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SCOPE

This document describes the anticipated maximum mechanical loads on the piping and internal support structure for the 3.9 GHz cryomodule, ACC39.   ACC39 will be installed in FLASH between ACC1 and the Endcap.  One can see in Figure 1 that ACC1 and the Endcap are cooled by a separate branch of piping from the TTF feedbox.  Thus, ACC39 will be at the end of a very short cryogenic “string” with one other cryomodule.  
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Figure 1 – FLASH flow schematic (particle beam goes left to right)

PIPING CONFIGURATION 

Piping configuration details are presented in the ACC39 INTERFACES document and in the Piping Engineering Note, so will not be presented again in complete detail here.  Figures 2 and 3 illustrate the piping interconnects in FLASH.  Figures 4 and 5 illustrate the piping within ACC39.  Figure 6 illustrates the interconnects on the Cryomodule Test Bench (CMTB).  
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Figure 2 – ACC39 cryomodule with FLASH interconnect piping
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Figure 3 – ACC39 cryomodule, close-up view of FLASH interconnect piping

Figures 2 and 3 result from combining our ACC39 solid model with solid model information from DESY on the cryomodule piping interconnects.  
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Figure 4 – ACC39 cryomodule piping
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Figure 5 – Another view of ACC39 piping
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Figure 6 – ACC39 cryomodule with CMTB interconnect piping

ANALYSIS OF AXIAL AND LATERAL LOADING ON PIPING AND SUPPORTS

Piping loads could come from two different sources, unbalanced loads due to the combination of pressure and an asymmetric pipe configuration (Figure 7), and mechanical end loads on the pipes due to offsets and bellows spring constants.  
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Figure 7 – Piping load with bellows
The first issue, unbalanced forces due to internal pressure and asymmetric piping with bellows, does not arise in either FLASH or CMTB, since the piping is symmetric.  Pipes are open at each end of the cryomodule, there are no offsets of one end relative to another, interconnects at each end are the same, and end box piping is self-supported, not anchored axially or radially to ACC39 piping (See e-mail from Detlef Sellmann in References, but DESY should confirm that no bellows constraints are different at the turnaround box end compared to ACC1 end).  

For the second issue, bellows spring rates with offsets at the interconnects, again we refer to the e-mail from Sellmann, which provides bellows spring constants.  Suppose the entire cryomodule is offset in one direction from either ACC1 or the Endcap.  Neglecting the ability of the vacuum connection to take the offset and forces on the vacuum vessel, consider the sum of the forces in the internal piping, which is ultimately taken on the support posts.  Consider two cases, axial and lateral offset.  

Summing all the interconnect bellows lateral spring constants:  200 N/mm + 3.03 N/mm + 4 x 8.05 N/mm + 4.91 N/mm + 1.61 N/mm = 241.8 N/mm, dominated by the 168 mm low pressure gas pipe.  The distance to the bellows from the support post can be (depending on the pipe) as much as approximately the distance between support posts.  So the reaction load at the near support post to a lateral offset load would be multiplied by two, due to the lever arm.  Thus, the lateral load on the support post would be very conservatively (less than) 480 N/mm of interconnect offset.  

Table 1.  Support post allowable stresses and maximum loads


[image: image8.emf]Type of  Support post  Support post  Support post  Support post 

load allowable  allowable  loads at  load at 

stress stress allowable  allowable 

(source:  T. Nicol)  stresses stresses

(psi) (Mpa) (lbf) (N)

vertical* 9060 62 29000 128992

lateral** 9060 62 3050 13566

axial** 9060 62 6640 29535

*  calculated using parameters from D. Mitchell, "G10 Cold Post Loading", 9 Nov 2007

