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Purpose of Calculation: (Define why the calculation is being performed.)
Qualify the Aluminum Block and Bolting for upgrades and modifications proposed for the NSTX CS Upgrade  FDR
References (List any source of design information including computer program titles and revision levels.)
-See the reference list in the section 5.3 of the calculation
Assumptions (Identify all assumptions made as part of this calculation.)
Originally and conservatively, the OOP loads on the aluminum block were derived from a simple model of the outer leg that did not include the knuckle clevis restraint/support. This has been updated with loads based on the stiffer struts, from [1] and [2].  Loads from the TF flex joint have been considered. There is some variation in loading, and it is assumed that the choice of loads has adequately enveloped the actual loading. Global model and local model displacements were compared. To get better consistency in the rotational stiffness, the global model should improve modeling of reinforcements, but the behavior of the two models is deemed sufficient to assess the aluminum block hardware with the global model loads.
Calculation (Calculation is either documented here or attached)
Attached in the body of the calculation
Conclusion (Specify whether or not the purpose of the calculation was accomplished.)
With recommended reinforcements, and modest preloads, the 3/4 inch 316 SS bolts are acceptable for the upgrade loads. DCPS input has been generated and provided to the DCPS Cognizant Engineer. The vertically split "wing" reinforcement is adequate but the split must be welded.  Weld details of the recommended reinforcement are acceptable - previously reported high weld stresses were improved by "turning the corners" at the weld ends.  The aluminum blocks appear to be cast material rather than the wrought material called out in the drawings.  Reinforcements are proposed both on the inside of the umbrella structure, and outside the umbrella structure to help support the load and capture the block. 
Cognizant Engineer’s printed name, signature, and date

Mark Smith


I have reviewed this calculation and, to my professional satisfaction, it is properly performed and correct.
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3.0 Executive Summary:

    The aluminum blocks at the top and bottom ends of the TF outer legs react part of the loads from the outer legs of the TF coils. The aluminum blocks are split and clamp the TF coil end with an epoxy glass filler. This calculation is intended to investigate the aluminum block stress and the stresses in the 3/4 inch bolts that connect the block to the umbrella shell. This analysis initially uses conservatively derived OOP loads and moments from the TF outboard leg based on soft struts at the knuckle clevis. These loads have been updated for the latest stiff struts. Loads have come from references [1], [2] and [9] . 

    Analysis has progressed through a number of iterations of recommended reinforcements. The last set of modifications is intended to address the uncertainty in the material properties of the aluminum blocks. Outer bar clamps have been added.  If tests or documentation shows adequate properties, the last set of additions may not be needed. Photos of the blocks support the belief that the blocks are sand cast. The biggest concern with cast material is that the ductilities are low. If fit-up isn't perfect, the blocks may have been deformed close to their ultimate during assembly or could be when the upgrade components are added.  The uncertainty in the properties, particularly the ductility, argues for some additional reinforcements to provide redundancy in the block flange.  Consequently, the full complement of reinforcements is recommended. 
   With recommended reinforcements, and a preload to 25 ksi, stress levels in the 3/4 inch bolting remain close to the preload stress. This satisfies the stress limits for the 316 bolts specified, which is 33.6 ksi for the "generic" 316 bar stock assumed for the existing bolts. A better grade of bolt with a proper pedigree is recommended, but preloads, discussed next, should not be exceeded to protect the block flange.   The bolts are expected to be preloaded with the recommended reinforcements.  The bolts are expected to be preloaded beyond the design stress and will be isolated from the cyclic loading. The pre-tension needed is 8375 lbs. The torque needed for this is .2*F*D = .2*8375*.75/12= 104 ft-lbs.

   Bolt stresses are strongly affected by the flexibility of the umbrella structure shell. Reinforcing the shell has improved stresses in the shell as well as the bolt stress. Also lateral loads are assumed taken by a good fit between the aluminum blocks and umbrella structure cut-out. This requires shimming. If shimming is to be avoided, the preload would have to be increased and the aluminum block flange would be more highly stressed. 
[image: image2.png]Without Symmetry Expansion

Mat(5 -~

[Ford





Figure 3.0-1 Initial Model Representing the Current (2010) configuration
While this calculation is not intended to address umbrella structure arch stresses, or TF outer leg bending and insulation bond shear, these areas are included in the models and stress values for these areas are consistent with those reported in other analyses [1] [2].
    The external bars or outer plates are 1 inch thick, 4.25 high and 13.5 inches wide. There are two, one above the TF conductor and one below, held by 3/4 inch bolts that thread into the reinforcing bars on the inside of the umbrella structure.
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Figure 3.0-2 Symmetry expansion of the model with recommended reinforcements added
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The modeling in this calculation shows the TF leg protruding straight out of the conductor. Actually it is angled downward.  This was done to simplify meshing. The inclined TF should allow the top bar to be positioned one pair of bolts downward. The bars on the outside could be replaced with full coverage by a pair of "horseshoes"  
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Figure 3.0-4 Stresses in the reinforcement components

   The "wing" reinforcements on the inside of the umbrella structure are cut or stepped on the top to fit the TF Strap Finger ring. At the bottom they are also similarly stepped.  The corner in the lower wing was highly stressed without a radius.  The addition of a radius is recommended. Stresses in the upper corner are not as bad and the radius would interfere with the finger support ring.
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Figure 3.0-5 TF Flex Joint Support "Fingers" and One of the Initial Reinforcement Concepts

Loading from the fingers was obtained from [9] and post processed by Yuhu Zhai, but a review of the source of these loads determined that they were already included in the loading extracted from the global model [2].  This is discussed in section 5.5.  The fingers help react the moment caused by the cantilevered extension of the outer leg between the umbrella structure and the flex strap. 

