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1.0 Summary

The stresses and deflections of the EB support saddles and back cryostat support have been examined for several different loading conditions.  It has been found that the stresses in the material and bolted connections are within acceptable stress limits.  In addition, the deflections of the saddles and cryostat support points have been examined.  These deflections show that the cryostat support interface must be able to accommodate motion in the X and Y direction of several millimeters.  

2.0 Introduction

This paper summarizes the extensive structural analysis and design of the support saddles for the Extended Barrel of the ATLAS Tilecalorimeter that has taken place at Argonne National Laboratory over the past several months.  The analysis of the support saddles for the EB was conducted in two parts.  First, a FE model of the entire EB Tilecalorimeter and the support saddles was constructed.  The purpose of this was to accurately determine the forces acting on the saddles from a variety of loading conditions.  Details of this analysis can be found in ANL Technical Report # ANL-HEP-TR-01-097, “Extended Barrel Support Saddle Design and Analysis”.  The forces acting on the support saddles were then extracted from this model and applied to a very detailed FE model of the support saddles and back cryostat support in the second analysis.  This paper will summarize this second detailed analysis of the EB support saddles and back cryostat support.  

The basic design of the saddles is shown in Figures 1 to 3.  A complete description of the design concept can be found in ANL Technical Report # ANL-HEP-TR-01-097 and the Atlas Tilecal TDR.  

3.0 Detailed Drawings.

Below is a listing of the detailed drawings of the EB support saddle.  

AT740-10 Sheet 1-2
- Assembly of the EB saddles

AT740-11 Sheet 1 – Flame Cut Gusset

AT740-12 Sheet 1-5  - Weldment and machining of Support A

AT740-13 Sheet 1-3
- Weldment and machining of Support B

AT740-14 Sheet 1-5  - Weldment and machining of Support C

AT740-15 Sheet 1-3  -Weldment and machining of Support D

AT740-16 Sheet 1 Stiffening Beam

AT740-17 and AT740 – Back cryostat support

AT740-19 and AT740-110 – Support beam for saddles

AT780-11 – Special Keyed cross bar

4.0 Material Properties

Stainless steel 304L is being used to construct the saddles.  For the thickness that are being used (approximately 70mm everywhere) the yield stress is 240Mpa and a Young’s module of 206e3Mpa. was used.  

5.0 Model Description

In the FE model of the saddle and back cryostat support the Z axis ran along the beam line, the Y axis was in the vertical direction, and the X axis was horizontal.  

Software used:  COSMOS/M and SolidWorks

Type of Elements: Solid

Number of Elements:  78,355

Material: Stainless Steel, E = 206,000 Mpa

Code applied: Eurocode 3

[image: image1.png]Bolt
Clearance
Hole

Swivel
Bolt Hole
Stiffener

Back Cryostat
Support Plate




Figure 1

EB Saddles with Back Cryostat Support Plate
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Figure 2

EB Support Saddle with Back Cryostat Support Plate
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Figure 3

EB Support Saddle Showing the Mounting Blocks for the Back Cryostat Support Plate
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Figure 4

Method for Labeling the Location of Swivel Bolts

6.0 Constraints

The support conditions underneath the saddle support beam are described in CERN Document #ATL-HT-EN-0010.  The left saddle was constrained in only the Y direction while the right saddle was constrained in the X, Y and Z directions.  

7.0 Load Cases

There were eight load cases considered which are listed below.  

C1 - 1.35g gravity loading (weight and cryostat) for Eurocode supported on the hydraulic jacks

C2 - Model C1 plus 1.35 times the manetic load supported on the hydraulic jacks

C3 - nominal (1.0g) gravity (weight and cryostat) load plus nominal magnetic load on the                  

        hydraulic jacks

C4 - Model C2 plus a .15g seismic load in the X and Z directions

C5 - 1.35g gravity load (weight and cryostat) on the airpads

C6 - Model C5 plus a .15g seismic load in Z to simulate a sudden stop

C7 - nominal (1.0g) gravity (weight and cryostat) load on airpads

C8 – 1.35g gravity loading (weight and cryostat) and .15g seismic load in the X and Z 

          directions on airpads.  

The increase in the nominal load of 35% is in accordance with Eurocode and provides a safety factor of .35 when the calculated stresses are compared to the yield strength of the material.  

The cryostat loads used are listed in the following table:

	
	
	Cryostat Support Point

	Load Case
	Direction
	Front Support
	Back Support

	C3,C7
	X
	-
	-

	
	Y
	58 tons (1.0g)
	87 tons (1.0g)

	
	Z
	-
	-

	C1, C2, C5
	X
	-
	-

	
	Y
	79 tons (1.35g)
	117 tons (1.35g)

	
	Z
	-
	-

	C4, C6


	X
	8.7 tons (.15g)
	13 tons (.15g)

	
	Y
	79 tons (1.35g)
	117 tons (1.35g)

	
	Z
	8.7 tons (.15g)
	13 tons (.15g)


8.0 Safety Factors

Several load cases were examined as described in section 6.0.  However, only load cases 4 and 8 have been used to determine the adequacy of the design.  According to Eurocode section 2.3.3.1 a safety factor of 1.35 is applied to all of the permanent applied loads and this increased load forms the basis for evaluating the design.  Case 4 examines the saddles when supported on the hydraulic jacks and subjected to the weight of the Tilecal and cryostat, the applied magnetic loads.  All of these permanent loads have been increased by 35%.  In addition, a seismic load of .15g as defined by TC has been applied in the X and Z directions.  Case 8 examines the situation when the saddles are supported on airpads under the same loading conditions except for the magnetic loads.  Whereas all of the data for the load cases which were examined will be presented, only load case 4 and 8 have been used to evaluate the design.  

