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Complete magnet assembly (Q3)
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Q1 supports at IP 5L
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Brief history of notable design features
	External heat exchanger (including the corrugated copper tube)
	Driven by different Q1/Q3 and Q2 cold mass diameters from Fermilab and KEK. At the time of the initial design both labs were planning to build cold masses of each type. The external design allowed a magnet-independent heat exchanger design.
	Spider support
	Driven by the external heat exchanger which required a lot of radial space and precluded a suspension more like support posts used in the arc dipoles.
	We sought to make a suspension system that was laterally stiff to preclude small oscillations due to ground motion and other influences.
	Wanted to minimize warm to cold deviations.
	Constant pressure to minimize static heat load lead to reduced thickness supports.
	Welded cold mass bellows
	Driven by the desire to make quick connections to the Fermilab Magnet Test Facility feedbox without welding and subsequent cutting.
	Performance history at Fermilab has been good albeit with smaller diameters and lower operating pressures.
	We learned later that allowed pressures from manufacturers only apply when the bellows are compressed flat and restrained.
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Documentation
	Engineering Notes
	Technical Memos and Papers
	Specifications
	QA Documents
	Drawings
	Design Reviews
	Meetings and Workshops



Are all available at:
http://tomato.fnal.gov/lhcirq/pressure_test_review/index.html
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Materials
	304 stainless steel – Piping, flanges, etc.
	Allowable stress: 138 MPa (20000 psi)
	304L stainless steel – Cold mass skins
	Allowable stress: 115 MPa (16700 psi)
	6061-T6 aluminum – Shield shells and extrusions, pipe supports
	Allowable stress: 59 MPa (8600 psi)
	Carbon steel -  Vacuum vessel
	248 MPa (36000 psi) min yield, Charpy toughness 21 J/cm2 min, 28 J/cm2 average over 3 tests (equivalent to L485MB)
	G-11 CR – Supports
	Allowable stress: 69 MPa (10000 psi) based on 139 MPa (20000 psi) ultimate
	C932 bearing bronze – Support rods, cold mass adjusting screws
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Loads considered
	Shipping and handling loads. Vertical and lateral loads were thought to be the dominant loads driving the design of the suspension system. Axial shipping loads were always thought to be handled by external restraints.
	Cooldown loads associated with change in diameter and length of the cold mass, piping, and thermal shield.
	Pressure loading on the piping support system. Early design efforts focused more on individual magnet and cryostat elements rather than the system as a whole. Forces due to pressure asymmetries were underestimated and underappreciated.
	Vacuum loading on the external support system.
	Cold mass weight.
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Internal piping nomenclature
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Piping parameters


Pressures and flows

		Description		Fluid		P oper (atm)		P max (atm)		T (approx)		Flow (g/s)

		Pumping line		Ghe		TBD		TBD		1.8 K		TBD

		External heat exchanger outer shell		Lhe		TBD		TBD		1.8 K		TBD

		External heat exchanger inner tube		Lhe		TBD		TBD		1.8 K		TBD

		Cooldown line		Lhe		TBD		TBD		TBD		TBD

		LHe supply		Lhe		TBD		TBD		TBD		TBD

		4.5K supply		Lhe		TBD		TBD		4.5 K		TBD

		4.5K return		Lhe		TBD		TBD		4.5 K		TBD

		50-70K shield supply		Ghe		TBD		TBD		60 K		TBD

		50-70K shield return		GHe		TBD		TBD		60 K		TBD

		Input from Tom Peterson - Nov 13, 1998

		Description		Fluid		P oper (bar)		P max (bar)		T (approx)		Flow (g/s)

		Pumping line		Ghe		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell		Lhe		3.6		20.0		1.9 K		0.0

		External heat exchanger inner tube		Lhe		0.016		4.0		1.8 K		8.6

		Cooldown line		Lhe		3.6		20.0		1.9 K		TBD

		LHe supply		Lhe		0.016		4.0		1.8 K		8.6

		4.5K supply		Lhe		1.3		20.0		4.5 K		TBD

		4.5K return		Lhe		1.3		20.0		4.5 K		TBD

		50-70K shield supply		Ghe		19.5		22.0		60 K		TBD

		50-70K shield return		GHe		19.0		22.0		65 K		TBD

		Input from Tom Peterson - Nov 25, 1998

		Description		Fluid		P oper (bar)		P max (bar)		T (approx)		Flow (g/s)

		Pumping line		Ghe		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell		Lhe		3.6		20.0		1.9 K		0.0

		External heat exchanger inner tube		Lhe		0.016		4.0		1.8 K		8.6

		Cooldown line		Lhe		3.6		20.0		1.9 K		30.0

		LHe supply		Lhe		0.016		4.0		1.8 K		8.6

		4.5K supply		Lhe		1.3		20.0		4.5 K		1.1

		4.5K return		Lhe		1.3		20.0		4.5 K		1.1

		50-70K shield supply		Ghe		19.5		22.0		60 K		5.0

		50-70K shield return		GHe		19.0		22.0		65 K		5.0

		Piping parameters

		Description		Fluid		OD (mm)		ID (mm)		P oper (bar)		P des (bar)		T (approx)		Flow (g/s)