The local model analysis is divided into four load steps. Figure 3.0-6 shows the results for each of the load steps with a consistent contour range (in psi) for comparison.
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Figure 3.0-6 TF Stresses in the Local Model With the Same Contours (in psi) for Comparison of the Four Load Cases Considered. 
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Figure 3.0-7 TF Stresses in the Local Model With the Same Contours (in psi) for Comparison of the Four Load Cases Considered. 

Weld stresses in the latest analyses based on ref [2] loads and the vertically split reinforcement, are acceptable. Local stress concentrations are 18 ksi and 20 ksi with the lower preload, but the bulk is below 14 ksi. In earlier analyses, the weld ends had stress concentrations. In the latest modeling of the weld, the weld "turns the corner" and puts the weld start/stop in a better location. Weld stresses are discussed in more detail ion section 9.3. 

4.0 DCPS Algorithm

The out-of-plane (OOP) component of the critical stresses in the aluminum block and associated hardware will scale with the upper and lower half outer leg net moments. These are available from Bob Woolley's equations in NSTXU CALC 132-03-00 [5], and are implemented in Charlie Neumeyer's Design Point [4]. The in-plane component of the critical stress will scale with the square of the TF current.  
4.1 Bolt Stress on Net section at threads
Bolt Stress Axial = (69.8MPa*single leg upper half moment/252 N-m + 82MPa*(TF current /130 kA)^2)  

This should be kept below the allowable of 184 MPa. 

Note that this excludes pre-tensioning which is intended to offload the bolts from cyclic loads. The pre-tension should be (69.8+82)/275.8 = 55% of yield as a minimum, but no greater than 75% of yield. 
Bolt Stress Axial plus Bending = (15360psi*single leg upper half moment/252 N-m + 18,045 psi*(TF current /130 kA)^2)  

Bolt Stress Axial plus Bending = (106MPa*single leg upper half moment/252 N-m + 125MPa*(TF current /130 kA)^2)  

This should be kept below the bending allowable of 275.8 MPa. 

4.2 TF Outer Leg Copper Stress at Aluminum Block:

TF Outer Leg Stress = (26,625psi*single leg upper half moment/252 N-m + 6112psi *(TF current /130 kA)^2)  

or, in consistent SI units:

TF Outer Leg Stress = (183MPa*single leg upper half moment/252 N-m + 42MPa*(TF current /130 kA)^2)  

This should be kept below the allowable of 238 MPa.
5.0 Design Input

5.1 Criteria

Criteria may be found in reference [3], NSTX Structural Design Criteria Document, I. Zatz
5.2 Design Point Spreadsheet Loads

Reference [6] is the design point spreadsheet for the upgrade project. This includes a load combination table that includes moment summations for the upper half vs. lower half of the coil arrays. These summations are recommended as a basis for scaling the loads and stresses calculated in this calculation in the DCPS. The loading employed in this calculation comes from equilibrium #79 and is the maximum reported in the design point spreadsheet. 
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5.4 Photos and Drawings of Existing and Upgrade Components
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Figure 5.4-1 Isometric From the Drawing Series of the Existing Umbrella Structure 
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Figure 5.4-2 Excerpts from NSTX drawings ¾ inch bolts are used which have a stress area of .335 in^2
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Figure 5.4-3 Excerpts from NSTX drawings, Photo of the blocks from inside the umbrella structure
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Figure 5.4-4 Excerpts from NSTX drawings, 
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Figure 5.4-5 Excerpts from NSTX drawings
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Figure 5.4-6 Screen Shot of the ProE Model of the Upgrade Components
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Figure 5.4-7 Screen Shot of the ProE Model
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Figure 5.4-8 Screen Shot of the ProE Model
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Figure 5.4-9 Screen Shot of the ProE Model
5.5 Loading 
The aluminum blocks appear in a number of models. Han Zhang's model of the outer leg structures is the analysis of record for the outer legs, and, as of this writing, Han's loading from the worst of the 96 equilibria and for the stiff struts, is used along with ref [2] results. Figure 5.5-1 summarizes and compares the loading from the two global models [1] and [2] and loads derived for the PDR concept of using soft springs instead of the stiff knuckle struts currently planned. There is some load inventory from the length of TF current between the middle of the flex strap and the inside of the umbrella structure. The reference [2] global model summation includes this inventory. Reference [1] includes this up to the flex but not the contributory length of strap conductor loads that would be transmitted to the aluminum block.  Earlier loads derived in this analysis are from a calculation of a single TF coil with fixity at the umbrella structure and no support from the knuckle clevis or ring. The single leg analysis uses scenario #79 to compute the loads. This has been extensively checked by D. Mangra, and T. Willard, and is consistent with the net upper half-outer leg torque calculated by Bob Woolley and included in the design point spreadsheet.  Load comparisons are shown in figure 5.5-1
    The aluminum blocks and bolting are also addressed in the global model calculation [2] in an approximate modeling. It was difficult to model the individual bolts and gapped interfaces in the large model. The global model does provide an indication of the relative magnitudes of the bolt loads for the 96 scenarios. 
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Figure 5.5-1 Aluminum Block Load Comparisons