** from Tom Nicol communication 15 April 2009 


Ultimate stress for G10 or G11 material in posts as measured in TD is about 31,700 psi (218 MPa) which results in an allowable stress of about 9060 psi (62 MPa).  Analysis of the ACC39 support posts results in an allowable lateral load based on this allowable stress of 3050 lbf (13566 N) on each post (see Table 1).  Since the posts with axial loads are constrained from having a bending moment, the allowable axial load (which is carried by one post) is larger than the lateral load.  Comparing the total inner pipe spring rate with the 13500 N maximum lateral load, we have 13500/480 = 28 mm offset.  So a lateral offset of 28 mm brings the posts to their allowable stress limit.  Also, for reference, Sellmann mentions a 500 N limit for lateral loading for the accelerator cryomodules.  Lateral loading of the piping assembly due to interconnect tolerances will not be a problem.  

Now consider axial loads, which due to the constraint on rotation from the presence of two posts, results in essentially pure shear on the one fixed post.  The sum of the spring constants is:  60 N/mm + 4.8 N/mm + 4 x 14.2 N/mm + 13.9 N/mm + 6.54 N/mm = 142.0 N/mm.  One post can carry 29535 N.  Comparing the axial spring rate with allowable load, we have 29535/142 = 208 mm axial offset.  This is, of course, not a realistic offset, but just means that the bellows would deform before the post would be overstressed.  Axial loading of the piping assembly due to interconnect tolerances will not be a problem.  During assembly, bellows are axially preloaded, but any practical compressive loading will not overstress the load-bearing post.  

LATERAL ELASTIC PIPE INSTABILITY

At a bellows at the end of a cantilevered pipe, lateral displacement force is proportional to lateral displacement and to internal pressure.  (See Figure 8.)  

[image: image9]
Figure 8 – Lateral offset at a bellows resulting in offsetting force due to internal pressure.  (Figure from P. Mazur, personal communication, for a magnet test stand.  But concept applies to any interconnect with bellows.)  
If the restoring spring constant of the piping system in which the bellows is installed is less than the constant relating lateral displacement force to lateral displacement (a “negative spring constant”) at a given pressure, the system is transversely, elastically unstable at that pressure.  Relatively light pipe supports near the bellows can prevent this instability by adding stiffness.   
Referring to Figure 8, F(P) = PAsin(Qmax) where F(P) is the lateral force as a function of pressure, P is pressure in the system (vacuum outside), A is bellows areas, and Qmax is the maximum angle of displaced convolutions. 

Tan(Qmax) = 3Y/(2(L+X)), where X, Y, and L are shown in Figure 8.  For small angles, F(P)/Y = 3 PA/(2(L+X)).  Instability occurs when F(P)/Y exceeds the restoring spring constant, determined by bellows and pipe stiffness.  

The excel spreadsheet shown in Figure 13 contains calculations of cantilever pipe stiffness and offsetting force versus displacement.  The worst cases are the 70 K pipes due to the 18 bar MAWP and length.  (See Figures 9 - 12.)  Pipe cantilever stiffness is calculated as if the pipe were supported only by the first two clamps to the thermal shield, and those are both rotationally free.  Hence, the cantilever length and support spacing are both required and shown in the figures.  
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Figure 9.  The cantilevered end of the 70 K shield return pipe at ACC-1.
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Figure 10.  The cantilevered end of the 70 K shield return pipe at the endcap.
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Figure 11.  The cantilevered end of the 70 K shield forward pipe at ACC-1.
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Figure 12.  The cantilevered end of the 70 K shield forward pipe at the endcap.

Assuming identical bellows at the endcap as at the interconnect with ACC-1 (bellows dimensions picked off the JT file model at the ACC-1 interconnect), the worst-case predicted stiffness of the pipe is 356 N/mm, for the 70 K forward pipe at the endcap.  This should be compared with an offsetting force as a function of displacement of 69 N/mm.  Thus, the pipe is stable with a margin of safety of about 5.  This does not take into account the restoring spring constant of the bellows itself (8.05 N/mm) and the constraint of a “clamshell” around the bellows.  