		Pumping line (XBt)		Ghe		88.90		85.60		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell (L)		Lhe		168.28		162.74		1.3		20.0		1.9 K		0.0

		External heat exchanger inner tube (XB)		Lhe		97.54		96.01		0.016		4.0		1.8 K		8.6

		Cooldown line (LD)		Lhe		44.45		41.96		1.3		20.0		1.9 K		30.0

		LHe supply (inside hx inner tube) (CY)		Lhe		15.88		13.39		0.016		4.0		1.8 K		8.6

		4.5K supply (M lines)		Lhe		19.05		15.75		1.3		20.0		4.5 K		1.1

		4.5K return (M lines)		Lhe		19.05		15.75		1.3		20.0		4.5 K		1.1

		50-70K shield supply (EE)		Ghe		38.10		31.75		19.5		22.0		60 K		5.0

		50-70K shield return (FF)		GHe		38.10		31.75		19.0		22.0		65 K		5.0

		Piping code parameters for MTF engineering note

		Description		P		D		S		E		t		P at MTF		t actual

		Pumping line		59		3.50		20000		1.0		0.005		1		0.065

		External heat exchanger outer shell		294		6.63		20000		1.0		0.049		100		0.109

		External heat exchanger inner tube		59		3.84		na		1.0		na		1		0.310

		Cooldown line		294		1.75		20000		1.0		0.013		100		0.065

		LHe supply		59		0.63		20000		1.0		0.001		1		0.065

		4.5K supply		294		0.75		20000		1.0		0.006		100		0.065

		4.5K return		294		0.75		20000		1.0		0.006		100		0.065

		50-70K shield supply		323		1.50		7300		1.0		0.033		100		0.125

		50-70K shield return		323		1.50		7300		1.0		0.033		100		0.125
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Magnet and cold mass weights


Sheet1

		Miscellaneous LHC cryostat weights

		Description		Weight (lb)		Weight (kg)		Notes

		Q2-2		36800		16727		Does not include shipping restraints

		Q2 shipping frame		8080		3673		Second frame with extra storage compartments

		Q2-1 with shipping frame		44800		20364		Magnet, frame, chains, restraints

		Q2-1 with shipping frame and box		51860		23573

		Q2-1 boxed with truck and trailer		83080		37764





From Jim Rife

		Description		Weight		Weight						Cold mass and magnet weights (approx)

		Q1		Lbs		Kg								Cold mass						Complete magnet

		KEK Cold Mass		18,400		8,364								Lb		Kg				Lb		Kg

		Q1 Cold Mass w/Cryo Tubes w/out shields and MLI		20,980		9,536						Q1		20980		9536				28970		13168

		Q1 Vacuum Vessel		7,260		3,300						Q2		24300		11045				36800		16727

		Q1 Magnet Assembly-Complete Ready to Ship		28,970		13,168						Q3		20980		9536				29700		13500

		Q1 Shipping Frame		5,590		2,541

		Q1 Shipping Frame w/Magnet Mounted		34,560		15,709

		Description		Weight		Weight

		Q2		Lbs		Kg

		MQXB Cold Mass		10,900		4,955

		Q2 Cold Mass w/Cryo Tubes w/out shields and MLI				0

		Q2 Vacuum Vessel		11,360		5,164

		Q2 Magnet Assembly-Complete Ready to Ship		36,800		16,727

		Q2 Shipping Frame		8,000		3,636

		Q2 Shipping Frame w/Magnet Mounted		44,800		20,364

		Q2 Magnet, Shipping Frame and Crate		51,860		23,573

		Description		Weight		Weight

		Q3		Lbs		Kg

		KEK Cold Mass		18,400		8,364

		Q3 Cold Mass w/Cryo Tubes w/out shields and MLI				0

		Q3 Vacuum Vessel		7,700		3,500

		Q3 Magnet Assembly-Complete Ready to Ship		29,700		13,500

		Q3 Shipping Frame		5,590		2,541

		Q3 Shipping Frame w/Magnet Mounted				0





Sheet3
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Q1 and Q3
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Q1 internal piping assembly


FQ1-Q2
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Q3 internal piping assembly


FQ1-DFBX
FQ1-Q2


brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Path of forces
	Forces originate at the magnet interconnect from bellows spring forces and pressure induced axial forces…

	…they act on the internal piping and are transmitted to the cold mass through the pipe anchors…

	…then are transferred to the support structure through the anchor and slide mechanisms…

	…then to the vacuum vessel through the external support lugs…

	…and finally to the floor through the external jacks.
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Q1 and Q3 forces


Bellows forces, Fb, are due to pressure and mechanical compression and extension
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Magnet to magnet interconnect
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Bellows forces at design pressure
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line				FQ3-DFBX				FQ2-Q3				FQ1-Q2						FQ3-DFBX				FQ2-Q3				FQ1-Q2

