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PPPL Calculation Form

Calculation# NSTXU-CALC-132-09-00
(ENG-032)

Purpose of Calculation: (Define why the calculation is being performed.)
To qualify the local attachment detail of TF outer leg support truss to the knuckle of the vacuum vessel
References (List any source of design information including computer program titles and revision levels.)
Included in Section 5 in the body of the calculation
Assumptions (Identify all assumptions made as part of this calculation.)

This is a qualification of a small part of the outer leg support system. The concept for this support has gone
through a number of iterations. The existing clevis attachment had a large offset to the pin centerline which
produced a large prying moment in addition to the shear on the clevis. Concepts were developed that limited
the load into the clevis with unwieldy soft spring concepts. These increased loads at the aluminum blocks.
Concepts were developed to increase the load carrying capacity of the clevis, and reposition the centers of
action of the applied loads such that the primary loading on the clevis resulted mainly in shear at the vessel
surface . The last design is welded directly to the vessel wall after removal of the existing pad. This design and
analysis results for this design are discussed in section 9. It has substantially increased the clevis load carrying
capacity. It replaces a concept that was intended to preserve the ability to un-bolt the clevis and remove PF4 if
needed. This employed extensions on either side of a bolted block that transferred shear to the vessel surface.
This concept is discussed in section 19. There are many other concepts included in the calculation which
illustrate the evolution of the design and the mechanics of the intersection of the truss rods that carry the TF
OOP loading from the coils to the vessel shell.

Loads at the attachment varied depending on the attachment and truss concept. At the CDR it was assumed
that the design load for normal operation was 20000lbs, based on CDR and PDR versions of the outer leg
calculation [1]. 20000Ibs at the TF clamp, became about 30,000 Ibs when resolved to the vessel surface. For
the FDR a rigid link is utilized that provides significant support to the outer leg at the knuckle elevation. This
stiffened up the connection and as of June 2011, the design loads are 37,000Ibs at the vessel surface, with
5000 Ibs radial tension load due to shared TF bursting loads with the ring. A vertical load of 1403 Ibs is also
reported in [1]. The higher (37 Kip) total clevis load which resolves to a strut load of 27 kips, has been used to
size the struts, clevis and pins. When the ball end is tightly fit between the clevis plates, 3/4 inch pins meet the
static allowables, but don't quite pass the fatigue allowables. In the present design , which uses 1 inch pins,
there is a gap between the clevis plates and the ball end bushing. Bending of the pin is reduced by tightly
fitting the pin in bushings which also must be tightly fitted into the clevis plates. The fixity at the plates
reduces bending at the middle of the pin length, at the rod end. Some of the offset moment is carried by the
plates by contact compressive stresses. These were excessive and resulted in the use of 718 sleeves. The block
was increased in size In order to improve the stresses in the clevis plates due to the proximity of the pins and
bushings to the clevis plate edge. Local stresses in the clevis plate were still above the fatigue limit. Using
epoxy to bond the sleeve to the clevis plates alleviates the peak stress but stress analysis including the bond
layer indicates a very good epoxy strength is needed. All this works if the pins, sleeves, and plates are tightly
fitted. It was assumed the fit would survive welding of the clevises to the vessel. Initial welding of the clevises
to the vessel shell did not distort the pin and sleeve fit-up.

The spherical ball ends are a catalog item and it is assumed that rod ends of an adequate rating for the
fatigue loading, were chosen.

Calculation (Calculation is either documented here or attached)
See the body of the following document

Conclusion (Specify whether or not the purpose of the calculation was accomplished.)
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The most recent (April 2012) welded concept has a geometry that eliminates the offset moment on the

clevis. The intersection of the line of action of the two truss links is at the vessel surface. This makes the load
at the vessel wall, predominantly shear (37,000 Ib) with a relatively small (5000 Ib) radial load. The latest
(Aprilv2012) design is acceptable if the pins, sleeves, and ball ends have a tight tolerance. Even for the ideal
fit, the sleeves should be bonded to the clevis plates. The peak stresses for the un-bonded installation (70 ksi
Sig1 and 100ksi Tresca) around the hole would be in excess of the fatigue allowable of 40 ksi. In July 2012 the
mesh was refined a bit and local stresses are higher but the character of the behavior of the analysis hasn't
changed. The April version is 1/4 inch larger on three faces than the March 2012 version to alleviate "tear-out"
clevis stresses at the hole for the pin and bushing. The model was run with an epoxy layer bonding the sleeve
to the clevis plate. Most of the epoxy sees less than 7ksi tension. There are local small spikes of 20 ksi, and an
edge that will probably crush from the compression. Shears are 5 to 20ksi The clevis plate stresses are
acceptable with the bonded sleeve. Given the uncertainty in the epoxy performance, the clevis holes should be
on the fatigue inspection list.
. The new weld is passes static criteria. A three sided weld was analyzed because PF4 interferes with making
the weld at the bottom of the (upper) clevis. The recommended weld is a 3/8 groove backed with a 3/8 fillet.
Fatigue evaluations were acceptable based on a uniform distribution of stress in the weld perimeter. This
geometry is similar to the PF4/5 support pad and has higher stresses at the corners of the rectangular pads.
Consequently these should be added to the inspection list.

2 inch OD Rods or 2 inch sch 160 pipes are acceptable to take the compressive load in the struts without
buckling . There is one area where the clevis and the vessel support | Beam support bracket interfered. A
"special" bent strut was investigated. Solid bars with the same OD as the 2 inch pipe was tried and did not pass.
An even heavier section was needed. Instead the straight struts are retained and special clevis and "chair"
vessel supports, with appropriate clearances, are used. The spherical ball ends have been specified. These
will have threads exposed to the cyclic stresses and have been designed to have large thread diameters at the ID
of the struts to reduce the cyclic stress. In section 11, pin fit-up was studied. zero clearance in the pin fit
supported the pin adequately to reduce the mid span moment in the pin. Much of the moment support at the
ends of the pin was lost with a .003 inch diametral clearance. This implies press fit for the 718 sleeves after a
final reamed alignment of the clevis holes. and a press fit for the pin in both the sleeves. .0005 inch diametral
Interference fit of the bushing improves the stress modestly, but this is not planned. Instead a 3M weld

The concept with added extension pieces welded to the vessel shell -shown in section 19 of the calculations
is also adequate to accept the normal operating scenario loads.]

