6.0 End Clamps

6.1 Installation Procedure:

HGQ-09 has end cans at both the Lead (LE) and Return (RE) ends. The LE can is 9.833 inches long and the RE can is 5.194 inches long.  G-11 filler cones were used.  Fuji film tests were performed before the final installation. The results of the Fuji film readings showed that there is a uniform radial pressure distribution from the transition region to the end-saddle for both LE and RE. 

6.2 Measurements and Shimming:

The medium range Fuji film thickness is 4 mil and the Fuji film readings were taken without removing any designed ground insulation layer. The pi-tape measurements and film readings showed the desired results.  It was then decided to increase the thickness of radial ground insulation surrounding the outer coil by 5 mils at both ends from the original design.  (Fuji film and pi-tape measurements of most short models have shown an increase of either 3 or 5 mils to be necessary).  The radial deflection of the aluminum end cans according pi-tape measurements (with the extra 5 mils of insulation included) are shown below in Figure 6.2.1 (target diameter change from FEA, was 10 ~ 12 mil at LE and 8~10 mil at RE).
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Fig 6.2.1: Aluminum End Can Radial Deflection

7.0 Yoke and Skinning

7.1 Assembly Configuration:
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All lamination packs were fusion welded longitudinally in 7 places (5 welds on outer surface and 2 welds on inner surface). Instead of 2 loose and 2 welded stainless steel laminations that were usually added to the lead end side of straight section yoke pack, 8 stainless steel laminations were welded to the lead end side of the straight section yoke pack for HGQ-09, as was done for HGQ-08 and HGQ-07. Stainless steel modified yoke laminations were used for RE and LE. These laminations were modified at the pole by  EDM process to fit over the LE and RE can. The above Figure 7.1.1 shows the length and the layout of the yoke laminations during assembly. 

7.2 Welding:

The skin alignment key was 26.5 mm wide for HGQ-09. The key width was increased from 24 mm to 26.5 mm for HGQ-09. The goal of this increase was to eliminate any possible buckling of the yoke laminations during the complete welding of HGQ-09. During the welding of  HGQ-09, the weld preps were 100% filled with weld. There was a risk that the weld shrinkage will be over the allowed amount. This precaution was taken after similar results were monitored during mechanical model welding tests. The weld prep of the skin and skin alignment keys was modified from V to J groove to optimize the weld penetration specs. 

Because the volume of the weld prep increased, the amount of filler passes necessary to fill the groove was also increased.

The 26.5-mm wide skin alignment key leaves a gap of 120 mis between the upper yoke and upper the skin; also a 120 mil gap between the lower yoke pack and skin alignment key. The total gap allowed for weld shrinkage is 240 mils. The magnet was compressed at 600 PSI during welding. The magnet was compressed in the contact tooling with a hydraulic pressure of 600 PSI, corresponding to a force of about 8000 lbs. (3600 kg) per pusher or 16000 lbs./ft (23700 kg/meter) of magnet length. A pressure above 500 PSI must be applied to completely collapse the springs in the wheel units of the bottom tooling. 

After each pass, the distance between the top and bottom pushers was measured from both the north and south side of the press all along the length of the magnet. The goal of these measurements is to monitor the shrinkage of the skin during welding. The total shrinkage does not have to be over 0.240 inch; if it is, there is a probability that the yoke pack laminations will buckle from the excessive forces introduced by the shrinkage of the skin. 

During the twist study, it was confirmed that the south torches are moving faster than north torches, resulting in a consistent twist for all the previous HGQ cold masses except HGQ-07, where the twist was significantly reduced by the forward offset of the south torches by 2 inches. The same technique was repeated for the HGQ-09 cold mass to eliminate any twist that can be caused by unsynchronized welding of the north and south side of the cold mass.

The first pass was a fusion pass.  Then, consecutively, four filler passes were applied. It is known from HGQ-08 and mechanical models that the J groove requires more weld material to be filled. 