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Bellows forces at test pressure
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line				FQ3-DFBX				FQ2-Q3				FQ1-Q2						FQ3-DFBX				FQ2-Q3				FQ1-Q2

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Bellows forces due to cooldown
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Q1 pipe support weldment (Q3 similar)
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Q1 pipe support weldment proposed modification


As designed pipe anchor stresses
Bracket to cold mass weld stress: 41797 psi (288 MPa)
Elbow to end dome weld stress: 17383 psi (120 MPa)
Modified pipe anchor stresses
Bracket to cold mass weld stress: 9121 psi (63 MPa)
Elbow to end dome weld stress: 9430 psi (65 MPa)
See Q1 Pipe Anchor Stress Analysis – T. Page, April 19, 2007
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Spider and cold mass attachment




brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Spider and cold mass attachment
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Spider and tie bar assembly




brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Vacuum vessel attachment
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Vacuum vessel attachment
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Completed cold mass and piping on spider supports
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Completed cold mass and piping on spider supports
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External jack stands in warm fit-up
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Q2
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Q2 internal piping assembly


FQ2-Q3
FQ1-Q2
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Path of forces
	Forces originate at the magnet interconnect from bellows spring forces and pressure induced axial forces…

	…they act on the internal piping and are transmitted to the cold mass through the pipe anchors…

	…then are transferred to the support structure through the anchor and slide mechanisms…

	…then to the vacuum vessel through the external support lugs…

	…and finally to the floor through the external jacks.
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Q2 forces


Bellows forces, Fb, are due to pressure and mechanical compression and extension
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Magnet to magnet interconnect
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Bellows forces at design pressure
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line				FQ3-DFBX				FQ2-Q3				FQ1-Q2						FQ3-DFBX				FQ2-Q3				FQ1-Q2

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Bellows forces at test pressure
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line				FQ3-DFBX				FQ2-Q3				FQ1-Q2						FQ3-DFBX				FQ2-Q3				FQ1-Q2

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Bellows forces due to cooldown
	 







Design pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0

		XB		3.5		4		558								0		0								1		558								1		558								0		0

		XBT		4.51		4		927								0.888		823								1		927								1		927								0		0

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0

																		5333				-24276						29609				0						29609				29609						0

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0

																		0				-3845						3845				0						3845				3845						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		20		57139								0		0								1		57139								1		57139								0		0

		XB		88.9		4		2482								0		0								1		2482								1		2482								0		0

		XBT		114.6		4		4121								0.888		3660								1		4121								1		4121								0		0

		LD1		70.4		20		7773				DFBX				0		0				LQXC				1		7773				LQXB				1		7773				LQXA				0		0

		M1		113.0		20		20062								0		0				(Q3)				1		20062				(Q2)				1		20062				(Q1)				0		0

		M2		113.0		20		20062								1		20062								1		20062								1		20062								0		0

		M4		113.0		20		20062								0		0								1		20062								1		20062								0		0

																		23722				-107980						131702				0						131702				131702						0

		E		70.4		22		8551				DFBX				0		0				LQXC				1		8551				LQXB				1		8551				LQXA				0		0

		F		70.4		22		8551				Shield				0		0				Shield				1		8551				Shield				1		8551				Shield				0		0

																		0				-17102						17102				0						17102				17102						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure

		LHC Interaction Region Quadrupole

		Bellows Forces Due to Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)														F (lb)										F (lb)										F (lb)

		L		7.51		25		16057								0		0								1		16057								1		16057								0		0

		XB		3.5		5		698								0		0								1		698								1		698								0		0

		XBT		4.51		5		1158								0.888		1028								1		1158								1		1158								0		0

		LD1		2.77		25		2185				DFBX				0		0				LQXC				1		2185				LQXB				1		2185				LQXA				0		0

		M1		4.45		25		5638								0		0				(Q3)				1		5638				(Q2)				1		5638				(Q1)				0		0

		M2		4.45		25		5638								1		5638								1		5638								1		5638								0		0

		M4		4.45		25		5638								0		0								1		5638								1		5638								0		0

																		6666				-30345						37011				0						37011				37011						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Line		D mean (mm)		P test (bar)		F (N)														F (N)										F (N)										F (N)

		L		190.8		25		71424								0		0								1		71424								1		71424								0		0

		XB		88.9		5		3103								0		0								1		3103								1		3103								0		0

		XBT		114.6		5		5152								0.888		4575								1		5152								1		5152								0		0

		LD1		70.4		25		9717				DFBX				0		0				LQXC				1		9717				LQXB				1		9717				LQXA				0		0

		M1		113.0		25		25077								0		0				(Q3)				1		25077				(Q2)				1		25077				(Q1)				0		0

		M2		113.0		25		25077								1		25077								1		25077								1		25077								0		0

		M4		113.0		25		25077								0		0								1		25077								1		25077								0		0

																		29652				-134975						164627				0						164627				164627						0

		E		70.4		27.5		10688				DFBX				0		0				LQXC				1		10688				LQXB				1		10688				LQXA				0		0

		F		70.4		27.5		10688				Shield				0		0				Shield				1		10688				Shield				1		10688				Shield				0		0