There are also several bolted connections in the saddle structures.  A safety factor of 1.25 will be applied to the forces acting on the bolts according to section 6.1.1 and the shear and normal stresses will be calculated according to Table 6.5.3 in section 6.5.5 of the Eurocode.  

9.0 Saddle Forces

The forces acting on the saddle were determined by an analysis of the EB tilecalorimeter and the support saddles together, see ANL Technical Report # ANL-HEP-TR-01-097.  These forces acting on the saddle for each of the load cases are listed below.  

Model C1 (1.35g on jacks)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	152,200
	324,500
	243,500
	232,800
	99,290
	0
	-795,200

	Z2
	318,100
	516,800
	370,600
	253,700
	44,810
	0
	-1,362,000

	Z3
	127,600
	355,800
	295,900
	160,400
	55,990
	0
	-1,042,200

	Z4
	0
	8,683
	151,900
	319,300
	192,900
	0
	-471,460


Model C2 (1.35g + 1.35B on jacks)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	171,500
	290,500
	251,900
	248,800
	114,800
	0
	-809,900

	Z2
	348,300
	491,700
	373,200
	262,700
	55,360
	0
	-1,388,000

	Z3
	158,000
	354,400
	292,300
	160,100
	58,740
	0
	-1,058,000

	Z4
	0
	10,520
	148,300
	319,000
	194,800
	0
	-481,300


Model C3 (1.0g + 1.0B on jacks)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	130,600
	194,300
	191,300
	190,800
	89,400
	0
	-598,570

	Z2
	270,100
	340,000
	275,400
	198,200
	44,440
	0
	-1,024,800

	Z3
	132,500
	255,200
	217,400
	121,600
	44,350
	0
	-785,190

	Z4
	0
	8,611
	109,700
	234,100
	141,900
	0
	-358,040


Model C4 (1.35g + 1.35B + 0.15g X-Z on jacks)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	270,400
	424,800
	337,700
	338,000
	196,100
	0
	-1,306,000

	Z2
	514,400
	664,600
	501,800
	361,100
	76,170
	0
	-1,908,000

	Z3
	165,300
	268,500
	224,300
	129,700
	60,190
	0
	-737,600

	Z4
	0
	23,300
	70,530
	186,000
	111,000
	0
	-273,700


Model C5 (1.35g on airpads)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	231,900
	281,500
	293,600
	279,300
	124,900
	0
	-854,200

	Z2
	277,900
	400,500
	334,500
	247,200
	54,130
	0
	-1,298,310

	Z3
	180,600
	345,800
	303,100
	170,400
	56,970
	0
	-1,047,570

	Z4
	0
	18,970
	147,300
	302,500
	176,300
	0
	-471,130


Model C6 (1.35g + 0.15g Z on airpads)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	302,400
	447,400
	368,000
	345,400
	180,900
	0
	-1,256,000

	Z2
	304,200
	540,200
	408,400
	296,000
	55,630
	0
	-1,605,800

	Z3
	38,560
	222,600
	214,900
	105,600
	44,210
	0
	-649,700

	Z4
	0
	0
	642,800
	219,600
	145,600
	0
	-109,277


Model C7 (1.0g on airpads)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	167,900
	216,100
	210,600
	201,000
	89,390
	0
	-627,100

	Z2
	201,600
	313,000
	251,800
	182,800
	38,400
	0
	-966,199

	Z3
	126,100
	265,200
	224,600
	123,700
	41,110
	0
	-782,300

	Z4
	0.00
	10,470
	108,200
	226,300
	133,200
	0
	-345,100


Model C8 (1.35g + .15g X-Z on airpads)

Saddle Forces (N)

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	237,300
	306,800
	281,700
	277,000
	141,800
	0
	-975,600

	Z2
	435,300
	504,700
	411,900
	303,200
	74,100
	0
	-1,570,700

	Z3
	260,400
	391,100
	327,300
	172,500
	43,090
	0
	-1,148,000

	Z4
	25,080
	85,460
	128,800
	264,800
	174,000
	0
	-607,690


10.0 Saddle Stresses

The stresses in general throughout the EB saddles are very low (approximately 30-50Mpa).  The design of the saddles has been dominated by an effort to reduce the deflections. As expected the highest stresses occurred in load cases 4 and 8 because the nominal loads have been increased by 35% and the additional seismic loads have been applied.  Gusseting has been added to the inside of the support beam in the region underneath the saddles in order to reduce bending stresses on the plates which make up this beam.  In addition, a 50mm thick plate has been added to the bottom of the support beam.  This plate will be between the bottom of the support beam and the top of the airpads/hydraulic jacks.  

Looking at Load case 4 we find that the average stresses throughout the structure are very low.  However, significant stress concentrations occur at the locations where the support beam is supported by the hydraulic jack.  Whereas these stresses are high locally they still remain below the yield stress of the material of 240Mpa.  Since the applied loads have already been increase by 35% and the seismic loads have been applied this is an acceptable situation.  