The summation point used in the ref [2] loads is 1.0624 m or 41.82 inches.  
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Figure 5.5-2 Application of Moments

Moments are applied by applying the forces at a point outboard of the center of the aluminum block.
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Figure 5.5-3 Load Inventory from Inside the Umbrella Structure

    Forces and moments from the TF components inside the umbrella structure are also applied to the aluminum block. Additional loads from the flex strap will occur when the TF inner legs expand. This is as much as 8 mm or about .31 inches per reference [12].  The force required to deflect the 31 lamination assembly .3" vertically is 76.2 lbf. So, the flex elastic thermal deformation will not add significantly to the total forces.
From Ref [1]

    The loading of record from Han Zhang's calculation is shown in figure 5.5-1, with comparisons of the EQ 16 loading from [2].  The radial and vertical loads vary based on the line of action of the tensile load in the outer leg. Temperature variations in the leg, PF and vacuum loads on the vessel, fit-up and uncertainties in the stiffness of the structures can vary the loads. The soft spring loading was the loading used in the PDR analyses and predates improvements in the outer leg supports. 
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Figure 5.5-4 Ref [1] Model

Differences between ref [1] and [2] may relate to how much of the vertical loads from the TF inside of the umbrella structure is included. The ref [1] model included a portion of the TF leg inside the umbrella structure. Ref [2] includes the load inventory including the flex. The flex joint was analyzed by T. Willard [9]. Y Zhai post-processed these results and provided the load inventory imposed on the three fingers that support the paddles or flags. 
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Figure 5.5-5 Ref [2] Load Summation for EQ #79 Summation Point Radius = 1.062m = 41.827
The global model [2], section 9.6, also is a source of loading. Loads shown above were extracted from the global model by selecting mat, 14, then selecting the nodes connected to mat, 14, then selecting the upper half of these nodes then graphically "reselecting" the pad nodes that are connected to the umbrella shell. A summation point at the center of the TF leg at the surface of the umbrella structure was selected using the ANSYS SPOINT command. RSYS,5 was used.  Then the FSUM,RSYS command was issued. 
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Figure 5.5-6 Paddle Support Fingers
[image: image23.png]HiPete, Mon 7/25/2011 4:21 PM

Please find attachedthe reaction loads at TF joint supportfingers (LEFT, CENTER, RIGHT). The results
are extracted via post-processing from Tom Willard Flex Strap model — with imported body temperature
fromtransientthermal analysis and body force density from Maxwell.

Letme know if you have any questions. "
4 v Reaction Forces

Regards,
Yuhu

—mmm

£1919 33 4.56 20.7
CENTER -18.0 0.46 -0.46 18.0
RIGHT -27.6 -12.6 242 30.4

Reaction Moments

T o | Ty lovm) | Telovm) | eewomens o |

LEFT 0.03 -1.54 0.036 1.54
CENTER 0.05 0.54 0.29 0.62
RIGHT 0.14 1.2 1.78 2.15

Momentis given at the center of the Flex Strap global model




[image: image24.png]Bursting force from the
inner TF componentsis the
source of the radialfinger
loads.

These are included in the
loadsfrom [1], [2]





Figure 5.5-7 Bursting Load Inventory from Components Inside the Umbrella Structure

    It was the original intention to add the finger loads to the loads from the global models but after reviewing the loads on the fingers it was concluded that these were part of the load inventory already included from the global models. The section of TF leg inside the umbrella structure is cantilevered from the aluminum blocks and the moment on this length of conductor results in a radially outward load at the fingers and a radially inward load on the TF conductor. 
	           
	Radial
	Vertical
	Theta

	TF Outer Leg Loads
	203.8
	17.76
	111.8

	TF Finger Loads 
	65.5
	-8.64
	6.52


Loads other than the radial loads are small compared with the global loads
Table 1: Calculated force on Aluminum block when adding stainless steel case, rings and tie bars.

	 
	 
	ss case no effective
	 
	link to vacuum vessel: bar1, 2 and 3 have different orientations

	 
	no truss
	adding case (0.5" thick, 12" wide)
	adding ring (0.5x12" rect, welded)
	adding bar1 (3x3” rect, pin connected)
	adding bar2 (3x3” rect, pin connected)
	adding bar3 (3x3” rect, pin connected)

	Total end reaction force (kN)
	297
	294
	269
	239
	249
	224

	End reaction force r (kN)
	245.71
	245.96
	223.2
	212.98
	225
	192.09

	End reaction force theta (kN)
	166.49
	161.03
	149.95
	105.98
	105.95
	106.05

	End reaction force z (kN)
	11.956
	10.3
	10.155
	19.366
	9.2544
	44.565


Prior to stiffening the knuckle truss struts, a simple estimate of the loading for Scenario 79 would be:

The total OOP load on one upper half of a TF outer leg - mid plane to aluminum block is 127,000N = 28,550 lbs.  Five kips is assumed reacted by the knuckle clevis leaving 23,550 lbs to be split between the aluminum block and shear in the TF outer leg mid-plane or 11,775 lbs at each end. 
The worst moment about a vertical axis is 22.8% of the total OOP moment.
	