[image: image14.wmf]Bending

Flange 

Distance

Cantilever 

Modulus of 

moment of

to first

between

lateral

Pipe 

MAWP

Material

elasticity

OD

ID

Wall

inertia

support

supports

spring rate

(bar)

(N/mm^2)

(mm)

(mm)

(mm)

mm^4

(mm)

(mm)

(N/mm)

4-5 K shield

5

6061-T6 Sch 80

68900

60.32

49.25

5.54

360872

419

180

710

70 K forward pipe, ACC1 end

18

6061-T6 Sch 80

68900

60.32

49.25

5.54

360872

402

170

807

70 K forward pipe, cap end

18

6061-T6 Sch 80

68900

60.32

49.25

5.54

360872

536

194

356

70 K return pipe, ACC1 end

18

6061-T6 Sch 80

68900

60.32

49.25

5.54

360872

484

165

490

70 K return pipe, cap end

18

6061-T6 Sch 80

68900

60.32

49.25

5.54

360872

565

140

331

2 K forward pipe

2

316L

193000

48.26

44.96

1.65

65661

550

229

4 K forward pipe

5

316L

193000

60.32

54.79

2.77

207389

474

1128

Warmup line

2

316L

193000

42.16

36.63

2.77

66679

332

1055

Displacement

Bellows

MAWP

OD

ID

Length

Area

force

(bar)

(mm)

(mm)

(mm)

(sq mm)

(N/mm)

4-5 K shield

5

70 K return pipe (both ends)

18

74.44

58.66

170.95

4350

69

70 K forward pipe (both ends)

18

74.44

58.66

170.95

4350

69

2 K forward pipe

2

4 K forward pipe

5

74.44

58.66

170.95

4350

19

Warmup line

2


Figure 13 – Calculated cantilevered pipe stiffness and offsetting force 

(Displacement forces are identical at each end due to the presence of identical bellows.  Forces are very small for the low pressure lines, so only one 5 K line is shown for illustration purposes.)  
SHIPPING LOADS

Both the shipping crate and cryomodule assembly will be exposed to shock and vibration accelerations during handling and transport. Maximum values that the base frame is likely to experience according to measurements conducted by NASA and the US Department of Defense for the modes of transport, by aircraft and truck is as follows.  [See 3.9 GHz Cryomodule Crating and Shipping Specification for details.]

•
Maximum transmitted vertical shock acceleration: ± 6.0 g

•
Maximum transmitted transverse shock acceleration: ± 2.0 g

•
Maximum transmitted longitudinal shock acceleration: ± 5.0 g

The above loads are damped by a shock-absorbing spring system in the frame assembly.  Shipping tests showed that shock loads to the cryomodule are reduced by at least a factor of two.  This damping factor is quoted in the “3.9 GHz Cryomodule Crating and Shipping Specification” and was also verified with tests (Mike McGee, personal communication, Appendix 3).  Thus, the above quoted  maximum accelerations may be conservatively reduced by a factor of two to provide maximum expected accelerations on the cryomodule.  

The support post allowable stresses and maximum loads in Table 1, combined with a conservative estimate of the cold mass as 8896 N (2000 lb), allow one to define the g-loads which correspond to maximum allowable support stress.  Table 2 shows that the allowable acceleration loads are larger than the worst-case anticipated shipping loads.  The cryomodule support posts will not be overstressed by the worst-case anticipated shipping loads.  
Table 2.  Post allowable stress, loads and resulting allowable acceleration loads


[image: image15.emf]Predicted Predicted

Type of  Post Post Total mass  Mass G-load at maximummaximum

load allowable load at  supported supportedallowable shipping shipping

stress allowable by posts by each  stresses load on  load on 

(T. Nicol) stresses post frame module

(Mpa) (N) (N) (N) (g's) (g's) (g's) Notes

vertical 62 128992 8896 4448 29.0 6.0 3.0 note 1, 2

lateral 62 13566 8896 4448 3.1 2.0 1.0 note 1 

axial 62 29535 8896 8896 3.3 5.0 2.5 note 1, 3

Note 1.  Post allowable stress from Tom Nicol communication 15 April 2009

Note 2.  Load at allowable stress calculated using parameters from D. Mitchell, "G10 Cold Post Loading", 

Note 3.  Note that the vertical and lateral loads are naturally shared by the two support posts, but the 

axial loads are only shared if the free post is anchored.  Constraints to the posts were provided   

during shipping but are not assumed in the table.     