Similarly, the stresses in Load case 8 are low on average throughout the structure except in the region where the support beam is supported on the airpads.  Once again the stress concentrations in this region remain below the yield stress of the material.  

The bearing stresses in the key on the saddles are listed in the table below.  These average bearing stresses are based upon the calculated key force divided by the key area of 25mm x 350mm.  All of the key stresses fall below the yield stresses, including those load cases where the load has been increased by 35% and the seismic load in the X and Z direction have been added.  

Bearing Stresses at Key (N/mm2)

	
	Load Case

	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8

	Z1
	-91
	-93
	-68
	-149
	-98
	-144
	-72
	-111

	Z2
	-156
	-159
	-117
	-218
	-148
	-184
	-110
	-180

	Z3
	-119
	-121
	-90
	-84
	-120
	-74
	-89
	-131

	Z4
	-54
	-55
	-41
	-31
	-54
	-12
	-39
	-69


The stresses in the welds were also examined.  As a first indication of the weld stresses the stresses in the elements in the region of the welds were examined.  These stresses were then scaled to adjust for the size of the weld as compared to the thickness of the plate element in this region.  All of the stresses in this initial examination were very small, approximately 80-100 MPa.  A hand calculation was then done of the average stress in the welds between the upright gussets and the 25mm plates which rest on the support beam.  The table below shows lists these average stresses.  Negative stresses indicate welds that are in compression.  

Average Weld Stress (MPa)

Vertical Welds

	
	Load Case

	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8

	Z1
	9.7
	10.5
	7.9
	4.7
	11.1
	9.4
	11.2
	8.4

	Z2
	-8.2
	-8.5
	-6.5
	-11.2
	-10.6
	-14.0
	
-10.4
	-10.1

	Z3
	-15.1
	-14.1
	-10.3
	-1.4
	-8.3
	-5.6
	-9.4
	-11.5

	Z4
	15.0
	14.3
	10.4
	8.6
	-8.9
	17.8
	18.0
	2.9


Average Weld Stress (MPa)

Horizontal Welds

	
	Load Case

	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8

	Z1
	40.5
	41
	30
	62
	45
	64
	33
	47

	Z2
	63
	64
	47
	89
	57
	70
	43
	73

	Z3
	44
	45
	34
	34
	46
	27
	35
	51

	Z4
	23
	23
	17
	13
	24
	11
	20
	27
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Von Mises Stresses in Model C1
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Von Mises Stresses in Model C2

[image: image7.png]Lin STRESS Lc=1

,\\.\\\ 7

4

y
0
i
\%\@w

ANRNATAVAVAVAVAV, 00

1
“\ \\m‘
Y
/R j

) \ Inihii@«v«»«v
\\\ \\\\\ N mavavvies i

/
i \ RS
v 7

0
/ \ mAhhh‘!««»ﬁ«v«
/

4y
i
N
g A
\\ \ mﬂ”ﬂh‘hb% s
/i
/

4““!«»««»««»««

\% SRS
Bl

i




Von Mises Stresses in Model C3
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Von Mises Stresses in Model C4
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Von Mises Stresses in Model C5
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Von Mises Stresses in Model C6
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Von Mises Stresses in Model C7
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Von Mises Stresses in Model C8

11.0 Saddle Deflections

The saddle deflections are listed below. 

Deflections at the Cryostat Support Points – Left Side (mm)

	
	Front
	Back

	
	X
	Y
	X
	Y

	C1
	-2.4324
	-4.0102
	-1.4344
	-2.4154

	C2
	-2.4864
	-4.4623
	-1.3351
	-3.0027

	C3
	-1.8295
	-3.0066
	-0.93171
	-2.1003

	C4
	4.3206
	-4.9746
	5.8025
	-0.67265

	C5
	-2.3908
	-3.3816
	-1.3804
	-2.3958

	C6
	-3.2436
	-5.1634
	-0.25329
	-0.8453

	C7
	-1.7721
	-2.5618
	-1.0456
	-1.8323

	C8
	3.0146
	-3.6298
	5.5274
	-1.979


Deflections at the Cryostat Support Points – Right Side (mm)

	
	Front
	Back

	
	X
	Y
	X
	Y

	C1
	2.6689
	-4.0632
	2.8448
	-2.4154

	C2
	2.9616
	-4.3834
	2.8162
	-2.4733

	C3
	2.1485
	-3.097
	2.0202
	-1.7521

	C4
	11.64
	-6.2237
	10.689
	-1.1081

	C5
	2.6163
	-3.4335
	2.6281
	-1.9358

	C6
	4.3688
	-5.2768
	2.5066
	-0.62572

	C7
	1.9734
	-2.6003
	2.0097
	-1.4868

	C8
	7.9713
	-4.5607
	12.422
	-4.8789


Case 1 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	1.0251
	0.6536
	0.4325
	0.3205
	0.5134
	0.8541

	Z2
	0.909
	0.6471
	0.5596
	0.6151
	0.8568
	1.2233

	Z3
	0.5479
	0.5395
	0.7983
	1.2844
	1.9704
	2.8235

	Z4
	0.4282
	0.4631
	0.7686
	1.3246
	2.0956
	2.9736

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.9152
	-1.3911
	-1.1226
	-0.9854
	-1.0856
	-1.2715