	Fradial
	Fvertical
	Ftheta

	Han's Loads
	224-297 kN
	10-44 kN
	100 - 170 kN

	Titus (This Calc), Scenario 79 
	242.1  kN
	-25.5 kN
	184.8*

	Sri's 2009 Calc
	256.3 kN
	21.3
	


* This is 168*1.1 intended to apply the 10% headroom in PF current 

Sri’s Input to Umbrella Structure Analysis

	Fx(Radial)
	Fz(Vertical)

	25628 N*
	21314 N


*This must have been a typo.  He probably meant 256.3 kN.
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Figure 5.5-8 In Plane and Out-of Plane Force Distributions and Summations
In addition to the forces at the aluminum blocks, there are moments as well. These are applied by calculating an effective radius at which to apply the theta and vertical forces on the "stub" of the TF leg in the model. 

Reaction forces and moments applied to the aluminum block are from a single TF outer leg analysis conservatively modeled with no knuckle clevis or ring. This is intended to produce a worst set of loads for sizing the aluminum block bolting. 
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Figure 5.5-9 Single TF Coil Model Used to Study Load Distributions
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    The summation above is from the single coil model shown in Figure 5.5-9. The summation is at the fixed nodes modeling the interface with the umbrella structure. 254831 N-m is the total sum of the TF OOP loads about the machine central axis. This is compared with the reactions at the umbrella structure. 79.6% of the outer leg moment appears at the umbrella structure - the rest is reacted by TF equatorial plane shear. The loads from this analysis formed the basis of early analyses when the truss at the vessel knuckle was considerably softened to almost eliminate the loads at the bolted cantilevered clevis. The discussion of this loading is retained to emphasize the value of a stiff structure at the knuckle clevis. Comparisons of these loads and those from the global model are shown in Figure 5.5-1
6.0 Materials
6.1 Stainless Steel Properties

Table 6.1-1Tensile Properties  for Stainless Steels

	Material
	Yield, 292 deg K (MPa)
	Ultimate, 292 deg K (MPa)

	316 LN SST
	275.8[19]
	613[19]

	316 LN SST Weld
	324[19]
	482[19]

553[19]

	316 SST Sheet Annealed
	275[20]
	596[20]

	316 SST Plate Annealed 
	
	579

	304 Stainless Steel (Bar,annealed)
	234

33.6ksi
	640

93ksi

	304 SST 50% CW
	1089
	1241

180ksi


Table 6.1-2 Coil Structure Room Temperature (292 K) Maximum Allowable Stresses, Sm = lesser of 1/3 ultimate or 2/3 yield, and bending allowable=1.5*Sm

	Material
	Sm
	1.5Sm


	316 Stainless Steel
	184*
	276

	316 Weld
	161
	241

	304 Stainless Steel (Bar,annealed)
	156MPa(22.6ksi)
	234 MPa (33.9ksi)


*The yield criteria governs and Sm = 26.6 ksi or 184 MPa
6.2 Fatigue Data
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Figure 6.2-1 From Tom Willard’s Collection of SST Fatigue Data

“Estimation of Fatigue Strain-Life Curves for Austenitic in Light Water Reactor Environments Stainless Steels”, Argonne Nat. Lab, 1998

6.3  Bolt Strength Data

ASTM A193 Bolt Specs from PortlandBolt.com
	B8M
	Class 1 Stainless steel, AISI 316, carbide solution treated.

	B8
	Class 2 Stainless steel, AISI 304, carbide solution treated, strain hardened

	B8M
	Class 2 Stainless steel, AISI 316, carbide solution treated, strain hardened


Mechanical Properties

	Grade
	Size
	Tensile ksi, min
	Yield, ksi, min
	Elong, %, min
	RA % min

	
	
	
	
	
	

	B8M Class 1
	All
	75
	30
	30
	50

	B8 Class 2
	Up to 3/4
	125
	100
	12
	35

	
	7/8 - 1
	115
	80
	15
	35

	
	1-1/8 - 1-1/4
	105
	65
	20
	35

	
	1-3/8 - 1-1/2
	100
	50
	28
	45

	B8M Class 2
	Up to 3/4
	110
	95
	15
	45

	
	7/8 - 1
	100
	80
	20
	45

	
	1-1/8 - 1-1/4 
	95
	65
	25
	45

	
	1-3/8 - 1-1/2
	90
	50
	30
	45


6.4  Insulation Strength Data

There will be two types of TF outer leg coil insulation. The original system was a pre-preg system which used DZ-80 primer. This was tested [16] when the original NSTX was under construction.  The new system is CTD 425 with a CTD 450 primer.
6.4.1 Original Insulation system (CTD 12P) Capacities
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Figure 6.4.1-1 Existing TF Outer Leg Shear Compression Data
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Figure 6.4.1-2 Existing TF Outer Leg Shear Compression Data
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Figure 6.4.1-3 Existing TF Outer Leg Shear Compression Fatigue Test Data
  The epoxy system was qualified for 2400*6895/1,000,000 = 16.55MPa at 1e6 cycles. NSTX has been operating for nearly 10 years and recently (July 2011) experienced a fault in the central column. The failure analysis included assessments of insulation stresses as well as other failure causes including chemistry of the flux used. There were no indications of insulation mechanical damage, even though the  torsional shear was calculated to be 20 MPa for the High TF current shots rather than the allowed 16.5 MPa and the tokamak operated for about 20,000 shots at full OH field and the lesser TF current (53 vs. 71 kA). 
6.4.2NSTX Upgrade Insulation System (CTD 425 with CTD 450 Primer) capacities