The may be some sharing of axial load by the two support posts, but it was not assumed for the above analysis.  Quoting from Don Mitchell regarding the support post constraints for shipping (see note 3 in Table 2) such that the posts share the load:  

“The coldposts in the 3rd harmonic cryomodule have been constrained from movement for the shipping to DESY. The unistrut has been added on top to keep the coldmass from lifting off of its mounts during shipping (not used during operation). The coldmass is less than 2000 pounds, but it was never weighed after it was completed. We use 2000 pounds as a conservative value. Both G10 tubes take the entire vertical load during shipping. Although one post is mounted on rollers, during shipping, there are 3 screws on the fixed post and 2 screws on the sliding post, that constrain the transverse movement. During operation, the screws on the sliding post are removed to allow for shrinkage during cooldown. Although the coldmass sliding post is not absolutely constrained in the longitudinal axis, the friction applied by the 2 side loading screws, plus from the unistrut compression on top, provide a significant additional restraint so that the fixed post does not have to take the entire forward load.”  

CONCLUSIONS

 The piping for ACC39 experiences maximum loads which are safely less than support structure strength.  A lateral offset of every pipe of 9 mm in the same direction will still be within safe stress limits for the internal support structure.  Axial offsets do not reach the support post allowable stresses.  Piping is stable with internal pressure with a margin of safety of about 5 in the worst case.  Shipping loads do not exceed allowable support post loads.  
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Appendix 1.  Bellows spring rates
The e-mail exchange with Detlef Sellmann quoting piping bellows spring rates is quoted here:  

From:  detlef.sellmann@desy.de

Subject: 
Re: [Fwd: 3.9 GHz cryomodule questions]

Date: 
 February 8, 2008 8:53:01 AM CST

To:  tommy@fnal.gov

Cc:  Bernd.Petersen@desy.de, claudia.engling@desy.de, kay.jensch@desy.de, sellmann@desy.de
Hello Tom,

the 3,9 GHz module will be connected to the process pipes of ACC1 and the endcap by identical bellows.

30 mbar low pressure pipe:  168,3x2 mm,  ax. springrate 60 N/mm






lat. springrate 200 N/mm

two phase pipe:

76,1x2 mm,  
ax. springrate 4,8 N/mm






lat. springrate 3,03 N/mm

40 K supply, :

60,3x2,77
ax. springrate 14,2 N/mm


80 K return,



lat. springrate 8,05 N/mm

4,5 K supply,

4,5 K return

1,8 K supply :

48,3x1,65
ax. Springrate 13,9 N/mm






lat. springrate 4,91 N/mm

warm up pipe :

42,2x1,65 mm
ax. springrate 6,54 N/mm






lat. springrate 1,61 N/mm

The bellows are equipped with outer guidance to prevent bulging, but there is enough clearance to allow for thermal shrinkage and tolerance in position. So the longitudinal forces in the process pipes will be balanced. The radial load on the cold mass of the module (all process pipes and shields) due to tolerances in position, is not larger than

500 N (the limit for the accelerator modules). The largest part of this value would be expected for the DN 150 bellow with the by far largest springrate (200 N/mm). The tolerances are less than 1 mm.

If you need further information, don´t hesitate to contact me

Best regards, and have a nice weekend

Detlef

Thomas J. Peterson wrote:

Hello Detlef,

Thank you very much for this information and for all the conflat  flange files.  I once again have my German-English dictionary on my  desk!