	Z2
	-1.6545
	-1.2309
	-1.0484
	-1.0392
	-1.1878
	-1.391

	Z3
	-1.3422
	-1.1898
	-1.3385
	-1.6878
	-2.146
	-2.6246

	Z4
	-1.3851
	-1.3078
	-1.5157
	-1.9241
	-2.4411
	-2.9343


Case 2 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	1.1087
	0.7363
	0.5234
	0.4257
	0.6516
	1.0326

	Z2
	0.993
	0.7305
	0.6578
	0.7345
	1.0109
	1.4188

	Z3
	0.6538
	0.6333
	0.933
	1.4627
	2.1972
	3.1021

	Z4
	0.5356
	0.5575
	0.9093
	1.5122
	2.3335
	3.264

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-2.0385
	-1.5112
	-1.2497
	-1.1234
	-1.2452
	-1.4536

	Z2
	-1.7805
	-1.3512
	-1.1817
	-1.1895
	-1.3616
	-1.5881

	Z3
	-1.502
	-1.318
	-1.5069
	-1.8938
	-2.3861
	-2.894

	Z4
	-1.5502
	-1.4415
	-1.6986
	-2.1488
	-2.7015
	-3.2245


Case 3 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.785
	0.5299
	0.3827
	0.3223
	0.4989
	0.79

	Z2
	0.7039
	0.5243
	0.476
	0.5406
	0.7535
	1.0639

	Z3
	0.4333
	0.4419
	0.65
	1.0339
	1.5768
	2.2483

	Z4
	0.3439
	0.3847
	0.6274
	1.0629
	1.6687
	2.3587

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.3964
	-1.0343
	-0.852
	-0.7689
	-0.866
	-1.0256

	Z2
	-1.2138
	-0.9165
	-0.797
	-0.809
	-0.9422
	-1.1146

	Z3
	-0.9861
	-0.8906
	-1.016
	-1.2937
	-1.6568
	-2.0336

	Z4
	-1.019
	-0.9797
	-1.1492
	-1.4707
	-1.8772
	-2.2649


Case 4 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	6.0862
	6.0067
	6.0266
	6.1083
	6.376
	6.8311

	Z2
	6.0204
	6.0254
	6.1688
	6.4514
	6.8745
	7.3796

	Z3
	5.737
	6.0297
	6.6985
	7.727
	9.0993
	10.758

	Z4
	5.6274
	5.9668
	6.7135
	7.8631
	9.3973
	11.102

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-0.8346
	-0.6824
	-0.6646
	-0.6993
	-0.8581
	-1.1089

	Z2
	-0.835
	-0.7613
	-0.8376
	-1.0357
	-1.3172
	-1.5997

	Z3
	-1.3847
	-1.5596
	-2.085
	-2.8711
	-3.7999
	-4.7325

	Z4
	-1.6355
	-1.8891
	-2.5088
	-3.3958
	-4.436
	-5.3955


Case 5 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.932
	0.5793
	0.3787
	0.2852
	0.4854
	0.8312

	Z2
	0.8384
	0.5835
	0.5066
	0.5744
	0.8235
	1.1948

	Z3
	0.5311
	0.5166
	0.759
	1.2295
	1.9067
	2.7547

	Z4
	0.4252
	0.4666
	0.7502
	1.2922
	2.0569
	2.9312

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.4671
	-0.9646
	-0.7169
	-0.5967
	-0.7032
	-0.8923

	Z2
	-1.202
	-0.7844
	-0.6127
	-0.614
	-0.7678
	-0.9738

	Z3
	-0.8204
	-0.6673
	-0.8003
	-1.137
	-1.5886
	-2.0641

	Z4
	-0.7787
	-0.71
	-0.8913
	-1.2833
	-1.794
	-2.2849


Case 6 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.7968
	0.3349
	0.0503
	-0.1929
	-0.2419
	-0.1241

	Z2
	0.7342
	0.4437
	0.3084
	0.2718
	0.3559
	0.5194

	Z3
	0.9232
	0.9019
	1.277
	1.9452
	2.891
	4.0787

	Z4
	0.9115
	0.9544
	1.4102
	2.2039
	3.3078
	4.5419

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.3273
	-0.6649
	-0.3336
	-0.0868
	-0.0188
	-0.0778

	Z2
	-1.0539
	-0.6105
	-0.4009
	-0.3262
	-0.3692
	-0.4579

	Z3
	-1.2915
	-1.0766
	-1.3157
	-1.8056
	-2.4393
	-3.1057

	Z4
	-1.3722
	-1.2401
	-1.5647
	-2.1519
	-2.8929
	-3.5865


Case 7 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	0.7168
	0.4443
	0.2912
	0.2172
	0.3633
	0.618

	Z2
	0.6434
	0.4475
	0.3906
	0.4389
	0.6214
	0.8953

	Z3
	0.4112
	0.3926
	0.5832
	0.9396
	1.4446
	2.0745

	Z4
	0.3293
	0.3534
	0.5774
	0.9873
	1.5571
	2.2066

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.1361
	-0.7482
	-0.5595
	-0.466
	-0.543
	-0.6821

	Z2
	-0.9295
	-0.6082
	-0.4802
	-0.4797
	-0.5923
	-0.7442

	Z3
	-0.6499
	-0.5204
	-0.6299
	-0.8869
	-1.2242
	-1.5775

	Z4
	-0.6216
	-0.5569
	-0.7067
	-1.006
	-1.3874
	-1.7522


Case 8 – Saddle Deflections (mm)

	X Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	6.1197
	6.0947
	6.1726
	6.3549
	6.7924
	7.4235