The below graph shows these results:


                   Fig 7.2.1: Weld Shrinkage for HGQ-09 with 26.5 mm key

After the welding was completed, the magnet was transported back to IB3 from ICB. The skin was cut to the exact length. After the routing of instrumentation wires was completed, the end plates were welded.  The weld coupons showed a 100% full penetration of weld.

7.3 OD and Twist Measurements:

The skin OD measurements were taken at different angles after the end plate welding. The following graph shows the results of this measurement:

      

Fig 7.3.1: Skin outer diameter according to micrometer measurements taken at different angular positions between skin alignment keys

The twist in the cold-mass assembly after welding the skin and the end plates was measured with a twist-measuring device on a granite table at IB3. The twist was measured to be 0.0007 milli-radian per meter in the straight section of the magnet. The allowable twist for HGQ Cold Mass has to be less than 0.3 milli-radian per meter. The twist in HGQ-01 was 4.67 milli-radian per meter, for HGQ-02 it was 0.6 milli-radian per meter, for HGQ-03 it was 1.0 milli-radian per meter, for HGQ-05 it was measured as 0.9 milli-radian per meter. The twist was 0.95 milli-radian per meter for HGQ-06 and with the corrective actions, the twist was reduced to 0.18 milli-radian per meter for HGQ-07. It was measured 0.04 milli-radian for HGQ-08. The direction of the twist is same in all the seven magnets, that is, clockwise, looking from LE to RE. Fig. 7.3.2 shows the twist measurements done with the twist measuring device in milli-radians. 

The offset of the torch technique did work well with the mechanical model and HGQ-07 and HGQ-08. The technique is rechecked one more time with the HGQ-09 cold mass. It can be said that the twist problem was thoroughly solved for the 2-meter model magnets. The welding press and system has to be checked and repaired before the prototype manufacturing starts. 


Fig 7.3.2: HGQ-09 Cold Mass Assembly Twist Measurements

7.4 Axial Loading (Bullets & Bolts):

The axial support system of the magnet is shown below:
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The end load is applied by hand tightening the bullets to the bullet preload plate, then tightening the axial preload bolts to the specified amount. Stain gauges mounted onto the bullets provide feedback on the amount of force being applied. The gaps between coil end-saddles and the bullet preload plate was filled by “green putty”. The bullets for HGQ-09 bullets were instrumented but the bolts were not. Bullets were calibrated both warm and cold. The axial loading system used for HGQ06 and HGQ08 was used for HGQ-09. The bolts were torqued until the desired load was achieved on the bullets. The relationship between load and torque on the bolts was analytically calculated and verified by the previous bolts that were instrumented for HGQ-06. 

Each bolt is torqued to 1200 inch-lbs.  With that torque, the bolt applies 8,000-lbs. tension load to the magnet. As a result of the loading of the magnet with bolts, the bullets are subjected to a compressive load of 2,000 lbs. each. So the total force at each end of the magnet is 24,000-lbs. tension.

The loading phases and the final bullet loads are listed below:

Q1    Q2    Q3    Q4

 LE   2239  2188  2210  2358 

 RE   2127  1959  2027  2118

The loading scheme was as follow:

RE 100,200,300,400,500,600 inch-pound

LE 100,200,300,400,500,600

RE 720,840,960,1080

LE 720,840,960,1080

See the HGQ08 Fabrication Report (TD-99-071) , Figure 7.4.2, for a complete description of the relationship between bolt torque and bullet load in a “typical” magnet.

8.0 Final Assembly

8.1 Quadrant Splices:

HGQ09 is the fourth magnet to be completed with double lead quadrant splices.  All coils on HGQ09 have two leads per quadrant extending from the end, one being the usual coil lead and the other consisting of cable made with copper only strands, to be used as a stabilizer.  All previous magnets had only single leads, except HGQ06, HGQ07 and HGQ08. Parts on the end that enclose the leads required some revisions to accept the double layers of cable.  The new configuration of the double lead quadrant splices can be found in the assembly drawing MD-344925.  The splice soldering tooling was also modified to accommodate four cables and the solder thickness.