Cognizant Engineer’s printed name, signature, and date Mark Smi Digitaly signed by Mark Smith
ar m It Drﬁ: ic:;M;:k Smith, .0=5PF‘:L, ou,
Mark Smith eDatae‘:l20?4.82%3)’)12:?;2;-51‘800‘

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

Checker’s printed name, signature, and date
Digitally signed by Han Zhang
Han Zhang ot e
Han Zhang Date: 2012.11.12 09:43:35 -05'00"
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3.0 Executive Summary:

This is a qualification of a small part of the outer leg support system. The concept for this support has gone
through a number of iterations. The chosen attachment has been sized and shaped to accept only shear loading and
a relatively small tensile loading, and has been found acceptable for expected OOP loads that will be imposed on
the vessel knuckle region by the TF outer leg support truss.

The most recent (April 2012) welded concept is acceptable if the pins, sleeves, and ball ends have a tight
tolerance. Even for the ideal fit, an attempt should be made to bond the sleeves to the clevis plates. The peak
stresses (70 ksi Sigl and 100ksi Tresca) around the hole are in excess of the fatigue allowable of 40 ksi. In July
2012 the mesh was refined a bit and local stresses are higher but the character of the behavior of the analysis
hasn't changed. The April version is slightly larger than the March 2012 version to alleviate "tear-out" clevis
stresses at the hole for the pin and bushing. The model was run with an epoxy layer bonding the sleeve to the clevis
plate. Most of the epoxy sees less than 7ksi tension. There are local small spikes of 20 ksi, and an edge that will
probably crush from the compression. Shears are 5 to 20ksi The clevis plate stresses are 34.8 ksi with the bonded
sleeve, below the 40 ksi fatigue limit. Given the uncertainty in the epoxy performance, the clevis holes should be
on the fatigue inspection list.

Un- Bonded Sleeve Bonded Sleeve

AGlue Layer was
Introduced between
the Sleeve and the

Clevis Plate

Bushing Separates
from Body of Clevis

e (] [

AO0NDENN g

Glue/ Sleeve Bond
Mormal Stress
Element Local Stress

Plate Max Principal Stress With
Bonded Sleeve, Peak Stress= 34.9ksi

Plate Max Principal Stress With Un-
Bonded Sleeve, Peak Stress= 70ksi
Figure 3.0-1 April 2012 Design, July Analysis Bonded and U-Bonded Sleeve

Final designs were governed by the intent to intersect the lines of action of the truss loads at the surface of the
vessel to avoid applying a moment on the weld pattern. This required an interplay between the toroidal separation
and the radial location of the pin centerlines. The April 2012 design minimizes the moments applied to the weld
pattern., Pin bending stress has been a critical element in the design of the clevis. Alignment of the rods was
expected to require some vertical position adjustment of the centerlines of the ball ends. This increased the span of
the pin. Simple assessments of 3 point support of the pin produced excessive stresses. Fit-up between the pin and
the ball end bushing and clevis were intended to reduce the effective span and add fixity to the ends of the pin
causing the bending moment in the center to be reduced. This required a tight fit between the pin and clevis which

Peak Tensile Stress = 19.9ksi
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in turn added bearing stress to the clevis - which was then fixed by adding a 718 insert which in-turn reduced the
clevis edge distance from the hole to the metal edge. - This in-turn resulted in addition of .25 inches of material on
three sides of the clevis. The added material improved the stress but it still did not satisfy fatigue allowables. An
interference fit improves the stress but it still does not pass the fatigue
allowable. Use of the 3M weld bond adhesive does not increase the
capacity sufficiently. The 2000 psi shear capacity adhesive is not adequate
to support the 22,000 Ibs tension in the strut. It will de-bond.

Weld stresses are acceptable in terms of static and fatigue allowables,
but inspections of the welds at the corners of the square pad are
recommended. A three sided weld was analyzed because PF4 interferes
with making the weld at the bottom of the (upper) clevis. The
recommended weld is a 3/8 groove backed with a 3/8 fillet.

The existing clevis attachment had a large offset to the pin centerline
which produced a large prying moment in addition to the shear on the
clevis. Concepts were developed that limited the load into the clevis, and
concepts were developed to increase the load carrying capacity of the R
clevis. Loads at the attachment varied depending on the attachment and el Ml B
truss concept.

The existing clevis attachment bolting and 3/16 fillet welds are
insufficient to support the upgrade truss/radius rod loads with the offset the
present clevis design imposes. . Welding the bolted clevis to the pad and increasing the weld size to 3/8 inch meets
the static stress limits. Further analysis and possible re-enforcement was

T Truss o Eadies Fod Lag

Figure 3.0-2 Existing Ievis Details

needed to satisfy fatigue limits. Once welding was considered,
improvements in the clevis were also considered. One concern is that the
existing bolts will gall when attempts are made to remove them. This is not
expected (based on conversations with Eric Perry) but if they do gall than
they can be ground off and the welded clevis welded over the bolts. In
addition to the welded concept, other concepts is evaluated here beginning
on section 12. These discussions are retained as back-ups in case access or
interferences make welding difficult, and to illustrate the design evolution
and the mechanics that contributed to the design evolution.

In the appendices, some of the calculations and presentation material are
included to provide an understanding of the history that led to the present
design choice. The weakness of the existing clevis produced a variety of E A o
design solutions that were more difficult and were not chosen. Prior to the | Figure 3.0-3 Photo of one of the Existing
CDR a diamond truss assembly was investigated, but only worked for up- | Clevises (as of 2011)

down symmetric OOP loads and was impossible to install around the

existing diagnostics, wave guides and service lines. At the PDR, a solution that employed compliant trusses to limit
loading into the clevis was presented.. This design used first, a coiled spring and then a Belleville spring stack. Off-
loading the OOP loading from the vessel was thought nece§iary to limit stresses at the mid-plane port ligaments.

Rigid Truss Rigid Ring to Existing Clevis Soft Springs to Existing Clevis
Figure 3.0-4 Early TF Outer Leg Support Concepts

However more detailed analysis showed adequate capacity at the equatorial plane and the spring truss was dropped.