	Z2
	5.7609
	5.7775
	5.9605
	6.3128
	6.8403
	7.5067

	Z3
	3.9681
	4.2168
	4.7234
	5.5216
	6.5924
	7.8784

	Z4
	3.5631
	3.8511
	4.4054
	5.2768
	6.4446
	7.7593

	Y Deflections
	
	
	
	
	

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	-1.4187
	-1.3324
	-1.3626
	-1.474
	-1.7454
	-2.095

	Z2
	-1.3213
	-1.2421
	-1.3335
	-1.5791
	-1.9302
	-2.303

	Z3
	-1.1861
	-1.3547
	-1.7455
	-2.3515
	-3.0751
	-3.7981

	Z4
	-1.2606
	-1.4973
	-1.9471
	-2.6146
	-3.405
	-4.1447


12.0 Swivel Bolt Stresses

The EB will be supported by the saddle structure by bearing on a series of swivel bolts oriented in the radial direction.  The swivel bolts are comprised of a commercially purchased bolt (Fairlane Swivel Bolt #BUH-1108x4) with a swivel pad integrated into its head.  The rated capacity of swivel on this bolt is 13tons.  The forces on the swivel bolts are the forces listed in Section 9 divided by 3 because there are 3 swivel bolts for each Z position.  See Figure 4.  However, the manufacturer has been contacted and has said that a new design feature of the swivel bolt has increased the capacity of the swivel bolt by a factor of 3.  The bolts are fabricated from 4140 steel hardened to RC60.  Twelve bolts have been ordered and will be tested in order to evaluate the load capacity. If the swivel bolts demonstrate a load capacity of 50 tons there will be a safety factor of 2 on all of the swivel bolts throughout the structure.  Conversations with the vendor indicate that this will be the case, however, it must be confirmed through testing.  

The thread and normal stresses in the bolts are listed in the tables below.  The swivel bolts are made from 4140 steel with a tensile strength of 675Mpa.  Using the Eurocode to calculate the acceptable stress level for the bolt we find them to be 550 Mpa normal stress and 324Mpa for shear stress in the bolt threads.  For the shears stress in the stainless steel (304L) saddle the maximum allowable shear stress is 111Mpa.  The maximum bolt stresses occur in Case 4 in position Z2-M8.  The shear stress in the bolt threads is 53 N/mm2 and the normal stress in the bolt is 593 N/mm2.  The shear stress in the stainless steel saddle is 54 N/mm2.  

All of the thread stresses are within acceptable limits. 

Model C1

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	12.16
	25.93
	19.46
	18.61
	7.94
	0.00

	Z2
	25.42
	41.30
	29.62
	20.28
	3.58
	0.00

	Z3
	10.20
	28.44
	23.65
	12.82
	4.47
	0.00

	Z4
	0.00
	0.69
	12.14
	25.52
	15.42
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	135.92
	289.79
	217.46
	207.90
	88.67
	0.00

	Z2
	284.08
	461.53
	330.96
	226.57
	40.02
	0.00

	Z3
	113.95
	317.75
	264.25
	143.25
	50.00
	0.00

	Z4
	0.00
	7.75
	135.65
	285.15
	172.27
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	12.48
	26.61
	19.96
	19.09
	8.14
	0.00

	Z2
	26.08
	42.37
	30.38
	20.80
	3.67
	0.00

	Z3
	10.46
	29.17
	24.26
	13.15
	4.59
	0.00

	Z4
	0.00
	0.71
	12.45
	26.18
	15.82
	0.00


Model C2

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	13.71
	23.22
	20.13
	19.88
	9.17
	0.00

	Z2
	27.84
	39.30
	29.83
	20.99
	4.42
	0.00

	Z3
	12.63
	28.32
	23.36
	12.80
	4.69
	0.00

	Z4
	0.00
	0.84
	11.85
	25.49
	15.57
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	153.16
	259.43
	224.96
	222.19
	102.52
	0.00

	Z2
	311.05
	439.11
	333.29
	234.60
	49.44
	0.00

	Z3
	141.10
	316.50
	261.04
	142.98
	52.46
	0.00

	Z4
	0.00
	9.39
	132.44
	284.88
	173.97
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	14.06
	23.82
	20.65
	20.40
	9.41
	0.00

	Z2
	28.56
	40.31
	30.60
	21.54
	4.54
	0.00

	Z3
	12.95
	29.06
	23.97
	13.13
	4.82
	0.00

	Z4
	0.00
	0.86
	12.16
	26.15
	15.97
	0.00


Model C3

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	10.44
	15.53
	15.29
	15.25
	7.14
	0.00

	Z2
	21.59
	27.17
	22.01
	15.84
	3.55
	0.00

	Z3
	10.59
	20.40
	17.37
	9.72
	3.54
	0.00

	Z4
	0.00
	0.69
	8.77
	18.71
	11.34
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	116.63
	173.52
	170.84
	170.39
	79.84
	0.00

	Z2
	241.21
	303.64
	245.95
	177.00
	39.69
	0.00

	Z3
	118.33
	227.91
	194.15
	108.59
	39.61
	0.00

	Z4
	0.00
	7.69
	97.97
	209.06
	126.72
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	10.71
	15.93
	15.68
	15.64
	7.33
	0.00