Regarding the connections from ACC1 and the Endcap to this 3.9 GHz  cryomodule, we would like to understand what forces, if any, the pipes  might see due to unbalanced pressure or mechanical loads.  For  example, if the endcap connects to the 3.9 GHz cryomodule pipes via  braided flex hose or bellows with axial constraints, perhaps the  cryomodule pipes would see some axial load due to pressure.  Or,  perhaps there is a thermal contraction in the endcap which places some  small axial or radial load on a pipe.

I do not expect any problem, since this cryomodule structure is  essentially the same as 1.3 GHz cryomodules like ACC1.

These questions might be more easily answered with some sketches or  drawings. We may just start by exchanging e-mails with attachments  such as PDF files.  I could arrange for a Webex meeting if that would  be useful.

Thank you and kind regards,

Tom 

Appendix 2.  Discussion of the 500 N lateral load limit mentioned in the e-mail exchange quoted in Appendix 1.  

The maximum measured piping lateral offset of 8.6 mm is documented in the ACC39 Interface Specification document.  Figure 13 in this document lists a lateral displacement force of 69 N/mm due to force from pressure in the bellows deviating from the axial direction.  This analysis did not take into account the restoring lateral spring rate of the bellows, which is 8 N/mm.  So the net offsetting force is 61 N/mm x 8.6 mm = 524 N, slightly above the stated 500 N allowable.  

Tom Peterson asked DESY for comment on April 29, 2009.  

Detlef Sellmann replied on April 30:  

“The 500 N limit for lateral forces to the cold mass of the accelerator modules is determined by the necessary alignment precision, and not by overstress in any component. So the load on a single tube is limited just by the stiffness of this tube. For the tube in question lateral loads of somewhat more than 500 N are still ok. The 500 N limit is the sum of the loads of all process pipes. The calculation of this summarized lateral load for a connection towards an ideal module (no tolerances for the position of all pipes) results in app. 330N. This is well within our limits. 

So we don´t expect any problems for the alignment of the cold mass of acc1 by the lateral offsets shown in the ACC39 Interface Specification document. 

For the connection to the endcap the situation is even more relaxed.”  
Appendix 3.  Resultant loads on cryomodule with damping provided by the shipping frame.  
From Mike McGee on 9 May 2009:  

“The shock values given in the shipping spec relate to possible conditions on the base frame.  The 3.9 GHz cryomodule transport assembly experienced over 2.4 g (vertically) on the base frame during take-off at O'Hare which had a corresponding 1.2 g on the coldmass.  The suspension system was designed to attenuate up to 80% in each direction.    In this case, roughly 50% attenuation was reported.  However, the DAQ was not synchronous and therefore we did not get a complete picture of the shock values.  Thresholds with triggers were set to understand if shock limits had been exceeded.  In this case, no event (or triggered shock) was reported ensuring that our shock on the coldmass remained beneath ~2 g.”
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_1301401930.xls
Sheet1

		TJP

		15-Apr-05

		Type of		Support post		Support post		Support post		Support post

		load		allowable		allowable		loads at		load at

				stress		stress		allowable		allowable

				(source:  T. Nicol)				stresses		stresses

				(psi)		(Mpa)		(lbf)		(N)

		vertical*		9060		62		29000		128992

		lateral**		9060		62		3050		13566

		axial**		9060		62		6640		29535

		*  calculated using parameters from D. Mitchell, "G10 Cold Post Loading", 9 Nov 2007

		** from Tom Nicol communication 15 April 2009





Sheet2

		





Sheet3

		






_1303538709.xls
Sheet1

		TJP

		10-May-05

				Support post shipping stresses with both posts equally sharing the load

																				Predicted		Predicted

		Type of		Post		Post		Post		Post		Total mass		Total mass		Mass		G-load at		maximum		maximum

		load		allowable		allowable		loads at		load at		supported		supported		supported		allowable		shipping		shipping

				stress		stress		allowable		allowable		by posts		by posts		by each		stresses		load on		load on