Options that used the existing clevis pads as shear keys - with no tensile capacity were judged to have a precarious

purchase on the pad, and this concept was never considered seriously. A concept which converted the PF 4 and 5

Diamond Truss Pinned Ring
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support to take the TF OOP load was also considered and dropped. Some of the evaluations of this are included in
Appendix B.

clevis

AN

Figure 3.0-5 FDR TF Outer Leg Support

An early version of the knuckle clevis is shown in the middle. Truss loads imposed a moment on this concept
because of the width of separation to the "ears". The modeling employed in Ref 1 is shown at right. Preliminary
results from this analysis show a truss shear load of 75 KN or 17,000 Ibs Just based on the distribution of OOP
loads in the upper outer leg of the TF the load should be around 20,000 lbs at the TF clamp. With the 10%
headroom, it becomes 22,000 Ibs, and resolving it from the ring radius to the vessel shell increases it to 30,000 Ibs.
Estimates of this load later went up to 37,000Ibs[1]. As in a truss, the diagonal struts should be alternating between
tension and compression. The strut loads should just be the shear load divided by 2* cos(truss angle). There is a
smaller (~5000Ib) radial load superimposed on the strut alternating tensions and compressions. This increases the
rod tension to 27,000 Ibs and this is the load used to size the strut spherical ball end, and clevis. . 2 inch sch 80
pipes are needed to take the compressive load in the struts. "Special” bent struts were investigated to clear vessel
support brackets/chairs. Solid bars with the same OD as the pipes were tried and did not pass. Instead, special
vessel support brackets/chairs were designed.[10]

Figure 3.0-4 Clevis Details in the Late 2011(Right) and March 2012 Design (left)

4.0 DCPS Algorithm
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As required for input to the machine simulator described in the DCPS Requirements Document [9], The DCPS
algorithms will be supplied for loading in the calculation for the outer TF support structures, ref [1]. A simplified
approach for the clevis would be to scale the loads from the OOP torque computed in the design point spreadsheet.
This is the upper half outer leg torque from spreadsheet - based on the equation in ref [6]. The shear load limit at
this writing is 37,000 Ibs. Derived from Scenario #79. The reported stresses can be scaled by the calculated torque
for the currents being checked by the DCPS divided by the torque for equilibrium # 79 Charlie's revision or new
version of the DCPS requirements document[12] has some important changes. The planned disruption and shut-down
look-aheads, have been removed, and the effect of passive structures has been ignored. | talked with Charlie about the TF
outer leg summations in the spreadsheet. As of March 7 2012, Charlie had not updated the TF torque sums for the
disruption currents. He provided the new torque values in March 7 2012. The disruption torque is lower than the normal
outer leg torque. -See the discussion in Appendix G, Ref [11]. The DCPS stress multipliers may remain scaled based on
the TF outer leg upper half torque divided by the EQ 79 torque. There is no fatigue margin in the clevis pin, so the OOP
torque must be maintained below the EQ 79 value - or fatigue cycle counting must be implemented.

5.0 References

[1] Analysis of TF Outer Leg, Han Zhang, Calculation Number NSTXU-CALC-132-04, and Preliminary Results
shown in the March 15 NSTX progress meeting

[2] NSTX-CALC-13-001-00 Rev 1 Global Model — Model Description, Mesh Generation, Results, Peter H. Titus
March 2011

[3] Analysis of Existing and Upgrade PF4/5 Coils and Supports — With Alternating Columns. NSTX-CALC-12-
05-00 Rev 0 P. Titus March 2011

[4] NSTX Structural Design Criteria Document, NSTX_DesCrit_IZ_080103.doc I. Zatz

[5] NSTX Design Point Sept 8 2009 http://www.pppl.gov/~neumeyer/NSTX CSU/Design_Point.html

[6] OOP PF/TF Torques on TF , R. Woolley, NSTXU CALC 132-03-00

[7] NSTX TF Outer Leg Clamp Pin Assembly ~ NSTX-CALC-132-12 Rev 0 November 2011 Peter Rogoff,

[8] National Spherical Torus Experiment NSTX CENTER STACK UPGRADE GENERAL REQUIREMENTS
DOCUMENT NSTX_CSU-RQMTS-GRD Revision 4 September 15, 2011

[9] DIGITAL COIL PROTECTION SYSTEM (DCPS) REQUIREMENTS DOCUMENT (DRAFT), NSTX-CSU-
RD-DCPS for the National Spherical Torus Experiment Center Stack Upgrade, February 5, 2010 R. Woolley

[10] NSTX-U CALC 12-10-00 "Redesigned Vessel Support Bracket", Peter Rogoff, March 2012

[11] March 7 email from C. Neumeyer with Post Disruption Torque Additions to the Design Point Spreadsheet
Appendix G

[12] National Spherical Torus Experiment NSTX CENTER STACK UPGRADE, Coil Protection System
Requirements Document Revision 0 February 1, 2012 Charles Neumeyer

6.0 Input

6.1 Criteria

From the Criteria Document, Ref 4:

» When considering bearing stresses in pins and similar members, the Sy value at temperature is applicable, except
that a value of 1.5 Sy may be used if no credit is given to bearing area within one pin diameter from a plate edge.

 The average primary shear stress across a section loaded under design conditions in pure shear (e.g., keys, shear
rings, screw threads) shall be limited to 0.6 Sm. The maximum primary shear under design considerations,
exclusive of stress concentration at the periphery of a solid circular section in torsion, shall be

Coil and structural criteria are outlined in "NSTX Structural Design Criteria Document”, Zatz[2].

Fatigue requirements are based on the Rev 4 GRD, recently revised in September 2011 [13]. The pertinent section
is excerpted below.
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b. Number of Pulses

For engineering purposes. the number of NSTX pulses, after implementing the Center Stack
Upgrade. shall be assumed to consist of a total of 20.000 pulses based on the pulse spectrum

given in Table 2-4 which allows for pulsing at various duty cycles coordinated per section
24a.

Table 2-4 - NSTX CSU Pulse Spectrum

Performance | 60% | 75% | 90% | 100%
B | 06 |075]| 09 1 T
L1215 18 2 MA
T 5 =T s (s5¢) Total pulses
3 200 | 1800 | 1200 | 1000 4200
35 200 | 1800 | 1200 | 1000 4200
4 200 | 1800 | 1200 | 1000 4200
45 200 | 1800 | 1200 | 500 3700
5 200 | 1800 | 1200 | 500 3700
Total 20000

Figure 6.1-1 Snapshot of the Rev 4 General Requirements Document [6]
With a factor of 20 on life, this would require a life of 4e5 (400,000) in a SN evaluation.

6.2 Drawing Excerpts (Existing Design)

g 1N0 T0 1T
4

f T1P. 24 PLACES SEE NOTES

MOWE ORIGINAD CLFVIS PAD C-DBRI024
10-01 1IN
IS PLACE

E-DCI5T0-01

37.5 FROM

HOR1Z CENTER OF
MACHINE TYP.
UPPER & LOWER

SECTION CLEVIS

Figure 6.2-2 Clevis Details March 2012
1/4 inch was added to three sides of the clevis plates in April 2012 to improve the pin hole edge distance.
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Note:

(1} WV Clevis PAD is not welded all around.