	Z2
	22.15
	27.88
	22.58
	16.25
	3.64
	0.00

	Z3
	10.86
	20.92
	17.82
	9.97
	3.64
	0.00

	Z4
	0.00
	0.71
	8.99
	19.19
	11.63
	0.00


Model C4

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	21.61
	33.95
	26.99
	27.01
	15.67
	0.00

	Z2
	41.11
	53.11
	40.10
	28.86
	6.09
	0.00

	Z3
	13.21
	21.46
	17.93
	10.37
	4.81
	0.00

	Z4
	0.00
	1.86
	5.64
	14.87
	8.87
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	241.48
	379.37
	301.58
	301.85
	175.13
	0.00

	Z2
	459.39
	593.52
	448.13
	322.48
	68.02
	0.00

	Z3
	147.62
	239.78
	200.31
	115.83
	53.75
	0.00

	Z4
	0.00
	20.81
	62.99
	166.11
	99.13
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	22.17
	34.83
	27.69
	27.71
	16.08
	0.00

	Z2
	42.17
	54.49
	41.14
	29.61
	6.25
	0.00

	Z3
	13.55
	22.01
	18.39
	10.63
	4.93
	0.00

	Z4
	0.00
	1.91
	5.78
	15.25
	9.10
	0.00


Model C5

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	18.53
	22.50
	23.46
	22.32
	9.98
	0.00

	Z2
	22.21
	32.01
	26.73
	19.76
	4.33
	0.00

	Z3
	14.43
	27.64
	24.22
	13.62
	4.55
	0.00

	Z4
	0.00
	1.52
	11.77
	24.18
	14.09
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	207.10
	251.39
	262.20
	249.43
	111.54
	0.00

	Z2
	248.18
	357.67
	298.73
	220.76
	48.34
	0.00

	Z3
	161.28
	308.82
	270.68
	152.18
	50.88
	0.00

	Z4
	0.00
	16.94
	131.55
	270.15
	157.44
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	19.01
	23.08
	24.07
	22.90
	10.24
	0.00

	Z2
	22.78
	32.84
	27.43
	20.27
	4.44
	0.00

	Z3
	14.81
	28.35
	24.85
	13.97
	4.67
	0.00

	Z4
	0.00
	1.56
	12.08
	24.80
	14.45
	0.00


Model C6

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	24.17
	35.76
	29.41
	27.60
	14.46
	0.00

	Z2
	24.31
	43.17
	32.64
	23.66
	4.45
	0.00

	Z3
	3.08
	17.79
	17.17
	8.44
	3.53
	0.00

	Z4
	0.00
	0.00
	51.37
	17.55
	11.64
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	270.06
	399.55
	328.64
	308.46
	161.55
	0.00

	Z2
	271.67
	482.43
	364.72
	264.34
	49.68
	0.00

	Z3
	34.44
	198.79
	191.92
	94.31
	39.48
	0.00

	Z4
	0.00
	0.00
	574.05
	196.11
	130.03
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	24.79
	36.68
	30.17
	28.32
	14.83
	0.00

	Z2
	24.94
	44.29
	33.48
	24.27
	4.56
	0.00

	Z3
	3.16
	18.25
	17.62
	8.66
	3.62
	0.00

	Z4
	0.00
	0.00
	52.70
	18.00
	11.94
	0.00


Model C7

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	13.42
	17.27
	16.83
	16.06
	7.14
	0.00

	Z2
	16.11
	25.01
	20.12
	14.61
	3.07
	0.00

	Z3
	10.08
	21.19
	17.95
	9.89
	3.29
	0.00

	Z4
	0.84
	8.65
	18.09
	10.65
	10.65
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	149.94
	192.99
	188.08
	179.50
	79.83
	0.00

	Z2
	180.04
	279.52
	224.87
	163.25
	34.29
	0.00

	Z3
	112.61
	236.84
	200.58
	110.47
	36.71
	0.00

	Z4
	9.35
	96.63
	202.10
	118.95
	118.95
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	13.77
	17.72
	17.27
	16.48
	7.33
	0.00

	Z2
	16.53
	25.66
	20.64
	14.99
	3.15
	0.00

	Z3
	10.34
	21.74
	18.41
	10.14
	3.37
	0.00

	Z4
	0.86
	8.87
	18.55
	10.92
	10.92
	0.00


Model C8

	Swivel Bolt Thread Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	18.96
	24.52
	22.51
	22.14
	11.33
	0.00

	Z2
	34.79
	40.34
	32.92
	24.23
	5.92
	0.00

	Z3
	20.81
	31.26
	26.16
	13.79
	3.44
	0.00

	Z4
	2.00
	6.83
	10.29
	21.16
	13.91
	0.00

	
	
	
	
	
	
	

	Swivel Bolt Normal Stresses (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	211.92
	273.99
	251.57
	247.37
	126.63
	0.00

	Z2
	388.74
	450.72
	367.85
	270.77
	66.18
	0.00

	Z3
	232.55
	349.27
	292.30
	154.05
	38.48


	0.00

	Z4
	22.40
	76.32
	115.02
	236.48
	155.39
	0.00

	
	
	
	
	
	
	

	Thread Stresses in Saddle from Swivel Bolt (Mpa)

	
	M6
	M8
	M9
	M10
	M11
	M12

	Z1
	19.46
	25.15
	23.10
	22.71
	11.63
	0.00

	Z2
	35.69
	41.38
	33.77
	24.86
	6.08
	0.00

	Z3
	21.35
	32.07
	26.83
	14.14
	3.53
	0.00

	Z4
	2.06
	7.01
	10.56
	21.71
	14.27
	0.00


13.0 Support Beam Bolted Connection

Each saddle is bolted to the support beam by M24 bolts.  There are 12 bolts on the horizontal and12 bolts on the vertical surface which mates with the support beam.  The horizontal surface that mates with the support beam is subjected to pure compression from the weight of the EB.  The bolts on this surface serve mainly to locate the saddle during assembly.  The vertical mating surface between the saddle and the support beam withstands a twist of the saddles. It should be noted that bolts, which have a force acting in the positive direction on them, are in compression, therefore, all of the forces is carried by the mating surface and not the bolt.  The stresses in all of the load cases are within acceptable limits.  