    Two replacement coils are planned for the upgrade. These will be VPI'ed with the new epoxy materials that have been tested and qualified for service in the TF inner leg. The allowable shear capacity of the new system is between 22 and 25 MPa, [1] [18], depending on the cyclic requirements in the GRD. It is in excess of the existing epoxy capacity of 16 MPa.
6.5 Aluminum Block Properties
The aluminum blocks appear to be cast material rather than the wrought material called out in the drawings. Figure 6.5-1 includes some close-ups of the block which show porosity more like would be found in a sand casting.  Appendix B shows the range of properties expected for cast material. There are some large tensile yields and some as low as 6 to 7 ksi. The biggest concern is that the ductilities are low. If fit-up isn't perfect, the blocks may have been deformed close to their ultimate during assembly or could be when the upgrade components are added.  The uncertainty in the properties, particularly the ductility, argues for some additional reinforcements to provide redundancy in the block flange.   
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Figure 6.5-1Photos of existing Block Components
6.6 TF Conductor Properties

    The TF copper ultimate is 39,000 psi or 270 MPa [16]. The yield is 38 ksi (262 MPa) [16].  Sm is 2/3 yield or 25.3 ksi or 173 MPa with adequate ductility, which is the case with this copper which has a minimum of 24% elongation.  Note that the ½ ultimate is not invoked for the conductor per [3] (it is for other structural materials). These stresses should be further reduced to consider the effects of operation at 100C. This effect is estimated to be 10%.  So, the Sm value is 156 MPa or 23 ksi, and the bending allowable is 34.6 ksi. 
6.7 Weld Allowable
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7.0 FEA Models and Analyses
    There are a number of analyses available to address the loads in the aluminum blocks and the umbrella structure around the blocks. Early upgrade analyses were done be S. Avasarala in 2009. These were based on a 5/8-inch shell thickness for the umbrella structure. In early 2010, the umbrella structure models were updated to the 1 inch thickness. 
The model used in this calculation is a 30 degree cyclic symmetry model. This is reasonably representative of the symmetry of the TF coils and aluminum blocks, but the umbrella structure is a bit more complex. At this writing, the effect of the double arch and the non-uniformity of the umbrella structure is considered in the global model and in other referenced calculations and analyses.
[image: image34.png]Aluminum
Blocks

RS i
(EEET I

Model With {2-fold H]/

Symmetry Expansion




Figure 7.0-1 Model elements with Symmetry Expansion and Displacement Constraints Shown.
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Figure 7.0-2 Model Plots and Comparisons with the Actual Components. Loads are applied with offsets to apply the appropriate moments concurrent with the loads.
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Figure 7.0-3 Modeling Elements
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Figure 7.0-4 Gap Elements Used in the Model 
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Figure 7.0-5 Aluminum Block Solid Model Imported into ANSYS from ProE/Wildfire by M. Mardenfeld
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Figure 7.0-5 Global Model [2] Representation of the Aluminum Blocks

8.0 Global Model Results

Reference [2] includes a representation of the aluminum blocks. This modeling of the aluminum blocks is overly simplified in the global model, but this analysis [2] may be used to identify a limiting case to apply to the sub-model of the block. In Figure 8.0-1, the worst stress is for EQ 79 with no plasma. There is an earlier equilibria that looks comparable (Han Zhang reports 16v as being most severe), but the difference doesn’t appear significant. 
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Figure 8.0-1 Aluminum Block Stress for the 96 equilibria - plus some of the ‘with plasma’ results
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Figure 8.0-2 Aluminum Block Loads for EQ 79
[image: image42.png]1.48 mm Vertical
Displacement with
respect to the block

1.87 mm Vertical
Displacement with
respect to the block

The differential
motion in the theta
Direction with
respect to the block
is.002727-.001207
.001513. Global
rotation needs to
be subtracted —see
below

0.5mm Theta
Displacement with
respect to the block





Figure 8.0-3 Comparison of Displacements -Global Model (Above) Local Model (Below)
    As a qualitative check between the global and local model results, the vertical and theta direction deflections of the TF are compared. The models are different in terms of loading and geometry of the TF leg, and the global model does not include the reinforcements or the non-linear behavior of the bolted connections.  Displacements should be reasonably close if loads from the global model are to be used. 

     In the local model, the radial distance to the end of the conductor is 62 inches, or 1.57 m, from the machine centerline and the surface of the umbrella structure is 42 inches or 1.0624 m. For the theta displacement comparison, the global rotation of the umbrella structure needs to be subtracted out. In the global model the umbrella structure rotates .001207/1.0624 = .001136 radians and the global displacement difference just from the global rotation is 1.57/1.0624*.001207 = 0.00187 m and the difference is .00187-.00127 = .000606m or 0.6 mm. The comparison is then 1.513-.6 = 0.9 mm vs. 0.5 mm for the local model. To get better consistency in the rotational stiffness, the global model should include the reinforcements, but the behavior of the two models is deemed sufficient to assess the aluminum block hardware with the global model loads.  

9.0 Local Model Results
9.1 Reinforcement Design 

   In the early evolution of the analyses of the aluminum block and its bolting, the flexibility of the edge of the opening that accepts the aluminum block caused bending of the flange and bolting. In the analysis, the "wings" on the inside of the umbrella structure were changed to large bars that were welded to the umbrella structure shell to suppress the flexing of the edge. These interfered with the TF strap finger support ring and needed to be stepped.  In order to install the large bars, all the clamping bolts needed to be loosened. This was considered risky in that it could disturb the existing bond. The bar or wing was split. In the ProE CAD model it does not show a weld, but to supply the needed rigidity it should be welded.
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Figure 9.1-2 "Wing" Reinforcement Concepts. 
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Figure 9.1-3 Stress Distribution in the "Wing" Reinforcement  -With Welded Split
The corner in the lower wing step was highly stressed without a radius. The addition of a radius is recommended. Stresses in the upper corner are not as bad and the radius would interfere with the finger support ring.