{2} Large gap between clavis and vassal

{3} Weldregion{underneath pad} cannot be inspectad. Thisisa
source of fatigue failure.

4y weldsneadto be rated accordingly.

-

Figure 6.2-4 Clevis Details for the Original NSTX Clevis Where it Interferes with the Vessel | Beam Support
Column "Chair" or bracket

7.0 Loads

The OOP Load at the TF Outer Leg is some fraction of the net TF outer Leg OOP load. For scenarios that produce
up-down symmetric loading, the upper half of the outer leg sum is split between the umbrella structure and the TF
clevis which is the subject of this calculation. Loads utilized in this analysis come from H. Zhang's analysis of the
outer legs structural support, ref [1]

Clevis shear load iS"I"_f'IUCh higher than before Cylindrical i y

MODE FX FY  FZ
491315 45066. 68168 -11996.
491316 83083, 92813. 16418
491317 -47387. 70275, -12387.
i AWy 491318 61972, 90982, 16129,
491319 47256, 70081, -12332.

491320 61821, 90760. 16089.

. 491321 -47223. 70033, -12324.

. 509"3_”? 79 ) 491322 60158, 88316, 15858,
fa e g 491323 45109, 66897. -11772.
491324 61028, 89596. 15883,
491325 44160, 65503 -11527.
491326 62344, 91528, 16226,
491327 468104, 82373, -12032.

A Al

s 134
W S 491328 59583, 87474, 15507.
491329 -41922. 82171, -10940.

491330 66018, 96921, 17182

At Ll 491331 -50283. 74571, -13122.

samaae 491332 60398, 88671. 15719,

= | 491333 -50770. 75292, -13249.
491334 55240, B1099. 14377.
491335 43581, 64632, -11373.
491336 60829. 89304, 15831,
512320 -44957. 6B671. -11732.
512321 81226, B89886. 15935

Max shearload: 163KN [previous
requirement 5000 Ibs=22 KN)

Max radialload: 24096 N (5428 Ibs)
Max vertical load: 6242 N (1406 Ibs)
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Figure 7.0-1 Loads from Ref [1]

Bar 1 subjects to Frl, Ft1 and Fn2, bar 2 subjects to Fr2, Ft2 and Fn1l
Fnl=Ft1-Frl

Fn2=-(Fr2+Ft2)

Fnldoesn’t have to be equal to Fn2.

Figure 7.0-2 Rod Loads Provided by Han Zhang from Ref [1] -Including the Radial Component

Currently (June 2011) the design loads is 37,000lbs at the vessel surface, with 5000 Ibs radial tension load due
to shared TF bursting loads with the ring. A vertical load of 1403 Ibs is also reported in [1] The higher (37 kip)
load has been used to size the struts, clevis and pins.

Figure 7.0-3 Area of the Strut in the Global Model

From the Strut modeling in [2], Run34, tarea = 1.1e-4 for 1/12 of the strut area

AU 9 2011
06: 53156
NODAL SOLUTION
STEP=1

SUE =1

TIME=1

81 (RVE)
PowerGraphics
EFACET=1
AVREZ=Nar

DM =.010196

SMN =-.B17E+09
S =.395E+10
a

- 120E+08
. Z40E+08
- 360E+08
- 460E+08
- 600E+03
. 720E+08
. G40E+08
- 960E+08
- 108E+09

(NIM{SNNIN |

Figure 7.0-4 StrutMax Principal Stress from the Global Model[2]
From [2], run34 The Tensile Strut load is:1.1e-4*12*84e6*.2248 = 24925 Ibs

Page | 12



AUG 9 2011
07:29:47
NODAL SOLUTION
STEP=1

33 (&VG)
PowerGraphics
EFACET=1
AVRES=Mar.

DIT{ =.010196
SN =-.ZBSE+10
S =.110E+10
-.100E+09
-, S00E+08
-. 800E+08
-.700E+08
-.600E+0E
—. 500E+08
-, 400E+08
—.300E+08
-. Z00E+08
-. 100E+08

I000REEDEN

Figure 7.0-4 Strut Min Principal Stress from the Global Model[2]
From [2], run34 The Compressive Strut load is:1.1e-4*12*-60e6*.2248 = 17804 Ibs. These calculations are
presented as a check of the ref [1] loads which are larger and are used in this calculation to qualify the clevis.

The loads utilized for this calculation are based on the equilibria in the design point spreadsheet. These have
been updated based on a new DCPS document [11] that produced a new set of post disruption currents and a

new net TF outerleg torque. The outer led disruption torque is less than the normal operating torque (See C.
Newmeyer's March 7 email in Appendix G, Ref 10)

8.0 Materials and Allowables

718 Typical Mechanical Properties At Room Temperature:

Ultimate Tensile Yield Strength Elongation in Elastic Modulus
Strength (0.2 % offset) 50 mm (2") (Tension)

MPa ksi MPa ksi % GPa 106 psi

1240 180 1036 150 12 211  30.6

1/3 UIlt=60ksi 2/3 yield=100 ksi Sm=60ksi, Bending Allowable = 90 ksi
The allowed shear stress is .6*sm = 36 ksi
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which yields a 95 ksi allowable

Design Life = 20,000 Full Power Pulses, With a factor of 20, The requirementis 400,000 cycles

At 20,000 cycles the criteria based on 2*stress yields 160/2 = 80 ksi

200 — T —T T —
. NQTE: Stresses are based INCO 718 Kt =1.0
i : on net section, Stress Ratio
; ; i -1.00
180 . 50
0.10
X 0.50
— 40 Run-out
g .
5 | R=-.5 data is used
w £ : .
@ 140t | because the pin
=
‘g | bendingStress is
2 120 | proportional to
x -24kA to 13kA
= OH swing
sol—— | Allowable=
80 ksi
&0 H H , Pl s i e - AR ET
10* 10° 10° 107 10° 107

Fatigue Life, Cycles
Figure 6.3.5.1.8(f). Best-fit 5/N curves for unnotched Inconel 718 bar and plate at roon
temperature, longitudinal direction.