The double lead design has one complication.  When the splice is made, it is necessary that the two coil leads be soldered directly to each other, with the stabilizer (copper only) leads on the outside, as shown in Figure 8.1.1.  This occurs naturally in two of the three quadrants to be spliced.  In one of the splices, however, as the leads extend out of the magnet and are placed together, the stabilizer from one of the coils is sandwiched between the two coil leads.  This problem was solved by cutting the stabilizer just before the splice and reversing its position, as shown in Figure 8.1.2.


Fig 8.1.1


Fig 8.1.2

The first experiences with the double lead quadrant splices were with HGQ-06, HGQ-07 and HGQ-08. The same technique used for the previous magnets was repeated. The cable insulation during splicing was replaced to eliminate of a short during the bending of the cables for the splice. The quadrant splices were installed successfully to HGQ-09.

8.2 Skin Gauges: (From Joe Ozelis)

A total of 10 active strain gauges (Stk. # WK-09-250BG-350) were mounted in a longitudinal orientation along the length of the magnet. They were spaced approximately 23 cm apart, beginning about 10 cm from the end of the return end endplate, up to the cold mass center. Five were placed along the centerline of quadrant 1, and five were placed on a line 45 degrees from the centerline of quadrant 1, between quadrants 1 & 2. Compensating gauges were placed in a longitudinal orientation adjacent to the return end and centerline active gauges, co-linear with the active gauges. 

 In total, 14 strain gauges were placed on the shell, 10 active and 4 compensating. All were oriented so that their grids are parallel to the longitudinal axis of the cold mass.

See the diagram below:








Fig 8.2.1: Skin Gauge Layout (Side view of the skin)

Sensor           VMTF name

Z-position

Sensor           VMTF name

HGQSk#105 : SkAcL010-1

10 cm


HGQSk#112 : SkAcL010-2

HGQSk#106 : SkAcL033-1
 
33 cm


HGQSk#113 : SkAcL033-2

HGQSk#107 : SkAcL056-1
 
56 cm


HGQSk#114 : SkAcL056-2

HGQSk#108 : SkAcL079-1
 
79 cm


HGQSk#115 : SkAcL079-2

HGQSk#109 : SkAcL104-1
 
104 cm


HGQSk#116 : SkAcL104-2

HGQSk#110 : SkCoL010-1
 
10 cm


HGQSk#117 : SkCoL010-2

HGQSk#111 : SkCoL104-1
 
104 cm


HGQSk#118 : SkCoL104-2

On Q1 centerline





45 degrees from Q1 towards Q2






















Sensor #
Orientation
Type
z-position
-position
VMTF name




(cm from RE 
(degrees from 





Endplate)
Q1 centerline)


HGQSk#105
Longitudinal
Active
10
0
SkAcL010-1

HGQSk#106
Longitudinal
Active
33
0
SkAcL033-1

HGQSk#107
Longitudinal
Active
56
0
SkAcL056-1

HGQSk#108
Longitudinal
Active
79
0
SkAcL079-1

HGQSk#109
Longitudinal
Active
104
0
SkAcL104-1

HGQSk#110
Longitudinal
Comp
10
0
SkCoL010-1

HGQSk#111
Longitudinal
Comp
104
0
SkCoL104-1

HGQSk#112
Longitudinal
Active
10
45
SkAcL010-2

HGQSk#113
Longitudinal
Active
33
45
SkAcL033-2

HGQSk#114
Longitudinal
Active
56
45
SkAcL056-2

HGQSk#115
Longitudinal
Active
79
45
SkAcL079-2

HGQSk#116
Longitudinal
Active
104
45
SkAcL104-2

HGQSk#117
Longitudinal
Comp
10
45
SkCoL010-2

HGQSk#118
Longitudinal
Comp
104
45
SkCoL104-2

Table 8.2.1: HGQ-09 Shell Gauges

8.3 Final Electricals

HGQ-09 was hi-potted coil to ground, heater to ground and heater to coil at 1500 V. Leakage is required to be less than 0.5 μA at 1500 V.  All the coils and the outer strip heaters passed the hi-pot test. 