																		0				-21377						21377				0						21377				21377						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Cooldown shrinkage forces

		LHC Interaction Region Quadrupole

		Bellows Forces Due To Cooldown Shrinkage

		Line		k (lb/in)		dl (in)		F (lb)														F (lb)										F (lb)										F (lb)

		L		2235		0.88		1955								0		0								1		1955								1		1955								0		0

		XB		100		0.88		88								0		0								1		88								1		88								0		0

		XBT		301		0.88		264								1		264								1		264								1		264								0		0

		LD1		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		M1		0		0.88		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		0.88		0								1		0								1		0								1		0								0		0

		M4		0		0.88		0								1		0								1		0								1		0								0		0

																		264				2899						3163				0						3163				-3163						0

		E		978		0.88		856				DFBX				0		0				LQXC				1		856				LQXB				1		856				LQXA				0		0

		F		978		0.88		856				Shield				0		0				Shield				1		856				Shield				1		856				Shield				0		0

																		0				1712						1712				0						1712				-1712						0

		Line		k (N/mm)		dl (mm)		F (N)														F (N)										F (N)										F (N)

		L		391		22.2		8697								0		0								1		8697								1		8697								0		0

		XB		18		22.2		389								0		0								1		389								1		389								0		0

		XBT		53		22.2		1173								1		1173								1		1173								1		1173								0		0

		LD1		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		M1		0		22.2		0								1		0				(Q3)				1		0				(Q2)				1		0				(Q1)				0		0

		M2		0		22.2		0								1		0								1		0								1		0								0		0

		M4		0		22.2		0								1		0								1		0								1		0								0		0

																		1173				12894						14067				0						14067				-14067						0

		E		171		22.2		3808				DFBX				0		0				LQXC				1		3808				LQXB				1		3808				LQXA				0		0

		F		171		22.2		3808				Shield				0		0				Shield				1		3808				Shield				1		3808				Shield				0		0

																		0				7616						7616				0						7616				-7616						0

		Key:

		Actual force

		Combined total force

		Net forces across component





Moment calculation

		LHC Interaction Region Quadrupole

		Bellows Forces at Design Pressure

		Line		D mean (in)		P test (bar)		F (lb)																																												z (mm)		z (in)		M (in-lb)

		L		7.51		20		12846								0		0								1		12846								1		12846								0		0				376.9		14.8		190616.360911957

		XB		3.5		4		558								1		558								1		558								1		558								0		0				376.9		14.8		8280.3059610585

		XBT		4.51		4		927								1		927								1		927								1		927								0		0				277.5		10.9		10122.7900498245

		LD1		2.77		20		1748				DFBX				0		0				LQXC				1		1748				LQXB				1		1748				LQXA				0		0				277.5		10.9		19093.1105976122

		M1		4.45		20		4510								0		0				(Q3)				1		4510				(Q2)				1		4510				(Q1)				0		0				-150		-5.9		-26635.7815033264

		M2		4.45		20		4510								1		4510								1		4510								1		4510								0		0				0		0.0		0

		M4		4.45		20		4510								0		0								1		4510								1		4510								0		0				150		5.9		26635.7815033264

																		5995				-23614						29609				0						29609				29609						0								228112.567520453

		E		2.77		22		1922				DFBX				0		0				LQXC				1		1922				LQXB				1		1922				LQXA				0		0				75		3.0		5676.3301776685

		F		2.77		22		1922				Shield				0		0				Shield				1		1922				Shield				1		1922				Shield				0		0				75		3.0		5676.3301776685

																		0				-3845						3845				0						3845				3845						0

		Key:

		Actual force

		Combined total force																																																												165.3543307087

		Net forces across component

																																																		EE		-389.6		-222.5		75

																																																		LD1		-240		-222.5		277.5

																																																		L		0		-222.5		376.9

																																																		XBt		240		-222.5		277.5

																																																		FF		389.6		-222.5		75

																																																		M1 (1)		0		-19.9		-150

																																																		M2 (1)		-150		-19.9		0

																																																		M4 (1)		0		-19.9		150

																																																		V		0		0		0

																																																		W'		0		127.5		75





Bellows force summary

		LHC Interaction Region Quadrupole

		Bellows Force Summary

						Design pressure - N and (lb)														Test pressure - N and (lb)

		Line

		L				0		0		57142		12845.99514		57142		12845.99514				0		0		71427		16057.49392		71427		16057.49392

		XB				0		0		2482		558.0253951		2482		558.0253951				0		0		3103		697.5317439		3103		697.5317439

		XBT				3660		822.7803752		4122		926.5544766		4122		926.5544766				4575		1028.475469		5152		1158.193096		5152		1158.193096