Figure 8.0-1 Best Fit S/N curves for unnotched Inconel 718 bar and plate at room temperature, longitudinal

direction

ASTM A193 Bolt Specs from Portland Bolt.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
B8 Class 1 All 75 30 30 50
B8M Class 1 All 75 30 30 50
Up to 3/4 125 100 12 35
B8 Class 2
7/18-1 115 80 15 35
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Grade Size Tensile ksi, min Yield, ksi, min | Elong, %, min RA % min
1-1/8 - 1-1/4 105 65 20 35
1-3/8 - 1-1/2 100 50 28 45
Up to 3/4 110 95 15 45
7/18-1 100 80 20 45
BEMClass2 ™ - 114 95 65 25 45
1-3/8 - 1-1/2 90 50 30 45

Design Life = 20,000 Full Power Pulses, With a factor of 20, The requirementis 400,000 cycles
which yields a 420 MPa =60.9ksi
At 20,000 cycles the criteria based on 2*stress yields 550 MPa/2 = 275MPa = 40 ksi

STAINLESS STEEL (316LN)

Mechanical Properties Fatigue (stress controlled)
2000 : : : e : . R=.1datais used
316LN because the
& base metal Contactrelated
— — — weld metal .
1600 g . stress in the plate
is not reversed
©
0. 1200 - g
=
)
(é} 800 - - Allowable =
o 40 ksi
400 - e
] e PR P .S U S Fum S P
10° 10! 102 10° 104 108 108 107
Fatigue Life, cycles
®  Mukai et al. (1979) m  Nyilas (1990) 2 = » |
©  Prioul et al. (1988) O  Umezawa et al. (1994)

Figure 8.0-2 SN Curves for 316 Stainless Steel
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From the NSTX Criteria:

Weld Allowable

For welds in steel, the design Tresca stress shall be the lesser of;

213 of the minimum specified yield if the weld at temperature, or
1/3 of the mininmum specified tensile strength of the weld at temperature.

From the AISC Criteria:

Eeference and Weld

Eod or weld wire

Parent Material Allowable Stress

(Exclusive of Weld Efficiency)

AT3C Stress on cross
section of full
penetration Welds

Same as Base material

ATSC Shear Stress on
Eftective Throat of
fillet weld

AWE AL 1 B0

A3 - 21 kesi

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)

i ‘E American Welding Society Structural Welding Code—Stainless Steel

Figure 8.0-3 Static Weld Allowable

AWS D1.6/D1

Table 2.1

Allowable Stresses (see 2.3.2)

Stress in Weld

Allowable Stress.b.<.d

CJP Groove Welds

Teasion normal to the cffective arca

Compression normal to the effective

arca

Tension or compression parallel to the axis of the weld

Shear on the effective area

The lesser of values for basc metal or filler metal.
‘The lesser of values for base metal or filler metal.
Same as for bace metal.

0.30 x nominal tensile strength of filler metal, except shear stress
on base metal shall not exceed 0.40 x yield strength of base metal

PJP Groove Welds

Tension normal to the effective area

Compression normal to the Joint not designed to bear

cffective arca

Joint designed to bear

Tension or compression parallel to the axis of the weld

Shear parallel to the axis of the weld

0.30 = nominal tenszile strength of filler metal, except tensile
stress on baze metal shall not exceed 0.60 x vield strength of baze
metal

0.5 » nominal tensile strength of weld metal, except compression
strezz on adjacent base metal shall not exceed 0.60 x yield
strength of base metal

The lesser of values for base metal or filler metal
Same as for base metal

0.30 x nominal tensile strength of filler metal, except shear stress
on base metal shall not exceed 0,40 x yield strength of base metal

Fillet Welds

Shear on effective arca of weld

Tension or compression parallel to the axis of the weld

Figure 8.0-3b Static Weld Allowable

0.30 x nominal tensile strength of filler metal, except shear stress
on base metal shall not exceed 0.40 x yicld strength of base metal

Same as for bace metal

.6M:2007

An American National Standard
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For a fillet the allowable stress, according to AWS, would be .4*30,000 12,000 psi on the effective throat area,
assuming the annealed property of the vessel in the heat effected zone is 30,000 psi

Fatigue:
for a nominal 60,000 cycles, the

strain range allowable is ~.175% Type 30488
For 20 on life, or 1200,000 cycles, - ¢
the strain range is .15% o Y ]

7 X

-3

Strain Amplitude = 109/200000 = % v
.05% 3
For 2 on stress or 20 on life the & atston Modes 2
strain allowable is .001756/2 or fro 0.1 T daske s GDorel 1
a modulus of 200e9 the allowed . :
stress is 175 Mpa. For a stress 1210 10t 108 108 107 108

Cycles to Failure, Ny,
From Tom Willard's Collection of $ST Fatigue
Data

concentration of 4, the allowed
nominal weld stress is 43.75 Mpa

= 6345p6i “Estimation of Fatipue Strain-Life Curves for
Austenitic in Light Water Reactor Environments
Stainless Steels”. Argonne Nat. Lab. 1998

Figure 8.0-4 Weld Fatigue Allowable
If the FEA modeling represents the local weld stress concentration, well, the fatigue allowable is 175 MPa
(25.4ksi), and for simple line load calculations the allowable is 6345 psi to allow for a concentration factor of 4.
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9.0 Welded Clevis
9.1 April 2012 Welded Clevis

The February 2012 version of the welded block had "tear-out" stresses around the pin hole of 66 ksi - See section
9.2. These were improved by addition of 1/4 inch of material at both net sections of the plate eye.

April 2012 Stress Results with % Inch Extensions on Three Faces

Max Principal

Max Principal

Max Principal | : [Tresca | .

Ll

Figure 9.1-1 Clevis Plate Stress, April 2012 Geometry
A case with a .0005 inch diametral interference between the bushing and clevis was run. It reduced the peak
operating stress in the clevis from 48ksi to 42.2 ksi and reduced the magnitude of the stress range to 36.8 ksi.

Tresca

I
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WOOAL scLuTICH

171302

724

— a6
19010 26303 37596 Preload 0005 in
& 23656.5 32949.5 22424

HoDAL somi OperatingLoad Step - Preload Load Step
STEP=233% T
SINT (AVE) :
SMN =451.653
Mx =36805.2

T

— I
451,653 £8530.23 16608.8 24687.4 .
4490, 94 12569.5 20648.1 28726.7 36805. 2
Preload + Truss Load .0005 in Diametral bushing interference

Figure 9.1-2 Clevis Plate Stresses with an interference fit.

