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Q1 Pipe Anchor Stress Analysis

T. Page – April 12, 2007

This analysis addresses the stress in the LHC IR quadrupole Q1 pipe anchor.  This anchor is at the IP end of Q1 and serves two functions.  The first is to protect the elbow that connects the L-line to the cold mass end dome.  This elbow is not designed to take the full pressure load from the attached L-line.  The second function of the pipe anchor is to provide a fixed point for the internal piping.  The anchor attaches to the following pipes inside the cryostat: L, LD1 and XBt.  The anchor can be seen in Figure 1.
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Figure 1.  Q1 IP end internal piping.
The analysis was done using ANSYS analysis software and spreadsheet calculations of the stresses in the welds.  The reaction forces and moments determined by ANYS were used in the spreadsheet calculations.  There were two cases that were modeled.  The first case models the as built condition.  The second case models the system with reinforcement added to the pipe anchor.  The reinforcement in this case is in the form of gussets added between the cold mass and pipe anchor.  This provides additional structural support and reduces the bending of the pipe anchor plate which in turn reduces the forces on the elbow.
The materials used in construction are as follows:
· L pipe : 6” Sch.5 304 stainless steel pipe

· LD1 pipe : 1.75” x 0.065” wall 304 stainless steel tube

· XBt pipe : 3” Sch.5 304 stainless steel pipe

· Cold mass skin: 0.394” (10 mm) 304L stainless steel
· Anchor: 1” thick 304 stainless steel plate

· End dome elbow:  3.5” OD x 0.12” wall 304 stainless steel elbow
The ASME Code allowable stresses for the base materials used are as follows:
· 304 S.S:  
20,000 psi

· 304L S.S.:  
16,700 psi

According to UW-18 of the Code, fillet welds shall use a joint efficiency of 55% based on the allowable stress of the material being welded.  This reduces the allowable stress in the weld joints as follows:
· 304 S.S to 304 S.S. weld:  
11,000 psi

· 304L S.S to 304 S.S. weld.:  
9,185 psi

The loads on the piping system are due to the force produced by the bellows when pressurized to 20 bar.  These loads are reacted at the pipe anchor and the elbow on the end dome. The loads used in both analysis cases were taken at the 20 bar MAWP and are as follows:
· L:
10,056 lb. (zero pre-compression of bellows per CERN’s new H-piece design)
· LD1:
2,480 lb. (includes 19 mm designed pre-compression of bellows)
· XBt:
1,184 lb. (includes 19 mm designed pre-compression of bellows)


Case 1

Case 1 represents the as built Q1 cryostat piping system.  The boundary conditions are shown in Figure 2.
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Figure 2.  Boundary conditions (both cases).
The mesh can be seen in Figure 3.
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Figure 3.  Case 1 finite element mesh.

The results from ANSYS show a maximum stress of 17,870 psi in the pipe anchor at the connection with the cold mass.  There is also a high stress (10,500 psi) at the pipe elbow to hx outer shell connection, but this is lower than the Code allowed since this is a 304 SS to 304 SS weld.  The von-Mises stress plots can be seen in Figures 4 and 5.
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Figure 4.  Case 1 von-Mises stress plot 1.
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Figure 5.  Case 1 von-Mises stress plot 2.

Since the welds are not modeled in the ANSYS FEA, it is hard to say if these stresses shown at the connections are in the base metal or the weld metal.  Therefore, a hand calculation was performed to analyze the weld.  In order to obtain the reaction forces at the weld, the cold mass and end dome were removed from the model and a fixed support was placed at each of those locations.  The reaction forces were then directly computed in ANSYS.  Table I shows the results from this calculation. 
Table I.  Weld stresses for as-built condition.
	Anchor to Cold Mass Weld
	units
	 

	length of weld
	15
	in
	 

	size of weld
	0.236
	in
	 

	tw
	0.167
	in
	 

	area of weld
	2.505
	in^2
	 

	 
	 
	 
	 

	 
	 
	 
	 

	b = arc length
	17.00
	in 
	 

	d = plate thickness
	1
	in
	 

	h = equiv weld over b
	0.104
	in
	 

	A = equiv area (check)
	2.505
	in^2
	 

	Fz = 
	13955
	Reaction forces from ANSYS;
Forces [lb],

Moments  [in-lb]

	Fy =
	-2397
	

	Mx = 
	50889
	

	My =
	16194
	

	c = d/2
	0.50
	in
	 

	I =
	0.63
	in^4
	 

	Sig
	40622
	psi
	 normal

	tau =
	5570
	psi
	 shear

	 
	 
	
	 