		LD1				0		0		7774		1747.621655		7774		1747.621655				0		0		9717		2184.527068		9717		2184.527068

		M1				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

		M2				20063		4510.325668		20063		4510.325668		20063		4510.325668				25079		5637.907085		25079		5637.907085		25079		5637.907085

		M4				0		0		20063		4510.325668		20063		4510.325668				0		0		25079		5637.907085		25079		5637.907085

						23723		(5333)		131708		(29609)		131708		(29609)				29654		(6666)		164635		(37011)		164635		(37011)

																								0

		E				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

		F				0		0		8551		1922.38382		8551		1922.38382				0		0		10689		2402.979775		10689		2402.979775

						0		0		17102		(3845)		17102		(3845)				0		0		21378		(4806)		21378		(4806)





Pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure

		Line		D mean (in)		P test (bar)		F (lb)				OD (in)		t (in		A (in2)		ID (in)

		L		7.51		25		16057				6.625		0.109		2.2312973327		6.407

		XB		3.5		5		698										0

		XBT		4.51		5		1158				3.5		0.083		0.8909902341		3.334

		LD1		2.77		25		2185				1.75		0.065		0.3440829354		1.62

		M1		4.45		25		5638				3.5		0.083				3.334

		M2		4.45		25		5638				3.5		0.083				3.334

		M4		4.45		25		5638				3.5		0.083				3.334

		E		2.77		27.5		2403

		F		2.77		27.5		2403

		Key:

		Actual force

		Combined total force

		Net forces across component





Test pressure using pipe sizes

		LHC Interaction Region Quadrupole

		Bellows Forces at Test Pressure Using Pipe IDs for Sizes

		Line		D mean (in)		P test (bar)		F (lb)

		L		6.407		25		11687								0		0								1		11687								1		11687								0		0

		XB		3.5		5		698								1		698								1		698								1		698								0		0

		XBT		3.334		5		633								1		633								1		633								1		633								0		0

		LD1		1.62		25		747				DFBX				0		0				LQXC				1		747				LQXB				1		747				LQXA				0		0

		M1		3.334		25		3165								0		0				(Q3)				1		3165				(Q2)				1		3165				(Q1)				0		0

		M2		3.334		25		3165								1		3165								1		3165								1		3165								0		0

		M4		3.334		25		3165								0		0								1		3165								1		3165								0		0

																		4495				-18764						23259				0						23259				23259						0

		E		2.77		27.5		2403				DFBX				0		0				LQXC				1		2403				LQXB				1		2403				LQXA				0		0

		F		2.77		27.5		2403				Shield				0		0				Shield				1		2403				Shield				1		2403				Shield				0		0

																		0				-4806						4806				0						4806				4806						0

		Key:

		Actual force

		Combined total force

		Net forces across component
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Q2 pipe support
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Q2 pipe support shear stresses
(Forces due to bellows installation forces at one end only.)


Sheet1

		

						Q2 pipe support

								F (lb)		F (N)		Shear area
(in2)		Shear stress
(psi)		Shear stress
(MPa)

						Bracket		1120		4982		2.89		388		3

						LD		856		3807		0.32		2675		18

						XBt		264		1174		0.48		550		4

						L(*)		1955		8696		1.25		1564		11

						(*): Connected to heat exchanger connector.





Sheet2

		





Sheet3
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Spider and cold mass attachment
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Spider and cold mass attachment




brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Spider and tie bar assembly
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Vacuum vessel attachment
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Vacuum vessel attachment
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Completed cold mass and piping on spider supports
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Completed cold mass and piping on spider supports
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External jack stands in warm fit-up
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Combined systems
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Summary of items tested
	Heat exchanger performance extensively tested in full-scale prototype
http://tdserver1.fnal.gov/nicol/lhc_irq_cryostat/ch_darve/public/publi/CEC_HXTU.pdf
	Corrugated tube test.
	Two supports tested to simulate lateral, vertical, and cooldown loads
http://lss.fnal.gov/archive/1999/tm/TM-2093.pdf
	Slide material tests
http://tdserver1.fnal.gov/nicol/lhc_irq_cryostat/ch_darve/Smt/TD-01-060_smt.pdf
	Shipping and handling test
	Bellows tests
	Cooldown and shield line bellows tested to 25 bar – result lead to redesign of all bellows except for cold mass bellows
	Cold mass bellows tested to 25 bar – result lead to supplemental squirm protection incorporated into bellows restraints
	Warm fit-up at CERN in building 181
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Heat exchanger test
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Heat exchanger test
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Spider support test