MX
NODAL SOLUTION AN
STEP=1 MAR 12 2012
SUB =1 11:34:27
TIME=1
SINT [AVG)
DMX =.003348
SMN =4017.75
SMX =32626.9
Preload + Truss Load Zero Diametral Clearance
4017.75 75.3 16732.9 23090.5 29448.1
6.55 13554.1 19911.7 26269.3 32626.9
"""'---._____
L L ] —_—
aer2' . 707=53in 1% Inchwelde
Weld Stresswouldbe 13 ~—x Idb
would betoo
3/ to 16 kel except at small
corners and ends 1/4

Figure 9.1-3 Clevis Weld Stress
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From Figure 8.0-3, The static weld allowable is 14 ksi. with no inspection, and 20 ksi with liquid penetrant
inspection. Based on figure 8.0-4 and depending on how well the FEA captures the weld stress concentration, the
weld allowable is 6 ksi to 25 ksi. From the contours in Figure 9.0-5, much of the weld would pass the fatigue
criteria, but the corners and ends would not. This is similar to most of the pad-to-vessel welds and these end points
and corners should be added to the inspection list.

A Glue Layer was
Introduced between
the Sleeve and the
Clevis Plate

Figure 9.1-4 July 2012 Analysis with a Refined Mesh Around the Hole.

The April design of the clevis block is slightly larger than the March 2012 version to alleviate "tear-out" clevis
stresses at the hole for the pin and bushing. In July 2012 the mesh was refined a bit with more elements around the
holes. Local stresses are higher but the character of the behavior of the analysis hasn't changed. The model shown
in figure 9.1-4 was run with and without the glue layer. Gap elements are used when the glue is not present. The
results showed that an un-bonded sleeve does not contribute to the tensile net sections of the clevis plate. separation
of the sleeve and the clevis plate occurs at the back side of the sleeve. This is shown in figure 9.1-5.

Bushing Separates
from Body of Clevis

Figure 9.1-5 July 2012 Analysis with a Refined Mesh Around the Hole, and Un-bonded Sleeve
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RECCNEEEN ¢

Figure 9.1-6 July 2012 Analysis with a Refined Mesh Around the Hole, and Un-bonded Sleeve
With the refinement in the mesh and the un-bonded sleeve, the stresses in the clevis plate are above the fatigue
allowable of 40 ksi. Note that the peak stresses are localized, and most of the net sections have considerably lower
stresses.

i
=

Stresses with Epoxy Bonded
Sleeve

316 Fatigue
Allowable is 40 ksi

([N ] ]

Tresca Stress

|
=
850.87 Truss Load

(]
= =
I, —
= =

| .

]

==
Glue Glue E
ShearStress Normal Stress "
Element Local ElementLocal Stress E igzgéﬂ
Stress 34890.4

SMN =-3285.07
SMX =34890.4

Peak Shear= 21.4ksi  PeakTensile Stress = 19.9ksi

Plate Max Principal Stress

Figure 9.1-7 July 2012 Analysis with a Refined Mesh Around the Hole, and Bonded Sleeve

Page | 21



The most recent (April 2012) welded concept is acceptable if the pins,
sleeves, and ball ends have a tight tolerance. In Figure 9.1-7 the results for the
glue layer are shown.. The model was run with an epoxy layer bonding the
sleeve to the clevis plate. Most of the epoxy sees less than 7ksi tension. There
are local small spikes of 20 ksi, and an edge that will probably crush from the
compression. Shears are 5 to 20ksi The clevis plate stresses are 34.8 ksi with
the bonded sleeve, below the 40 ksi fatigue limit. Given the uncertainty in the
epoxy performance, the clevis holes should be on the fatigue inspection list.

9.2 Late Feb 2012 Welded Clevis

This design (Late Feb/ March 2012) is welded directly to the vessel wall
after removal of the existing pad.

Figure 9.2-1 Model of the TF Clevis Design as of March 2 2012

vy

[ [Nl |

Glue
Tresca
Nodal Stress

Peak Tresca =
74.4ksi
(Probablywill be
locally Crushed)

Gap Elements
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SINT

24723,
37085,
45447,
61609
T4170.
5

B00C0DEN

-26063.1
-14177.4
-2291.68
9584.03

21479.7

33365.
45251.
57136.
69022,
80908.

T

Woo Wk

Figure 9.2-2 March 2012 Stress Results

AECCNNENN

SINT

281.58
7608.4
14935,
22262,

36016

44242,
51569.
58896.
BE223.

2
7
q

29589.1

o~ w0

Because of the high stress in the clevis plate because of the proximity of the pin and bushing to the edge of the

clevis plate, the block was increased in size.

718 Inserts and Ball

SINT

100 EONN

Figure 9.2-3 Bushing and Ball End Stress

17,6809
T246.18
14444,
21643.
28841,
43238.
50437.
57635.
64834,

7

Ll B S RS BES AN

B00 B0EN

51
-26063.1
=20119.1
-14175.2
-8231.22
-2287.2%
9600.67
15544.6
21488.6
27432.5
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RRCONDEEN ;-

Figure 9.2-4 Clevis Plate Stress March 2012 Block Geometry

The clevis plates are stressed above the Tresca based of
40 ksi (Figure 8.0-2), A lot of this is compressive bearing
stress between the sleeve and plate. The max principal
stress, which is a better indication of the propagation of a
fatigue failure, is 43 ksi. Both of these stresses are a bit
high. H. Zhang ( the calculation checker) found an error in
the allowable. It had been 60.9 ksi based on a factor of 20
on life and the 2 on stress had not been considered. The
fatigue based on 2 on stress is 40 ksi. - The stress state of
the clevis block was discussed with Mark Smith and Tom
Willard and the block was increased in size to improve the
pin hole edge distance. The Tresca is still a bit above the
allowable, but the max principal is 31 ksi

HE00NNEEN

Extend these surfaces, .
grow these surfaces 025 B85
inches,

Figure 9.0-5 Clevis Plate April 2012 Geometry

Recesses on back,

djust recess so that
these surfaces are 1inch
widh

AN

Tresca

Titus FEA Model
Dimensions, April

2012 Design

D

2
3
4
5
6
7
8

1.456 inches

1.43
1.401
2.37
1.174
2.974
3.8
1.114

Figure 9.2-6 Clevis Plate April 2012 Geometry, As Analyzed

10.0 Earlier Welded Clevis
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A number of concepts have been evaluated to reinforce or replace the present clevis hardware. These will be
presented after the final design configuration. The preferred option is a simple concept in which a clevis plate with
a refined geometry is welded to the existing pad. The shape and sizing of the clevis is chosen to eliminate moments
applied with respect to the surface of the vessel. This loads the attachment to the vessel only in shear - no bolt or
weld tension is required. A couple of concepts produce no, or little moments at the vessel surface. The welded
concept is presented first and then a mechanical concept is described and analyzed. The qualification of the
mechanical concept is included in case it is needed in one or more of the 24 locations needing upgrade.