The final electrical data collected before shipping to MTF:


Resistance  ohm
Ls 

Μ H
Q

Q1 - inner
.0853
181.68
2.25

Q1 - outer
.1075
317.23
2.29

Q2 - inner
.0848
181.10
2.25

Q2 - outer
.1069
311.12
2.32

Q3 - inner
.0848
181.58
2.18

Q3 - outer
.1081
313.96
2.27

Q4 - inner
.0852
181.43
2.26

Q4 - outer
.1076
310.27
2.28






Q1 – Quadrant total
.1920
814.36
3.56

Q2 – Quadrant total
.1922
810.15
3.67

Q3 – Quadrant total
.1927
809.00
3.58

Q4 – Quadrant total
.1931
805.86
3.63







Resistance  ohm
Ls 

MH
Q

Magnet Total
0.7770
4.65
4.68

Table 8.3.1: Magnet Resistance, L and Q measurements.

Heater  
Resistance ohm

Q-1/2 – outer
3.768

Q-2/3 – outer
3.727

Q-3/4 – outer
3.837

Q-4/1 - outer
3.803

Table 8.3.2: Heater resistance measurements

8.4 Mechanical Measurements
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These are the design dimensions for HGQ09
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These are the measured dimensions for HGQ09


The total magnet length shown in the above figure is derived from the collared coil length measurements and the design size of componenets such as end plates, collets and preload plates.  The total magnet length was measured independently after construction to be 79.375 inches long.  The source of the .098 inch discrepancy is not understood.
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Fig 7.1.1: HGQ-09 Yoke Assembly Configuration
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Fig 7.4.1: Axial Support of the Cold Mass Assembly
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Sheet1

				Q2		Q4		Q4		twist in milliradians

		0		0.019		0.015		0.019		0.4337050805

		5		0.022		0.011		0.015		-0.1858736059

		10		0.021		0.02		0.024		0.1858736059

		15		0.037		0.03		0.034		0.3717472119

		20		0.03		0.02		0.024		0.7125154895

		25		0.027		0.0115		0.0155		-0.0619578686

		30		0.032		0.029		0.033		0.3717472119

		35		0.021		0.011		0.015		-0.2478314746

		40		0.016		0.016		0.02		-0.1858736059

		45		0.024		0.023		0.027		-0.1239157373

		50		0.036		0.034		0.038		-0.5576208178

		55		0.03		0.035		0.039		-0.1858736059

		60		0.03		0.029		0.033		-0.5576208178

		65		0.02		0.025		0.029		-0.4337050805

		70		0.012		0.015		0.019		-0.3097893432

		75		0.004		0.005		0.009		-0.0619578686

		80		0.008		0.005		0.009

		Twist Measuring device

		Inch		m				Fusion pass data				1st filler pass				2nd Filler pass				3rd Filler pass				4th Filler pass				4th Filler pass (granite table)

		0		0																								0		0

		5		0.127																								0.033		0.0319814815

		10		0.254																								0.075		0.0726851852

		15		0.381																								0.183		0.1773518519

		20		0.508																								0.119		0.1153271605

		25		0.635																								0.068		0.0659012346

		30		0.762																								0.112		0.1085432099

		35		0.889																								0.023		0.0222901235

		40		1.016																								0.043		0.0416728395

		45		1.143																								0.036		0.0348888889

		50		1.27																								0.023		0.0222901235

		55		1.397																								0.115		0.1860740741

		60		1.524																								0.192		0.1676604938

		65		1.651																								0.173		0.083345679

		70		1.778																								0.086		0.0009691358

		75		1.905																								0.001		0.0969135802

		80		2.032																								0.1		0
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These are the measured dimensions for HGQ09
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These are the design dimensions for HGQ09
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RE Collet: 3000 pump psi, 40,000 lbs longitudinal force

LE Collet: 5000 pump psi, 67,000 lbs longitudinal force
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Chart1

		2		2.27225		2.22825		2.18575		2.1475		2.1105

		3		2.257		2.20125		2.156		2.1185		2.084

		4		2.24725		2.18625		2.13975		2.1035		2.074

		5		2.24625		2.18775		2.14		2.102		2.0675

		6		2.24		2.17675		2.12875		2.091		2.0595

		7		2.2385		2.17275		2.124		2.0925		2.059

		8		2.237		2.175		2.1265		2.09175		2.061

		9		2.23675		2.171		2.12675		2.09525		2.06625

		10		2.22325		2.16375		2.13225		2.10625		2.0795



Total shrinkage: 
240 mil

before welding

fusion pass

1st filler

2nd filler

3rd filler

4th filler

Position Number

Height between main pushers, in.