Two tests to failure in the horizontal direction. Failure at:
18400 lb (81847 N)
and
23500 lb (104533 N)
S.F. on lateral load of 1.75 for Q1/Q3 and 2.25 for Q2 based on minimum test result
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Warm fit-up assembly
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Interconnect at warm fit-up




brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Interconnect at warm fit-up
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Cold mass bellows test




brookhaven - fermilab - berkeley
US LHC ACCELERATOR PROJECT                               

Pressure tested items at Fermilab
	25 bar test
	Completed cold mass
	Cold mass pipes and bellows (M1, M2, M4)
	Heat exchanger outer shell (L)
	Cooldown line (LD) in Q1
	EE, and FF only one article
	XBt and collection volume tested to 5 bar after addition of the collection volume
	Pressurized leak test
	Competed Q1 and Q3 cold masses and all internal piping pressurized to 2 bar with cryostat evacuated
	Vacuum leak tested
	All internal components and completed system piping prior to cryostating
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Shipping
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Typical magnet shipping configuration
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Analysis results -  2g vertical + 1g lateral load


Shipping and handling loads:
Lateral: 1g
Vertical: 2g (1g + weight)
Axial: 0.1g w/ restraint
smax = 11000 psi (76 MPa)
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Tie rod assembly at warm fit-up
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Tie bar analysis load cases and results
	Load case 1 – All vacuum vessels are allowed to slide on their vertical supports in Z without resistance. The system is constrained against Z-motion only at the end of the DFBX-to-V3 connecting rods. Loading is 25 bar warm pressure test loading.
	Load case 2 – Vacuum vessels constrained as in load case 1. Loading is the 25 bar warm pressure testing loading, plus the vacuum load.
	Load case 3 – Jacks with a Z compliance of 171000 lbs/in are placed at each vessel at the support location nearest the IP. Loading is the same as load case 1.
	Load case 4 – Vacuum vessels constrained as in load case 3. Loading is the same as load case.
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Vacuum vessel ear deflection – Case 1 (worst case)
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Vacuum vessel ear deflection – Vacuum only


Ear deflection = (0.156 – 0.133) in = 0.023 in (0.6 mm)
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Other areas of concern
	Interconnect “H” piece should be tested to 25 bar with ends configured comparable to actual installation.
	Q1 and Q3 internal piping anchors.
	Column buckling of the cryostat pipes, particularly the LD line. Should be mechanically tested.



Description FluidOD (mm)ID (mm)P oper (bar)P max (bar)T (approx)Flow (g/s)

Pumping line Ghe

88.9085.60

0.0164.01.8 K8.6

External heat exchanger outer shell Lhe

168.28162.74

1.320.01.9 K0.0

External heat exchanger inner tube Lhe

97.5496.01

0.0164.01.8 K8.6

Cooldown line Lhe

44.4541.96

1.320.01.9 K30.0

LHe supply (inside hx inner tube) Lhe

15.8813.39

0.0164.01.8 K8.6

4.5K supply Lhe

19.0515.75

1.320.04.5 K1.1

4.5K return Lhe

19.0515.75

1.320.04.5 K1.1

50-70K shield supply Ghe

38.1031.75

19.522.060 K5.0

50-70K shield return GHe

38.1031.75

19.022.065 K5.0

Piping parameters

LineD mean (in)P (bar)F (lb)F (lb)F (lb)F (lb)

L7.512012846

012846128460

XB3.54558

05585580

XBT4.514927

8239279270

LD12.77201748DFBX

0

LQXC

1748

LQXB

1748

LQXA

0

M14.45204510

0

(Q3)

4510

(Q2)

4510

(Q1)

0

M24.45204510

4510451045100

M44.45204510

0451045100

5333

-24276

29609

0

29609

29609

0

E2.77221922DFBX

0

LQXC

1922

LQXB

1922

LQXA

0

F2.77221922Shield

0

Shield

1922

Shield

1922

Shield

0

0

-3845

3845

0

3845

3845

0

LineD mean (mm)P test (bar)F (N)F (N)F (N)F (N)

L190.82057139

057139571390

XB88.942482

0248224820

XBT114.644121

3660412141210

LD170.4207773DFBX

0

LQXC

7773

LQXB

7773

LQXA

0

M1113.02020062

0

(Q3)

20062

(Q2)

20062

(Q1)

0

M2113.02020062

2006220062200620

M4113.02020062

020062200620

23722

-107980

131702

0

131702

131702

0

E70.4228551DFBX

0

LQXC

8551

LQXB

8551

LQXA

0

F70.4228551Shield

0

Shield

8551

Shield

8551

Shield

0

0

-17102

17102

0

17102

17102

0

LineD mean (in)P (bar)F (lb)F (lb)F (lb)F (lb)

L7.512516057

016057160570

XB3.55698

06986980

XBT4.5151158

1028115811580

LD12.77252185DFBX

0

LQXC

2185

LQXB

2185

LQXA

0

M14.45255638

0

(Q3)

5638

(Q2)

5638

(Q1)

0

M24.45255638

5638563856380

M44.45255638

0563856380

6666

-30345

37011

0

37011

37011

0

E2.7727.52403DFBX

0

LQXC

2403

LQXB

2403

LQXA

0

F2.7727.52403Shield

0

Shield

2403

Shield

2403

Shield

0

0

-4806

4806

0

4806

4806

0

LineD mean (mm)P test (bar)F (N)F (N)F (N)F (N)