Shear load is taken by
"lipst |

S
Vv-Clevs |
Attachment Plate

Hoew Cleis

eccentricity produces a
mement and tension at

Forces intersect the
centroid of the stud
pattern - no moment is
produced.

VAN N

Figure 9.0-1 Mechanics and geometry that eliminates the offset moment on the clevis assembly

the stud pattern

Welded Clevis
Replacement

LINNDE

:
SN

VAV :

OIS A

i AYAVAVAY. 5 AR
. % A A ATV A oAy

/) Yavay,

S/ S AVAVAVAVAVAV,

RESTOR R O00000

KIERAE SSEODNANIFHRAAKE

AN RRROEA
VAAVAR
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MAR 2 2011
08:11:40
MODAL SOLUTION
STEP=1

sUB =1

TIME=1

SINT (AVE)
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.679E-03
SMN =1.695

aMx =159471

v =1

TV =1

ZV =3
*DIST=2. 442
*XF  =.133011
*ZF =.79738
A-Z8=-.667081

Figure 9.0-2 Figure Stresses based on a 20,000 Ib Shear Load

The stress will scale by 37/20, so the peak stress is 36013psi, and away from the local contact is: ~15ksi*37/20 =
27 ksi

This Detail needs
to be radiused

¥V =.46354%
Zv  =.46012
*DIET=1. 046
"X =1,798

Ret [1] Preliminary Result from
Wednesday Meeting. This Detail needs
to be radiused

Figure 9.0-3

11.0 Clevis Pin Analysis

A simple treatment of the pin stress assuming no fixity at the ball end bushing or clevis plates is shown in figure
11.0-1. If the pins can be tightly fitted, the stress drops to 80 ksi  The clevis pin is currently (April 2012) a1 inch
diameter pin that is loaded in bearing bending and shear. The bending stress was a function of the separation of the
clevis plates, and the fixity assumed for the fit in the clevis plates and the rod end ball bushing.
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Clearance hole {maybe .003"),
plate flexibility, Local edge
yielding of hule due to bearing
pressure in hole limits moment
carrying capacity. Assume Pinned.

TN

1linch pin
Section Modulus = Pif32*DA3 = 098175in "3
Area - pifa*DA2 = T854in 2

Bending Stress = 120007 1.3/.098175 = 158.8 ksi, 90 ksi Allowable
Shear Stress = 12000/.7854 = 15.27 ksi, 36 ksi Allowable

12 kips
24 kips R
% Results for
\ ‘\.*‘-\“\ “soft” gap
\ [ - elements
\ ve Offset = 1.3"

| Effecti

e

X

12 kips

Figure 11.0-1 Clevis Pin Analysis Based on No fixity at the pin center or ends.

‘\\‘\\_?

S

—

In order to qualify the current(April 2012) pin, a tight fit is needed at the clevis plates and bushings, and credit
must be taken for the latest version of the GRD that requires a design life of 20,000 full power cycles rather than
the original 30,000 cycles. The pin fatigue allowable of 80 ksi is developed in Figure 11.0-5. The pin stresses are
shown in Figure 11.0-2. The 98 ksi stress is a contact compressive stress and is not on the tensile side of the pin. If
a crack initiated here it would not propagate. The 74 ksi max principal stress is considered representative of fatigue
loading, and this is within the allowable. Again this relies on a tight fit.

STEP=1
SUEB =1
TIME=1

DMX =.008884
SMN =-23416.7
SMX =73833.4

NODAL SOLUTICON

51 (AVG

AP

)

I = s

AN AN
R 16 2012 NODAL SOLUTION APE 16 2012
08:34:44 8TEP=1 Preload + Truss Load  08:35:38
SUB =1 Zero Diametral Clearance
TIME=1
SEQV (AVG)

DMX =.008884
SMN =60%2.323
SMX =57699.3

-23416.1 -1805.55 19805.6
12611.1 3000,02 EPERE
19805.6 41416.17 63027.8
9000.02 30611.1 52222.3 73833.4 I
" m 7 i amat laarane 12760.1 653
Preload + Truss Load Zero Diametral Clearance 1376 15,;545_2 65330 76123.8

Figure 11.0-2 Clevis Pin Analysis Based on the April 2012 Clevis Configuration

For 718, from section 8, Sm , the membrane allowable, is 60ksi and the allowed shear stress is .6*sm = 36 ksi,
Ref[4] NSTX Criteria Doc. This is based on the average shear stress in the pin - as would be consistent with a
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membrane stress. Stress Calculations are included in the figure below. The project had used a 3/4 pin because it
produced a more compact total assembly, and a larger 1 inch pin in a later design to reduce stresses.

1/3 Ut=60ksi 2/3 yield=100 ksi

Sm=60ksi

The allowed shear stress is .6°sm = 36 ksi Ref NSTX Criteria Doc

The pin shear is 22185/(.76*2 pild)/2 =
24 1ksi for 3/4 pins in double shear

Fora strut load of 27,000 lbs
the % pin shearis 30 ksi

The pin shear is 22185/(1.0*2*pi/4)/2 =
14.1ksi for 1 inch pins in double shear

17.2ksi for the 1 inch pin

Actual Pin shear with 1.5 shear stress peak
for % in pins is 24.11.5 =36.75ksi

Trescais then 73.5 ksi,
90 ksi for the 27 kip load
52 ksi for the 27 Kip load and a 1 inch pin

for 2 on stress on the *: inch pin:
180ksi for r=0 (circles), Life = ~40,000cycles

40000<60000 (NSTX GRD)
For Tresca = 90, 000 life is approx 1e6

1e6/60000 = 167 >> 17 (not 20)

Materials and Allowables
718 Typical Mechanical Properti

At Room Temp

Ultimate Tensile Yield § gth Elong in Elastic Modul
Strength (0.2 % offset) 50 mm (27) (Tension)
MPa ksi MPa ksi % GPa 106 psi
1240 180 1036 150 12 211 306
NOTE: Stresses are based | INCO 718 K,= 10
‘on net section. Stress Ratio
180 -k N j]gg
0.10
0.50
o 9 i Run-cut
3
2
]
@ 140 &G
‘g a \.—-
2 = oo -
=
] &
8 \
100 o -
b
S be
= e e <
+
+
T E— -
ot 10° 100 1 10* 0

Fatigue Life, Cycles
Figure 6.3.5.1.8(f). Best-fit 5/N curves for unnotched Inconel 718 bar and plate at room
temperature, longitudinal direction.

Figure 11.0-3 Clevis Pin Analysis, from and early sizing attempt.