HGQ09 Shell Welding

2.3205

2.31225

2.311

2.318

2.31175

2.31625

2.314

2.308

2.29625



Sheet1

		before welding

		pos#		north		south		average

		2		2.326		2.315		2.3205

		3		2.313		2.3115		2.31225

		4		2.308		2.314		2.311

		5		2.3225		2.3135		2.318

		6		2.3105		2.313		2.31175

		7		2.3135		2.319		2.31625

		8		2.3165		2.3115		2.314

		9		2.307		2.309		2.308

		10		2.2905		2.302		2.29625

		fusion pass		north		south

		2		2.273		2.2715		2.27225

		3		2.2575		2.2565		2.257

		4		2.239		2.2555		2.24725

		5		2.241		2.2515		2.24625

		6		2.235		2.245		2.24

		7		2.2345		2.2425		2.2385

		8		2.2405		2.2335		2.237

		9		2.239		2.2345		2.23675

		10		2.222		2.2245		2.22325

		1st filler		north		south

		2		2.23		2.2265		2.22825

		3		2.202		2.2005		2.20125

		4		2.178		2.1945		2.18625

		5		2.188		2.1875		2.18775

		6		2.175		2.1785		2.17675

		7		2.1715		2.174		2.17275

		8		2.1785		2.1715		2.175

		9		2.1715		2.1705		2.171

		10		2.161		2.1665		2.16375

		2nd filler		north		south

		2		2.188		2.1835		2.18575

		3		2.1555		2.1565		2.156

		4		2.1325		2.147		2.13975

		5		2.1405		2.1395		2.14

		6		2.128		2.1295		2.12875

		7		2.124		2.124		2.124

		8		2.13		2.123		2.1265

		9		2.1285		2.125		2.12675

		10		2.133		2.1315		2.13225

		3rd filler		north		south

		2		2.148		2.147		2.1475

		3		2.1185		2.1185		2.1185

		4		2.097		2.11		2.1035

		5		2.1025		2.1015		2.102

		6		2.09		2.092		2.091

		7		2.091		2.094		2.0925

		8		2.0945		2.089		2.09175

		9		2.0965		2.094		2.09525

		10		2.1075		2.105		2.10625

		4th filler		north		south

		2		2.11		2.111		2.1105

		3		2.086		2.082		2.084

		4		2.07		2.078		2.074

		5		2.069		2.066		2.0675

		6		2.061		2.058		2.0595

		7		2.058		2.06		2.059

		8		2.063		2.059		2.061

		9		2.0695		2.063		2.06625

		10		2.084		2.075		2.0795
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Sheet1

				5 deg		45 deg		90 deg		135 deg		175 deg

		0		16.529		16.373		16.292		16.342		16.545

		5		16.477		16.381		16.315		16.363		16.484

		10		16.434		16.376		16.344		16.368		16.447

		15		16.417		16.375		16.365		16.366		16.433

		20		16.413		16.38		16.367		16.365		16.428

		25		16.412		16.379		16.371		16.369		16.435

		30		16.403		16.369		16.367		16.372		16.435

		35		16.417		16.367		16.37		16.375		16.444

		40		16.427		16.371		16.368		16.371		16.418

		45		16.424		16.381		16.368		16.366		16.411

		50		16.417		16.378		16.372		16.368		16.409

		55		16.407		16.369		16.372		16.361		16.411

		60		16.416		16.372		16.379		16.376		16.411

		65		16.415		16.374		16.373		16.371		16.411

		70		16.427		16.369		16.359		16.365		16.421

		75		16.465		16.36		16.334		16.366		16.476

		80		16.489		16.347		16.324		16.352		16.478
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