L190.82571424

071424714240

XB88.953103

0310331030

XBT114.655152

4575515251520

LD170.4259717DFBX

0

LQXC

9717

LQXB

9717

LQXA

0

M1113.02525077

0

(Q3)

25077

(Q2)

25077

(Q1)

0

M2113.02525077

2507725077250770

M4113.02525077

025077250770

29652

-134975

164627

0

164627

164627

0

E70.427.510688DFBX

0

LQXC

10688

LQXB

10688

LQXA

0

F70.427.510688Shield

0

Shield

10688

Shield

10688

Shield

0

0

-21377

21377

0

21377

21377

0

LineD mean (in)P (bar)F (lb)F (lb)F (lb)F (lb)

L7.512516057

016057160570

XB3.55698

06986980

XBT4.5151158

1028115811580

LD12.77252185DFBX

0

LQXC

2185

LQXB

2185

LQXA

0

M14.45255638

0

(Q3)

5638

(Q2)

5638

(Q1)

0

M24.45255638

5638563856380

M44.45255638

0563856380

6666

-30345

37011

0

37011

37011

0

E2.7727.52403DFBX

0

LQXC

2403

LQXB

2403

LQXA

0

F2.7727.52403Shield

0

Shield

2403

Shield

2403

Shield

0

0

-4806

4806

0

4806

4806

0

LineD mean (mm)P test (bar)F (N)F (N)F (N)F (N)

L190.82571424

071424714240

XB88.953103

0310331030

XBT114.655152

4575515251520

LD170.4259717DFBX

0

LQXC

9717

LQXB

9717

LQXA

0

M1113.02525077

0

(Q3)

25077

(Q2)

25077

(Q1)

0

M2113.02525077

2507725077250770

M4113.02525077

025077250770

29652

-134975

164627

0

164627

164627

0

E70.427.510688DFBX

0

LQXC

10688

LQXB

10688

LQXA

0

F70.427.510688Shield

0

Shield

10688

Shield

10688

Shield

0

0

-21377

21377

0

21377

21377

0

Linek (lb/in)dl (in)F (lb) F (lb) F (lb) F (lb)

L

2235

0.881955

0 1955 1955

XB

100

0.8888

0 88 88

XBT

301

0.88264

264 264 264

LD1

978

0.88856DFBX

0

LQXC

856

LQXB

856

LQXA

M1

0

0.880

0

(Q3)

0

(Q2)

0

(Q1)

M2

0

0.880

0 0 0

M4

0

0.880

0 0 0

264

2899

3163

0

3163

-3163

E

978

0.88856DFBX

0

LQXC

856

LQXB

856

LQXA

F

978

0.88856Shield

0

Shield

856

Shield

856

Shield

0

1712

1712

0

1712

-1712

Linek (N/mm)dl (mm)F (N) F (N) F (N) F (N)

L

391

22.28697

0 8697 8697

XB

18

22.2389

0 389 389

XBT

53

22.21173

1173 1173 1173

LD1

171

22.23808DFBX

0

LQXC

3808

LQXB

3808

LQXA

M1

0

22.20

0

(Q3)

0

(Q2)

0

(Q1)

M2

0

22.20

0 0 0

M4

0

22.20

0 0 0

1173

12894

14067

0

14067

-14067

E

171

22.23808DFBX

0

LQXC

3808

LQXB

3808

LQXA

F

171

22.23808Shield

0

Shield

3808

Shield

3808

Shield

0

7616

7616

0

7616

-7616

F (lb)F (N)

Shear area

(in2)

Shear stress

(psi)

Shear stress

(MPa)

Bracket112049822.893883

LD85638070.32267518

XBt26411740.485504

L(*)195586961.25156411

(*): Connected to heat exchanger connector.

Q2 pipe support

LineD mean (in)P (bar)F (lb)F (lb)F (lb)F (lb)

L7.512012846

012846128460

XB3.54558

05585580

XBT4.514927

8239279270

LD12.77201748DFBX

0

LQXC

1748

LQXB

1748

LQXA

0

M14.45204510

0

(Q3)

4510

(Q2)

4510

(Q1)

0

M24.45204510

4510451045100

M44.45204510

0451045100

5333

-24276

29609

0

29609

29609

0

E2.77221922DFBX

0

LQXC

1922

LQXB

1922

LQXA

0

F2.77221922Shield

0

Shield

1922

Shield

1922

Shield

0

0

-3845

3845

0

3845

3845

0
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Cold mass and magnet weights (approx)

Cold massComplete magnet

Description FluidOD (mm)ID (mm)P oper (bar)P des (bar)T (approx)Flow (g/s)