9.2 Aluminum Block Stress
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Figure 9.2-1Aluminum Block Stresses , run ablk11, Ref [2] Loads
Figure 9.2-1 includes preload compression around the holes. The bending stress at the corner of the block peaks at 8 ksi.
9.3 Weld Evaluations
The weld of the wing extension to the umbrella shell is highly stressed. This is modeled with finite elements as a .5 in rectangular cross section, and the stresses can be scaled. A 3/8 inch bevel with a 3/8 inch fillet would be consistent with this size.
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Figure 9.3-1 Weld Stress run #ablk11 with ref [2] loads, and split "wing" reinforcement

Weld stresses in the latest analyses, based on ref [2] loads and the vertically split reinforcement, are acceptable. Local stress concentrations are 18 ksi and 20 ksi with the lower preload, but the bulk is below 14 ksi. In earlier analyses the weld ends had concentrations of stress. In the latest modeling of the weld, the weld "turns the corner" and puts the weld start/stop in a better location. 
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Figure 9.3-2 Weld Stress run #ablk12 with ref [2] loads, and split "wing" reinforcement, 25 ksi Bolt Preload
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Figure 9.3-3 Radial Displacement of the Aluminum Block Region and Weld Stress
     The inner reinforcement weld was overstressed at 58 ksi, with the larger loads. This was very localized and in the latest runs, the welds have been lengthened around the corners to reduce the local peak. 
9.4 Bolting Evaluations
The aluminum block is secured to the umbrella structure with 12 bolts; 8 on the outward face of the block, and four oriented toroidally that provide the clamping force on the TF outer leg.  These toroidally oriented 
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Figure 9.4-1 3/4 in bolt stress at Preload and Full Operating Load, 50 ksi Initial Preload
bolts are ¾ inch bolts which have a stress area of .335 in^2. The 8 bolts on the flanges of the block are intended to take the outward tension from the outer TF leg.  

    The  eight 3/4 inch bolts on the block flange should be preloaded   The pre-tension shown in figure 9.4-1  is 16750 lbs for the 50 ksi bolt preload case analyzed and 8375 lbs for the 25 ksi bolt preload case analyzed (Figure 9.4-2). The bolt stress range is small for both pretensions. The lower preload has a bit more percentage change, but this is still essentially a static stress when considering fatigue.
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Figure 9.4-2 3/4 in bolt stress at Preload and Full Operating Load, 25 ksi Initial Bolt Preload

The toroidally oriented bolts are intended to provide clamping pressure on the TF outer leg. With the new "wing" reinforcements, the toroidally oriented bolts will also load in shear to help support the outer leg tension and moments. In the upgrade, the brackets on the inside of the umbrella structure on either side of the block, now are two larger brackets which will load all the toroidally oriented bolts in shear - instead of the current brackets that only load half the bolts in shear. This provides a total of 8 shear planes to augment the capacity of the bolt pattern on the outer face of the block.
The eight 3/4 bolts should be preloaded to a minimum of 104 ft-lbs or 8375 lbs each to avoid cyclic loading. This produces a frictional restraint of 8*8375*.3 = 20100 lbs or 89412 N frictional restraint. This is nearly enough to support the 111,829N theta load from [1] and the 90,927N theta load from [1]. With the earlier loads the theta loading was 184.8kN and, as a consequence, shimming the gap between the block and the umbrella structure opening was recommended. The [2] loads also include a large vertical load which would also have to be supported by friction.  It is considered the best approach not to increase the bolt preload for fear of damaging the block flange, and retain the shims in the gap between the blocks and opening. 
9.5 TF Insulation Stress

    A critical design requirement of the aluminum block assembly is to hold the outer legs against the in-plane and the out-of plane loads. The in-plane loads have the potential of pulling the conductors out of the blocks. The blocks "grab" the outer leg by the clamping force provided by the four toroidally oriented bolts and by bond shear. 
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Figure 9.5.1 Radial-Vertical shear stress in the Insulation between the Block and TF Outer Leg, Run ablk11
    The 22.2 MPa shear stress is beyond the qualified interlaminar shear stress for the existing insulation system but the peak shear is in the ridge of epoxy that protrudes out of the block not in the actual interlaminar shear plane. The shear stress is low over the bulk of the surface that would be bonded to the block. 
   TF insulation stresses were extracted from the second evolution of the reinforcements in section 10.3. The insulation stress between the aluminum block and the TF outer leg is an important load path in that the TF tension is reacted by primarily shear in the epoxy.  The rings added to the outer legs take some portion of the TF bursting load. The truss elements at the knuckle take a small portion, and the remainder of the outer leg bursting load is supported by aluminum blocks via a "glued" and clamped joint formed by the two halves of the aluminum blocks.
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Figure 9.5-2 Stress in the Epoxy Bond between the Aluminum Block and TF Outer Leg 
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Figure 9.5-3 The TF insulation shear allowable is 16 MPa or 2320 psi. 