				(T. Nicol)		(T. Nicol)		stresses		stresses						post				frame		module

				(psi)		(Mpa)		(lbf)		(N)		(lb)		(N)		(N)		(g's)		(g's)		(g's)		Notes

		vertical		9060		62		29000		128992		2000		8896		4448		29.0		6.0		3.0		note 1, 2

		lateral		9060		62		3050		13566		2000		8896		4448		3.1		2.0		1.0		note 1

		axial		9060		62		6640		29535		2000		8896		8896		3.3		5.0		2.5		note 1, 3

		Note 1.  Post allowable stress from Tom Nicol communication 15 April 2009

		Note 2.  Load at allowable stress calculated using parameters from D. Mitchell, "G10 Cold Post Loading",

		Note 3.  Note that the vertical and lateral loads are naturally shared by the two support posts, but the

				axial load is only shared when the free post is constrained by special bolts for this purpose.		axial loads are only shared if the free post is anchored.  Constraints to the posts were provided

				I do not assume load-sharing for the axial loads in the above table.		during shipping but are not assumed in the table.
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_1155988848.xls
Sheet1

		3.9 GHz Cryomodule ACC39 piping stability analysis

		Tom Peterson

		4-Sep-04

																Bending		Flange		Distance		Cantilever

								Modulus of								moment of		to first		between		lateral		Notes

		Pipe		MAWP		Material		elasticity		OD		ID		Wall		inertia		support		supports		spring rate		Using Vis View on 3RD_HARMONIC_COMPLETE_ASSY_458727_20080516.jt		Reference

				(bar)				(N/mm^2)		(mm)		(mm)		(mm)		mm^4		(mm)		(mm)		(N/mm)

		4-5 K shield		5		6061-T6 Sch 80		68900		60.32		49.25		5.54		360872		419		180		710		About the same at both ends, one pipe attached to shield		4-5K_TOP_SHIELD_WELDMENT; 439667

		70 K forward pipe, ACC1 end		18		6061-T6 Sch 80		68900		60.32		49.25		5.54		360872		402		170		807		Measurement captured in ACC39-70KpipeLengths-4.jpg

		70 K forward pipe, cap end		18		6061-T6 Sch 80		68900		60.32		49.25		5.54		360872		536		194		356		Measurement captured in ACC39-70KpipeLengths-3.jpg

		70 K return pipe, ACC1 end		18		6061-T6 Sch 80		68900		60.32		49.25		5.54		360872		484		165		490		Measurement captured in ACC39-70KpipeLengths.jpg		70K_TOP_HALF_SHIELD_WELDMENT2; 440211

		70 K return pipe, cap end		18		6061-T6 Sch 80		68900		60.32		49.25		5.54		360872		565		140		331		Measurement captured in ACC39-70KpipeLengths-2.jpg		70K_TOP_HALF_SHIELD_WELDMENT2; 440211

		2 K forward pipe		2		316L		193000		48.26		44.96		1.65		65661		550				229		476 at short end		PIPE_FORWARD_2K_ASSEMBLY; 439473

		4 K forward pipe		5		316L		193000		60.32		54.79		2.77		207389		474				1128		405 at short end		FORWARD_4K_PIPE_ASSEMBLY; 439579

		Warmup line		2		316L		193000		42.16		36.63		2.77		66679		332				1055		302 at short end		PIPE-WARMUP_ASSEMBLY; 439513

																						Displacement

		Bellows		MAWP						OD		ID		Length				Area				force				Reference

				(bar)						(mm)		(mm)		(mm)				(sq mm)				(N/mm)

		4-5 K shield		5

		70 K return pipe (both ends)		18						74.44		58.66		170.95				4350				69

		70 K forward pipe (both ends)		18						74.44		58.66		170.95				4350				69

		2 K forward pipe		2

		4 K forward pipe		5						74.44		58.66		170.95				4350				19		Model appears to have bellows and transition coupler in same space

		Warmup line		2

																								Model appears to have a warm-up tube alignment mismatch
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