lbs


               (6100 lbs)





Q1





bellows - 7770 lbs


               (6115 lbs)





bellows – 7940 lbs


               (6000 lbs)





IP





sliding support - 2260 lbs


                            (2195 lbs)





fixed support - 60 lbs


                         (-86 lbs)





sliding support - 2250 lbs


                            (2300 lbs)    





Q2





bellows - 7770 lbs


               (6115 lbs)





IP





sliding support - 4140 lbs


                            (-3230 lbs)





fixed support - 410 lbs


                          (-2990 lbs)





Q3





fixed support - 14030 lbs


                         (-2826 lbs)





bellows - 7940 lbs


               (6000 lbs)





IP





fixed support - 17220 lbs


                          (-2840 lbs)





Q1





Q1





sliding support - 5560 lbs


                            (-3190 lbs)  





sliding support - 1770 lbs


                             (3260 lbs)





Figure 2. Reactions for Cooldown and Quenching (20 bar pressure loads) – without hook





bellows – 6330 lbs
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sliding support - 2205 lbs


                            (2195 lbs)





fixed support - 63 lbs


                         (90 lbs)





25800 lbs


(0)





bellows - 6393 lbs
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IP





sliding support - 2020 lbs
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Figure 5. Reactions for Cooldown and Quenching (20 bar pressure loads) – with hook





Table III. Cold Mass Movement Due to Load Case 1





Table V. Cold Mass Movement Due to Load Case 2





30700 lbs


(0 lbs)





25800 lbs


(0 lbs)





B





A





C





D





D





sliding support - 2300 lbs


                           (2300 lbs)





Q2





hooks - 25720 lbs


             (227 lbs)





hooks - 21610 lbs


             (134 lbs)





NOTE: Numbers without  parentheses are for the combined cooldown and quench pressure loading. Forces for these numbers act in the direction indicated. Numbers in parentheses are for the cooldown only. A negative number indicates that the direction of the cooldown reaction is in the opposite direction of the combined loading reaction at that location.





NOTE: Numbers without  parentheses are for the combined cooldown and quench pressure loading. Forces for these numbers act in the direction indicated. Numbers in parentheses are for the cooldown only. A negative number indicates that the direction of the cooldown reaction is in the opposite direction of the combined loading reaction at that location.





stainless steel





Invar
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