Shear Stresses in Support Beam – Left Saddle

	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8

	Z1
	6.8
	7
	5.5
	3.3
	11.1
	9.4
	7.9
	5.9

	Z2
	-5.8
	-6
	-4.5
	-8
	-10.6
	-14.0
	-7.4
	-7.1

	Z3
	-10.5
	-10
	-7
	-1
	-8.3
	-5.6
	-6.6
	-8.4

	Z4
	10.6
	10
	7
	6
	8.9
	17.8
	12.6
	2.0


Shear Stresses in Support Beam – Right Saddle

	
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8

	Z1
	11.3
	12
	9
	-10
	16.5
	13.5
	12
	7

	Z2
	3.1
	4
	23.6
	-61
	-3
	-6
	-2
	-45

	Z3
	-4.5
	-3.5
	-2
	18
	30
	20
	-2
	-42

	Z4
	12.6
	12.6
	9
	29
	11
	21
	8.4
	11


14.0  Back Cryostat Support PLATE 

The rear of the cryostat is supported by two identical plates attached to the saddles.  The two plates are located symmetrically about the Y-axis with one of the plates shown in Fig. 5 and 17.   In addition to the gravity load, these two plates must completely withstand seismic loads equal to 15% of the nominal gravity load applied to the support in all directions.  In particular, the following areas are examined in all cases:

1.
Plate stresses.

2.
Shear stress in threads at plate/saddle connection (internal and external)

3.
Stresses in stiffener beams.

4.
Stresses at key.

15.0  Model Description

The Back Cryostat Support Plate (BCSP) was modeled using a combination of plate, beam, truss, and gap elements.  A brief description is given here, see [ANL Technical Report # ANL-HEP-TR-01-097, “Extended Barrel Support Saddle Design and Analysis”]  for a more detailed description.
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Cosmos/M 2.5

Linear Stress Analysis

Element type

Number of elements

Triangular Plate (avg. = 25mm)

4731

Beam3D

96

Truss3D

21

Compressive Gap

44

Material Properties (isotropic)

Ex 

210 Gpa

Gxy

79 Gpa

Nuxy

0.28

Density

7.7e3 kg/m^3


Table 1

FEA model description

Figure 5 shows the BCSP schematically.  The 70 mm steel plate of the BCSP was modeled using 3 node triangular plate elements of thickness 70mm.    Truss elements were used to model the key and bolts.  To account for the contact areas of the supporting saddle structure, compressive gap elements (without friction) were used along the outer radius of the BCSP and along with the bolt elements.

[image: image14.wmf]
Figure 5

Schematic for FEA shell model of Back Cryostat Support

The lines representing the stiffener beams were meshed with 3D beam elements.  The nodes of the beam and shell elements were merged.   Different values were used for the moment of inertia for the on- and off- plate beam elements to take into account the stiffening effect of the 70 mm plate.  These values are listed in Table 2.  Figure 8 below shows the z-direction truss elements along the stiffener beams that represent the bolt connection to the saddle.  Those truss elements have twice the area of a bolt to represent the two bolts used at each position.  This assumes an even force distribution among these two bolts.

	ABEAM
	2.42e4 mm2

	ITT ( Off Plate)
	1.652e8 mm2

	ISS
	5.785e7 mm2

	K
	1.967e7 mm2

	d
	150 mm

	ITTP (On Plate)
	2.332e8 mm2


Table 2 

Beam Constants for Stiffener Beam

[image: image15.wmf]
Figure 7

Cross section of Stiffener Beam on plate.

16.0  Case Description

The seven load cases (C1-C7) described above for the saddle analysis are similarly used in the analysis of the BCSP.  In the case of the BCSP however, the load cases reduce to only three unique cases.  These loads and the cases they represent are listed in table 3.  
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Model

[Ton]

[Ton]

[Ton]

C3, C7

0

-87

0

(1g)

C1,C2,C5

0

-117

0

(1.35g)

C4,C6

13

-117

13

(0.15g)

(1.35g)

(0.15g)


Table 3

Back Cryostat Support Plate applied loads per EB Model case
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Figure 8

FEA mesh rotated about Y axis to show Z-direction restraints on stiffener beam.

The loads and restraints are shown in Fig. 8.  The loads are applied equally across the middle six nodes of the plate.  The truss and gap elements are merged to the respective plate or beam elements at one node and are restrained in translation (Ux=Uy=Uz=0) at the other.  In this manner, the truss elements (representing the bolts) which apply loads only the axial direction are not transmitting any shear loads.  The gaps similarly only apply a compressive reaction along the axial direction with friction ignored.  This is conservative as friction along the CSBP/saddle boundary will reduce the load at the key.  It can be seen that the key is represented by three truss elements, each of area equal to 1/3 the key cross sectional area.