Pumping line (XBt) Ghe

88.9085.60

0.0164.01.8 K8.6

External heat exchanger outer shell (L) Lhe

168.28162.74

1.320.01.9 K0.0

External heat exchanger inner tube (XB) Lhe

97.5496.01

0.0164.01.8 K8.6

Cooldown line (LD) Lhe

44.4541.96

1.320.01.9 K30.0

LHe supply (inside hx inner tube) (CY) Lhe

15.8813.39

0.0164.01.8 K8.6

4.5K supply (M lines) Lhe

19.0515.75

1.320.04.5 K1.1

4.5K return (M lines) Lhe

19.0515.75

1.320.04.5 K1.1

50-70K shield supply (EE) Ghe

38.1031.75

19.522.060 K5.0

50-70K shield return (FF) GHe

38.1031.75

19.022.065 K5.0

Piping parameters

UNKNOWN-0

UNKNOWN-1

UNKNOWN-2.xls
Pressures and flows

		Description		Fluid		P oper (atm)		P max (atm)		T (approx)		Flow (g/s)

		Pumping line		Ghe		TBD		TBD		1.8 K		TBD

		External heat exchanger outer shell		Lhe		TBD		TBD		1.8 K		TBD

		External heat exchanger inner tube		Lhe		TBD		TBD		1.8 K		TBD

		Cooldown line		Lhe		TBD		TBD		TBD		TBD

		LHe supply		Lhe		TBD		TBD		TBD		TBD

		4.5K supply		Lhe		TBD		TBD		4.5 K		TBD

		4.5K return		Lhe		TBD		TBD		4.5 K		TBD

		50-70K shield supply		Ghe		TBD		TBD		60 K		TBD

		50-70K shield return		GHe		TBD		TBD		60 K		TBD

		Input from Tom Peterson - Nov 13, 1998

		Description		Fluid		P oper (bar)		P max (bar)		T (approx)		Flow (g/s)

		Pumping line		Ghe		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell		Lhe		3.6		20.0		1.9 K		0.0

		External heat exchanger inner tube		Lhe		0.016		4.0		1.8 K		8.6

		Cooldown line		Lhe		3.6		20.0		1.9 K		TBD

		LHe supply		Lhe		0.016		4.0		1.8 K		8.6

		4.5K supply		Lhe		1.3		20.0		4.5 K		TBD

		4.5K return		Lhe		1.3		20.0		4.5 K		TBD

		50-70K shield supply		Ghe		19.5		22.0		60 K		TBD

		50-70K shield return		GHe		19.0		22.0		65 K		TBD

		Input from Tom Peterson - Nov 25, 1998

		Description		Fluid		P oper (bar)		P max (bar)		T (approx)		Flow (g/s)

		Pumping line		Ghe		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell		Lhe		3.6		20.0		1.9 K		0.0

		External heat exchanger inner tube		Lhe		0.016		4.0		1.8 K		8.6

		Cooldown line		Lhe		3.6		20.0		1.9 K		30.0

		LHe supply		Lhe		0.016		4.0		1.8 K		8.6

		4.5K supply		Lhe		1.3		20.0		4.5 K		1.1

		4.5K return		Lhe		1.3		20.0		4.5 K		1.1

		50-70K shield supply		Ghe		19.5		22.0		60 K		5.0

		50-70K shield return		GHe		19.0		22.0		65 K		5.0

		Piping parameters

		Description		Fluid		OD (mm)		ID (mm)		P oper (bar)		P max (bar)		T (approx)		Flow (g/s)

		Pumping line		Ghe		88.90		85.60		0.016		4.0		1.8 K		8.6

		External heat exchanger outer shell		Lhe		168.28		162.74		1.3		20.0		1.9 K		0.0

		External heat exchanger inner tube		Lhe		97.54		96.01		0.016		4.0		1.8 K		8.6

		Cooldown line		Lhe		44.45		41.96		1.3		20.0		1.9 K		30.0

		LHe supply (inside hx inner tube)		Lhe		15.88		13.39		0.016		4.0		1.8 K		8.6

		4.5K supply		Lhe		19.05		15.75		1.3		20.0		4.5 K		1.1

		4.5K return		Lhe		19.05		15.75		1.3		20.0		4.5 K		1.1

		50-70K shield supply		Ghe		38.10		31.75		19.5		22.0		60 K		5.0

		50-70K shield return		GHe		38.10		31.75		19.0		22.0		65 K		5.0

		Piping code parameters for MTF engineering note

		Description		P		D		S		E		t		P at MTF		t actual

		Pumping line		59		3.50		20000		1.0		0.005		1		0.065

		External heat exchanger outer shell		294		6.63		20000		1.0		0.049		100		0.109

		External heat exchanger inner tube		59		3.84		na		1.0		na		1		0.310

		Cooldown line		294		1.75		20000		1.0		0.013		100		0.065

		LHe supply		59		0.63		20000		1.0		0.001		1		0.065

		4.5K supply		294		0.75		20000		1.0		0.006		100		0.065

		4.5K return		294		0.75		20000		1.0		0.006		100		0.065

		50-70K shield supply		323		1.50		7300		1.0		0.033		100		0.125

		50-70K shield return		323		1.50		7300		1.0		0.033		100		0.125







