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Purpose of Calculation: (Define why the calculation is being performed.)

Qualify the Aluminum Block 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 body of the calculation



Assumptions (Identify all assumptions made as part of this calculation.)

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. 


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, the 3/4 inch 316 bolts are acceptable for the upgrade loads. DCPS input has been generated and provided to the DCPS Cognizant Engineer. At this writing, weld details of the recommended reinforcement are too high. and the reinforcement needs to be increased in strength by integrating it with the TF strap support.

Cognizant Engineer’s printed name, signature, and date

Phil Heitzenroeder 	


I have reviewed this calculation and, to my professional satisfaction, it is properly performed and correct.
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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 uses conservatively derived OOP loads and moments from the TF outboard leg. 
    Analysis has progressed through four iterations of recommended reinforcements. The last, or "fourth" round of modifications is intended to address the uncertainty in the material properties of the  aluminum blocks. If tests or documentation shows adequate properties the last set of additions may not be needed. 
   With recommended reinforcements, stress levels in the 3/4 inch bolting are less than 36 ksi including bending and are around 20 ksi average  axial tension. These satisfy the stress limits for the 316 bolts specified. 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 should be isolated from the cyclic loading. The pre-tension needed is  7375 lbs. The torque needed for this is .2*F*D = .2*7375*.75/12= 92 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 may require shimming. If shimming is to be avoided, the preload would have to be tripled and significantly higher strength bolts would be required,  
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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.


Symmetry expansion of the model with recommended reinforcements added

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  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.  The DCPS input is based on the recommended or "third" reinforcement considered, the discussion of which begins on page 22. 

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 

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
References
[1]   NSTXU-CALC-132-04-00  ANALYSIS OF TF OUTER LEG, Han Zhang,  August 31, 2009
[2] NSTX-CALC-13-001-00 Rev 1  Global Model – Model Description, Mesh Generation, Results, Peter H. Titus  December  2010
[3] NSTX Structural Design Criteria Document, NSTX_DesCrit_IZ_080103.doc I. Zatz
[4] NSTX Design Point Sep 8 2009  http://www.pppl.gov/~neumeyer/NSTX_CSU/Design_Point.html
[5] OOP PF/TF Torques on TF , R. Woolley, NSTXU CALC 132-03-00

Materials
Tensile Properties  for 316 Stainless Steel
	Material
	Yield, 292 deg K 
	Ultimate, 292 deg K 

	316 LN SST
	275.8(MPa),  40 ksi
	613(MPa), 88 ksi

	316 LN SST Sm
	2/3 yield = 26.6 ksi
	1/3 Ult = 29.333


The yield criteria governs and Sm = 26.6 ksi or 184 MPa
 (
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nrotate,
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)
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 5/8 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 mode and in other referenced calculations and analyses.
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Model elements -with Symmetry Expansion and Displacement Constraints Shown.


Model Plots and Comparisons with the Actual Components. Loads are applied with offsets to apply the appropriate moments concurrent with the loads.




Drawing Excerpts
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Isometric From the Umbrella Structure Drawing Series
[image: ]
Excerpts from NSTX drawings¾ inch bolts are used which have a stress area of .335 in^2


More Drawing Excerpts and Photos for Comparison

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
[image: ]

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. 
[image: ]

Umbrella Structure stress as reported in the Conceptual Design Report, This work was done by S. Avasarala. 

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 these structures. As of this writing, Han's early analyses are available and are  based on Charlie Neumeyer's worst case load files. The loads that have been 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.

    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. 

From Ref [1]

[bookmark: _Ref244502414][bookmark: _Toc244659114]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



    For Scenario 79 the total OOP load on one upper half of a TF outer leg  - mid plane to aluminum block is 127000N = 28550 lbs.  Take out 5kips for the knuckle clevis or 23550lbs This is split between the aluminum block and shear in the TF outer leg mid-plane or 11775 lbs at each end. At the aluminum block, some goes into the lid. and some goes to the legs. - assume half goes to the lid or about 5900lbs to the lid then the  moment is 12*5900/.2248*1.1= .34 MN-m 