17.0   PlATE Stresses

The Von Mises stress plots for each case are shown in figures 9-13.  The plate stresses are below  200MPa for all mode; caess.  For modelsC3 and C7, the  Von Mises stresses are generally below 100MPa with the maximum of 144 MPa occurring at the corner of the key.    
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Figure 9

Von Mises Stress for Models C3 and C7
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Figure 10

Von Mises Stress for Models C1, C2, and C5

For models C1,C5, and C6, figure 10 shows the stress generally below 130 MPa outside the key region with stress concentrations up to 160 MPa at the first cutout.  In the key area, the maximum stress is 196 MPa at the corner point of the key.   Figure 11 shows and enlarged view of the key area.
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Figure 11

Von Mises Stress for Models C1,C2 and C5 - Key region
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Figure 12

Von Mises Stress for Models C4 and C6

Figure 12 shows the Von Mises stress for models C4 and C6.  The highest stress is 202MPa in the corner of the second cutout near the top of the third stiffener beam.  The key forcs are actually lower than that of cases C1, C2, and C5 since the positive X- direction seismic load reduces the loading at the key by countering the X-component of the gravity load at the key.  The maximum beam stresses in the stiffener beams are 84 MPa. 
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Figure 13

Von Mises Stress for Models C4 and C6 - Key region

18.0  DEFLECTIONS

Figures 14 and 15 show the resultant deflections for the Models C1-C3, C5 and C7.  The maximum resultant deflection is 0.6mm  (ux=-0.44mm, uy=-0.36mm) for cases C3 and C7 and 0.75mm (ux= -0.59 and uy= -0.49) for cases C1, C2, and C5.  These deflections are seen to be extreme at the top of the plate.
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Figure 14

Resultant Deflection for Models C3 and C7
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Figure 15

Resultant Deflection for Models C1, C2, and C5
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Figure 16

Uz  Deflection for Models C4 and C6
For the load case C4 and C6, the maximum deflection Ux and Uy are also at the tip of the plate and are less than 0.5mm  (ux= -0.4mm, uy=  -0.4mm).  The z-direction deflection is 4.8mm at the top of the plate.  The Z-deflection, Uz is plotted in Figure 16.

19.0 BOLT STRESSES

Tables 5 through 7 list the bolt and thread stresses for the various load cases.  Figure 17 shows the bolt numbering. Per Eurocode, the thread stripping stress for the internal threads:
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We calculate the thread stress area,  
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Table 4

Thread Stress Area for Bolted Connections
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Figure 17

Bolt Numbering Convention

Examining the bolt stresses in tables 5 through 8, we see that the high axial stresses are seen only for saddle bolts 4 and 5 (368 MPa for model cases C1, C2, and C5).  In model C4 and C6, we see stiffener bolt axial stresses are as high 532 Mpa.  High strength bolts should be used for all even though some listed in table 7 have zero stress.  This is because Z-direction loading in the reverse direction causes a flip flop in the bolt forces and changes which bolts see the high stresses; for example from 4,8 to 1,5.  It should also be recalled that this model represents two stiffener bolts as one and assumes equal load distribution. 

Using the Eurocode which specified a 1.25 safety factor on the normal stress on  the bolt the maximum allowable tensile stress for grade 10.9 bolts would be 800 Mpa.  This stress is 1.5 time larger than the maximum stress in any of the bolts found in this analysis.  The same bolts have an allowable stress of 461 Mpa in shear.  The shear stress in the bolt threads are relatively low at 87 Mpa.  Based on the axial stress, grade 10.9 bolts should be used for all the bolted connections of the cryostat plate.  
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Notes.

1.  Stresses are per bolt in the case of the stiffener bolts and are assumed to be equal.

2.  All forces are in N, stresses are in Mpa

3.  Gap normal forces are compressive.


Table 5

Bolt and Gap Forces for Models C3 and C7

For the saddle internal thread stresses, the maximum allowable shear stress is 111Mpa (304L stainless).  The highest internal thread stresses are stresses on the saddle due to these bolt forces are also calculated and are 85Mpa in the stiffener bolt connection indicating a 1.3 safety factor. 
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3.  Gap normal forces are compressive.


Table 6

Bolt and Gap Forces for Models C1, C2, and C5
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1.  Stresses are per bolt in the case of the stiffener bolts and are assumed to be equal.
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Table 7

Bolt and Gap Forces for Models C4 and C6

20.0 Conclusion

The stresses and deflections throughout the EB support saddles and back cryostat support have been examined.  Several different load cases have been analyzed,  however, only Case 4 and 8 are relevant for meeting the Eurocode and seismic requirements of TC.  This report has shown that the stresses and deflections are within acceptable limits in all of the load cases.  

The deflections have also been calculated at the load points on the saddle and the loading points for the cryostat.  It is important the when the cryostat interfaces are designed they are able to accommodate the level of deflections that have been calculated.  This is important so that the cryostat and beam pipe can be located properly.  The calculations on the back cryostat support have also indicated that it will deflect a large amount in Z under earthquake conditions.  The level of deflections, however, is larger than the clearance between the support plate and the Tilecal.  Therefore, under the earthquake conditions it is anticipated that the Tilecal modules will have to support a large proportion of the Z direction seismic load. Calculations of the EB have shown that it is capable of handling such loads.  
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