	Sig (von-Mises)
	41758
	psi
	 

	 
	 
	 
	 

	Elbow to dome weld
	 
	 
	 

	radius
	1.75
	in
	 

	h = weld size
	0.079
	in
	 

	c = radius
	1.75
	in
	 

	A =
	0.612
	in^2
	 

	Fz =
	235
	lb
	 

	Mx =
	9302
	in-lb
	 

	I = 
	0.937
	in^4
	 

	Sig =
	17367
	psi
	 normal

	Tau = 
	384
	psi
	 shear

	Sig (von-Mises)
	17383
	psi
	 


You can see from these results that the calculated stresses in the welds are higher than the Code allowable.  Based on these results, we need to reinforce the pipe anchor.
Case 2

Case 2 represents the piping system with gussets added for additional support of the pipe anchor plate.  The boundary conditions for Case 2 are the same for Case 1.  Two gussets were added, one each side of the L line.  The mesh with the gussets can be seen in Figure 6.
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Figure 6.  Case 2 finite element mesh.

The von-Mises stress plots can be seen in Figures 7 and 8.  We see that the stresses at the weld connections are reduced.  The maximum is at the gusset to anchor connection.  
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Figure 7.  Case 2 von-Mises stress plot 1.
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Figure 8.  Case 2 von-Mises stress plot 2.

The hand calculations show a reduction in the weld stress as well.  The results are shown in Table II.  All of the calculated stresses in the welds are below the Code allowable. 
Table II.  Weld stresses for reinforced condition.

	Anchor to Cold Mass Weld (304 SS to 304L SS)
	 

	b = arc length
	17.00
	 in
	 
	 

	d =
	4.921
	 in
	 
	 

	h = 
	0.236
	 in
	 
	 

	A = equiv area
	4.479
	 in^2
	 
	 

	Fz = [lb]
	14011
	<--
	Reaction forces / moments from ANSYS

	Fy =[lb]
	-1378
	<--
	

	Mx = [in-lb]
	59972
	<--
	

	ybar =
	0.90
	 in
	 
	 

	I =
	9.61
	 in^4
	 
	 

	Sig
	5937
	 psi
	 
	 normal

	tau =
	3128
	 psi
	 
	 shear

	 
	 
	 
	 
	 

	Sig (von-Mises)
	8039
	 psi
	 
	 

	 
	 
	 
	 
	 

	Elbow to dome weld (304 SS to 304 SS)
	 
	 
	 

	radius
	1.75
	 in
	 
	 

	h = 
	0.079
	 in
	 
	 

	c = radius
	1.75
	 in
	 
	 

	A =
	0.612
	 in^2
	 
	 

	Fz = [lb]
	290
	<--
	Reaction forces / moments from ANSYS

	Mx = [in-lb]
	5031
	<--
	

	I = 
	0.937
	 in^4
	 
	 

	Sig =
	9393
	 psi
	 
	 normal

	Tau = 
	474
	 psi
	 
	 shear

	Sig (von-Mises)
	9430
	 psi
	 
	 

	 
	 
	 
	 
	 

	Elbow to Hx weld (304 SS to 304 SS) (assume weld takes entire axial load)

	weld adapter diameter
	4.5
	 
	 in
	 

	length of weld
	14.137
	 
	 in
	 

	weld size
	0.157
	 
	 in
	 

	throat size
	0.111
	 
	 in
	 

	area
	1.574
	 
	 in^2
	 

	Force
	14000
	 
	 lb
	 

	Shear stress
	8893
	 
	 psi
	 

	 
	 
	 
	 
	 

	Shear stress in pipe to anchor welds* (304 SS to 304 SS)
	 

	Pipe
	HX Outer Shell
	Cooldown
	Pumping

	Force on weld [lb]
	10056
	2480
	1184

	Length of weld ]in]
	12
	4
	9

	Size of weld [in]
	0.125
	0.125
	0.125

	Throat of weld [in]
	0.088
	0.088
	0.088

	Shear in weld [psi]
	9481
	7014
	1488


Conclusion
The Q1 pipe anchor system was analyzed to insure compliance with the ASME Code.  The as-built system shows high stresses in the weld joints that do not meet the Code.  These stresses are still below the ultimate strength of the material but the safety factor at these locations is below that used by the Code. Based on these results, a solution was proposed to reduce the stresses in the weld to be below the Code allowable.  This solution requires welding gussets between the pipe anchor and the cold mass on the IP end of Q1.  There is limited space in this area and any welding can only be performed on the IP side of the anchor.  The back side of the anchor is not accessible.  Special care is needed when welding in the cryostat as all the piping and cold mass are wrapped with MLI.
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