9.6 TF Outer Leg Conductor Stress
The primary qualification of the conductor stress in the outer leg is the global model calculations. Both global model and local model results are shown in Figure 9.6-1.  
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Figure 9.6-1 Outer Leg Copper Conductor Tresca Stress -Local and Global Models

    The TF copper ultimate is 39,000 psi or 270 MPa[16]. The yield is 38ksi (262 MPa)[16].  Sm is 2/3 yield or 25.3 ksi or 173 MPa with adequate ductility, which is the case with this copper, which has a minimum of 24% elongation.  Note that the ½ ultimate is not invoked for the conductor per [3] (it is for other structural materials). These stresses should be further reduced to consider the effects of operation at 100C. This effect is estimated to be 10% so, the Sm value is 156 MPa or 23 ksi and the bending allowable is 34.6 ksi. The local stress in the conductor is 27 ksi, so the outer leg satisfies the static criteria at the intersection with the aluminum block. The average stress is between 3000 and 6000 psi from the contours and 242,000*.2248/6/3 = 3022 psi from P/A. This is from the in-plane bursting load on the TF. 

10 Evolution of the Reinforcement Analyses

10.1  Fourth Reinforcement Concept 
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Figure 10.1-1 Aluminum Block Stress with Reinforcing Bar 
The aluminum block stress at the flange corner root went down 1 or two ksi with the addition of the outer plates. The plates also provide a retainer feature in case the flanges actually crack. 

13.2 Third Proposed Reinforcement
    In this proposal, the "wings" are extended upward and downward to stiffen the corners of the opening for the aluminum block. 
[image: image56.png]~—

Weld of "wing
extensions” to the
umbrella structure

Lateral gaps
between Alum
Block and
Umbrella
Structure





Figure 13.2-1 Modeling Elements of the Third Reinforcement Concepts Considered

Gap elements have been added laterally between the aluminum block and the umbrella structure opening to transfer loads directly through bearing contact. This implies a tight fitting or shimmed interface. The bolt bending is much reduced in this concept. 
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Figure 13.2-2 Stress Levels in the Third Reinforcement Concepts Considered
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Figure 13.2-3 Stress Levels in the Aluminum Bloc Stress of the Third Reinforcement Concepts Considered

The Aluminum Block Stresses, 9000psi in the flange corner, could be a problem for cast aluminum. The actual grade of aluminum used for the blocks is uncertain at this writing, but it does not appear to be wrought material as called out in the drawings - see figure 6.5-1.
The stresses at the stainless steel "wing" attachments are only an approximate indication of the aluminum and/or bolt stresses. The cross bolt that clamps the blocks around the TF coil was modeled with 4 merged nodes, the stress at the flange corner is a concern. 9000 psi is not much, but Jim Chrzanowski indicated that while the spec says "wrot", or correctly spelled "wrought", he knows they are cast material. Many cast aluminums have yields above 20 ksi, but as of this writing, there is uncertainty regarding the material that the blocks are made of. 
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Figure 13.2-4 TF Stress Components used in the DCPS Input

from the Third Reinforcement Concepts Considered
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Figure 13.2-5 Bolt  Stress Components used in the DCPS Input

From the NSTX Criteria Document, Reference 3:

•  (d)  For bolting materials, the design Tresca stress values shall be:


•
2/3 of the minimum specified yield strength at  every point in time;


Ref. 3(Section III, Appendix III, Article III-2120) specifies 1/3

•
Also, the component must meet ductility requirements which are to be established for each material not specified by Reference [3].
Bolt Stresses including bending are 15,360 psi due to in-plane loads, and 18,045 psi due to OOP loads. Average axial stresses are judged to be half the bending values from the contours, but these are for the full ¾-inch diameter and should be adjusted for the stress area of .335 in^2 vs. (3/4)^2*pi/4 = .44in^2 or 1.318 larger than the contours show. In MPa, the axial stresses are 69.8 due to in-plane loads and 82 MPa due to OOP loads. 
The bolting criteria is for axial stress on a net section. For the local bending the bending allowable of 1.5*Sm applies.
    It is intended that the bolts be preloaded to avoid cyclic loading at the threads. The pre-tension should be (69.8+82)*1e6/6895 *.335 in^2 or 7375 lbs. The torque needed for this is .2*F*D = .2*7375*.75/12= 92 ft-lbs.

10.3 Second Proposed Reinforcement
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Figure 10.3-1 Modeling Elements in the Second Reinforcement Concept
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   Figure 10.3-2 Stress Levels in Bolts Welds and Umbrella Leg in the Second Reinforcement Concept
With recommended reinforcements, stress levels in the 3/4 inch bolting are less than 35 ksi including bending, and are around 20 ksi average axial tension. This is based on an "eyeball integral of the contours in the upper and lower bolts in the figure above.  The bolts are expected to be preloaded, and while only investigated in one of the runs, with the recommended reinforcements, the bolts are expected to be preloaded beyond the design stress and will be isolated from the cyclic loading. From the criteria document [3], section  I-4.1.1, Design Tresca Stress Values (Sm) bolting materials have the same design limits as shells and other structures.  The 20 ksi average tensile stress meets the 2/3 yield criteria and the 36 ksi stress satisfies the bending criteria.  
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Figure 10.3-3 Epoxy Stress between the Aluminum Blocks and TF Outer Leg 
13.4 First Proposed Reinforcement (PDR)

In this concept,  a plate was added inside the umbrella structure shell to reinforce the edge of the aluminum block opening. This helped only minimally.  
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10.4-1 First Reinforcement Concept
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10.4-2 First Reinforcement Concept
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10.4-3 First Reinforcement Concept
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10.4-4 First Reinforcement Concept
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10.4-5 First Reinforcement Concept
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10.4-6 First Reinforcement Concept
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10.4-7 First Reinforcement Concept
11.0 Stresses Based on Existing Hardware - No Reinforcement
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Figure 11.0-1 Umbrella Structure Stresses - No reinforcements NSTX-U loads
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Figure 11.0-2 Aluminum Bolting Stress. Middle two bolts see bending from the rotation of the umbrella structure plate

[image: image73.png]NODAL SOLUTION
S ERB=5

UB =1
IME=3
/EXPANDED

ST
IR 0 69
- _jeps
MY £l

52517 37640 3
18846 56434 g 169197

iR ORE RillS SRR,  Blamecf o 16





Figure 11.0-3 Another view of the aluminum block bolt stress showing higher stress in the middle two bolts.
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Figure 11.0-4 Another view of the aluminum block bolt stress showing higher stress in the middle two bolts. 