The worst moment about a vertical axis is 22.8%  of  the total OOP force 

	
	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
	


 (
TFInPlane
=242058
TFInPlane
=
TFInPlane
*.2248
TFInPlaney
=-25516.9
TFInPlaney
=
tfinplaney
*.2248
momy
=
254831   !N-M
momy
=
momy
*.2248*39.37
TFOOPForce
=168311.2*.2248
)* this is 168*1.1 intended to apply the 10% headroom in PF current 
The 6 3/4 bolts should be preloaded to a minimum of  92 ft-lbs or 7375 lbs each to avoid cyclic loading. This produces a frictional restraint of 6*7373*.3 = 13275 lbs or 59052 N frictional restraint. Not enough to support the 184.8kN 

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





 (
esel,
mat,1
nelem
nrsel,
x,46.1,47
f,
all,fz,TFInPlaney
/(378/2)
) (
esel,
mat,1
nelem
nrsel,
x,52,53
f,
all,fy,TFOOPForce
/(378/2)*1.1
esel,
mat,1
nelem
)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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Stresses Based on Existing Hardware - No Reinforcement
[image: ]
Umbrella Structure  Stresses - No reinforcements NSTX-U loads
[image: ]
Aluminum Bolting Stress. Middle two bolts see bending from the rotation of the umbrella structure plate

[image: ]
Another view of the aluminum block bolt stress showing higher stress in the middle two bolts. 

Another view of the aluminum block bolt stress showing higher stress in the middle two bolts. 

First Proposed Reinforcement (PDR)

[image: umbrella%20Al%20block%20Reinforcement%201]
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Second Proposed Reinforcement






Table Error! No text of specified style in document.‑2 Room Temperature Allowables for 316 and 304 SST
	Material
	Sm
	1.5Sm

	316 LN SST
	183Mpa (26.6 ksi)
	275Mpa (40ksi)

	316 LN SST
weld
	160MPa(23.2ksi)
	241MPa(35ksi)



   With recommended reinforcements, stress levels in the 3/4 inch bolting are less than 35 ksi including bending and are around 20 ksi average  axia l 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 shoul be isolated from the cyclic loading. From the criteria document ,  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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[image: ]
The TF insulation shear allowable is 16 MPa or 2320 psi. 
]

[image: ]
The TF copper ultimate is 39,000 psi or 270 MPa . The yield is 38ksi (262 MPa).  Sm is 2/3 yield or 25.3ksi or 173 MPa – for 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 (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 MPa. The local stress in the conductor is 28 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 242000*.2248/6/3 - 3022 psi from P/A. This is from the in-plane bursting load on the TF 
[image: ]

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: ]
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. 

[image: ]

[image: ]
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

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. 


[image: ]

TF Stress Components used in the DCPS Input

[image: ]
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 15360psi due to in-plane loads, and 18045 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 3/4 diameter and should be adjusted for teh 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.

Weld Evaluation

The weld of the wing extension to the umbrella shell is highly stressed. This is modeled as a .5 in rectangular cross section finite element, and the stresses can be scaled. A 3/8 inch bevel with a 3/8  inch fillet would be consistent with this size. The stresses however would be too high for a fatigue loaded weld. 
[image: ]


     The inner reinforcement weld is overstressed at 58 ksi, but there are other structures at the top of the reinforcement that will connect to it and off load the weld. These details have yet to be incorporated into the analysis. 
[image: ]

Fourth Reinforcement Concept 
[image: ]
 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. 
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From the NSTX Criteria: Weld Allowable

For welds in steel, the design Tresca stress shall be the lesser of:
2/3 of the minimum specified yield if the weld at temperature, or
1/3 of the minimum specified tensile strength of the weld at temperature.

From the AISC Criteria:

Reference and Weld Rod or weld wire Parent Material Allowable Stress
(Exclusive of Weld Efficiency)

ATSC Stress on cross All Same as Base material

section of full

pensiration Welds
ATSC Shear Stress on AWS AS1E60XX | A36- 21 ksi

Effective Throat of

fillet weld

For shear on an effective throat of a fillet, For 304 Stainless, the weld metal is
annealed, or the base metal in the heat effected zone is annealed. and Estimate
241*21/36 = 140 MPa = 20 ksi (without weld efficiency)

This is consistent with NSTX Criteria of 2/3 yield or 2/3 of 30ksi for annealed 304
With a weld efficiency of .7 the allowable is 14ksi, or 96 MPa

For fillets divide weld area by sqrt(2)
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