Appendix A
Early 2009 Analysis Results

These results are included for historical purposes. They were presented in the CDR and were the starting point for the current treatment of the TF aluminum block to Umbrella structure connection
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In this model the "wings" on the back side (ID of the umbrella structure) are not modeled and flange bending is larger than it would be had these been included. 
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Umbrella Structure stress as reported in the Conceptual Design Report, This work was done by S. Avasarala. 

Appendix B
Cast Aluminum Properties from Wikapedia

	Minimum tensile requirements for cast aluminum alloys[8]

	Alloy type
	Temper
	Tensile strength (min) [ksi] ([MPa])
	Yield strength (min) [ksi] ([MPa])
	Elongation in 2 in [%]

	ANSI
	UNS
	
	
	
	

	201.0
	A02010
	T7
	60.0 (414)
	50.0 (345)
	3.0

	204.0
	A02040
	T4
	45.0 (310)
	28.0 (193)
	6.0

	242.0
	A02420
	O
	23.0 (159)
	N/A
	N/A

	
	
	T61
	32.0 (221)
	20.0 (138)
	N/A

	A242.0
	A12420
	T75
	29.0 (200)
	N/A
	1.0

	295.0
	A02950
	T4
	29.0 (200)
	13.0 (90)
	6.0

	
	
	T6
	32.0 (221)
	20.0 (138)
	3.0

	
	
	T62
	36.0 (248)
	28.0 (193)
	N/A

	
	
	T7
	29.0 (200)
	16.0 (110)
	3.0

	319.0
	A03190
	F
	23.0 (159)
	13.0 (90)
	1.5

	
	
	T5
	25.0 (172)
	N/A
	N/A

	
	
	T6
	31.0 (214)
	20.0 (138)
	1.5

	328.0
	A03280
	F
	25.0 (172)
	14.0 (97)
	1.0

	
	
	T6
	34.0 (234)
	21.0 (145)
	1.0

	355.0
	A03550
	T6
	32.0 (221)
	20.0 (138)
	2.0

	
	
	T51
	25.0 (172)
	18.0 (124)
	N/A

	
	
	T71
	30.0 (207)
	22.0 (152)
	N/A

	C355.0
	A33550
	T6
	36.0 (248)
	25.0 (172)
	2.5

	356.0
	A03560
	F
	19.0 (131)
	9.5 (66)
	2.0

	
	
	T6
	30.0 (207)
	20.0 (138)
	3.0

	
	
	T7
	31.0 (214)
	N/A
	N/A

	
	
	T51
	23.0 (159)
	16.0 (110)
	N/A

	
	
	T71
	25.0 (172)
	18.0 (124)
	3.0

	A356.0
	A13560
	T6
	34.0 (234)
	24.0 (165)
	3.5

	
	
	T61
	35.0 (241)
	26.0 (179)
	1.0

	443.0
	A04430
	F
	17.0 (117)
	7.0 (48)
	3.0

	B443.0
	A24430
	F
	17.0 (117)
	6.0 (41)
	3.0

	512.0
	A05120
	F
	17.0 (117)
	10.0 (69)
	N/A

	514.0
	A05140
	F
	22.0 (152)
	9.0 (62)
	6.0

	520.0
	A05200
	T4
	42.0 (290)
	22.0 (152)
	12.0

	535.0
	A05350
	F
	35.0 (241)
	18.0 (124)
	9.0

	705.0
	A07050
	T5
	30.0 (207)
	17.0 (117)†
	5.0

	707.0
	A07070
	T7
	37.0 (255)
	30.0 (207)†
	1.0

	710.0
	A07100
	T5
	32.0 (221)
	20.0 (138)
	2.0

	712.0
	A07120
	T5
	34.0 (234)
	25.0 (172)†
	4.0

	713.0
	A07130
	T5
	32.0 (221)
	22.0 (152)
	3.0

	771.0
	A07710
	T5
	42.0 (290)
	38.0 (262)
	1.5

	
	
	T51
	32.0 (221)
	27.0 (186)
	3.0

	
	
	T52
	36.0 (248)
	30.0 (207)
	1.5

	
	
	T6
	42.0 (290)
	35.0 (241)
	5.0

	
	
	T71
	48.0 (331)
	45.0 (310)
	5.0

	850.0
	A08500
	T5
	16.0 (110)
	N/A
	5.0

	851.0
	A08510
	T5
	17.0 (117)
	N/A
	3.0

	852.0
	A08520
	T5
	24.0 (165)
	18.0 (124)
	N/A

	†Only when requested by the customer
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Figure 9.1-1
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Figure 3.0-8
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Figure 3.0-3 Add Radius to Lower Corner of "Wing"
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