6000
1.208 (20 X Lig)

ress, ksi

Maimum St

T T ==
NOJE: Strasses are basad | INCOT1E K =10

on net 3echon.

| \ J
A\ St [ Use R=-5 for -13 t0+24 ki
i
\\ N

| 85 ksi (20 on Life) I =

62 ksi (2 on Stress) | @

o -
a8
B |
* ""\+\|
e 1 o
w 1w

W w

Fafigue Life. Cycles

Figure 6.3.5.1.8(f). Best-fit 5/N curves for unnotched Inconel 718 bar and plate at room
lanaitudinal directi

Figure 11.0-4 Clevis Pin Fatigue Allowable Based on Earlier GRD requirement of 30,000 Full Power Pulses
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Design Life = 20,000 Full Power Pulses, With a factor of 20, The requirementis 400,000 cycles
which yields a 95 ksi allowable
At 20,000 cycles the criteria based on 2*stress yields 160/2 = 80 ksi

200 T T
P NOTE: Stresses are based | INCO 718 K =1.0
: : on net section. Stress Ratio
i ; i -1.00
180] e -0.50
O 0.10
0.50
— -l Run-out
2 :
- _ | R=-.5 data is used
wh : : .
8 140l | because the pin
‘g | bendingStress is
2 120 | proportional to
X -24KA to 13kA
2 o0 OH swing
sol -] Allowable=
80 ksi
60 H ::_ - Pl : ::::::- H HEREEE P EEEEl
10¢ 10° 10° 107 10 10°

Fatigue Life, Cycles
Figure 6.3.5.1.8(f). Best-fit S/N curves for unnotched Inconel 718 bar and plate at roon
temperature, longitudinal direction.

Figure 11.0-5 Clevis Pin Fatigue Allowable Based on the GRD requirement of 20,000 Full Power Pulses
In later designs, one inch pins were used and the design as of Feb 10 2012 had clevis plates separated to the point
where the pin bending was excessive. The effect of the pin-fit was examined. If the pins have zero clearance and

the plates and ball end are fully elastic, then the estimate the pin stress, provided by M. Smith is correct. but at
103ksi it still violates both the static and fatigue the allowable for the 718 pin.

Page | 29



Gap Elements Stiffened — Zero clearance fit.

Elasticmodeling of bearing stress AN
FEB 10 2012

08:58:47

T (AVGE)
DMX =.014844
SMX =121832

I
5.3 54150.6 81225.0 108301

10613 67688.3 94763.6 121838

Very Similarto M. Smith’s Result |
Figure 11.0-5 Study of the Effect of Pin Fit-Up

If a clearance is modeled i.e. .003" on the diameter so that the pins could be removed, and if you consider local
contact yielding ( I get a 170 ksi local bearing stress at the edge of the plate holes) then the assumption of moment
support at the plates and probably at the ball end bushing, is not correct. The bending stress in the pin is then 160
ksi and the plate supports for the pins must be brought closer together.

Gap Elements Stiffened — Zero clearance fit.

Elasticmodeling of bearing stress AN
FEB 10 2012

08:58:47

SOLUTION

81225.9 108301
67688.3 94763.6 121839

Very Similarto M. Smith’s Result
Figure 11.0-6 Study of the Effect of Pin Fit-Up
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AN |

Gap Elements Stiffened = .003 Diametral
Clearance. Elastic modelingof bearing stress

Figure 11.0-7 Study of the Effect of Pin Fit-Up (loose Fit)

AN

Gap Elements Stiffened —.003 Diametral
Clearance. Elastic modeling of Bearing Stress

Bearing Stress at edge
is 170 ksi — 316 will
yield—even 718 will
yield

Figure 11.0-8 Study of the Effect of Pin Fit-Up (loose Fit)
Local Bearing stresses are significant
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12.0 Weld Stress for the Welded Clevis Design

Welds were assessed using a finite element model and these analyses are shown in figure 11.0-1 and 2 Hand
calculations are presented in figure 11.0-3 and these include the latest loads and thoughts on how the loads are
taken. The weld stress allowable is 14 ksi with only visual inspection, and 20 ksi with penetrant inspection.

Full Perimeter

Welded Pad Width 3.375
Welded Pad Height 3.5
Weld Fillet 0.15
Weld Perimeter 14 35
Weld Stress 13142.18

Weld Needed to Take
20,000 Shear Load

Welded Pad Width
Welded Pad Height

Weld Perimeter

MAR 2 2011
0g:10:08
NODAL SOLUTION
STEP=1

SUB =1

TIME=1

8X2Z (AVG)
R5Y5=0
PowerGraphice
EFACET=1
AVRES=Mat

DMX =.8679E-03
SMN =-3004

SMX =6917

XV =.473821
¥V =.533775
Vv =-.700413
*DIST=2. 442
*{F =.133011
*2F  =.79739
A-28=-. 667081
1=-BUEFER
-3004
-1902
-799.578
302.837
1405
3610
4712
5815
6917

B0 oen

Figure 12.0-1

3.375

35

0.25
14.75
7671.469

Figure 12.0-2

Weld mashis poor—
use hand calcs andthe
shear siress
distribufion on the back
ofthe lug

Locks ke the vertical
welds don'teontribute as
much —But maybe a
mesh effect

Only Horizontal Legs

Welded Pad Width 3.375
Welded Pad Height 3.9
Weld Fillet/Groove 0.5
Weld Length 715
Weld Stress 7300.269

Top and
1/4 Bottom
1/4

14 Both Sides
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From Ref [1]:

Max shearload: 163KN . 37000Lb
{(previous requirement 3000 lbs=22 KN)
Max radial load: 24096 N {5428 Ibs)
Max vertical load: 6242 N (1406 Ibs)

For Y inch
weld

For % inch
weld

For % Inch weld

Bending: 37000°.26/M1.92/.707=1087 psi Bending 37000°.26/12.976/.707 = 4367 psi
Tenslon=6428/8.5/.707 =1182 Tenslon=5428 /3.8876/.707=2082,036 psi
Theta Shear: 37000/6.6/.707 = 8061 Theta Shear=37000/3.66876/.707= 14192

Vertical Shear- 1406/8,6/,707 = 306 psl Vertical Shear= 1408/3.6878/,707 =639 psl

Total= 1087+1182+B8061°2+306*2*.6=10338  Total=4397 +2082+(14192*2+83042)* .5 =20681

For 3/16 Inch weld the Total is For 1/2 inch weld
9148*.25/.1875 = 13781psi Total = 10341 psi

Figure 12.0-3 Hand Calculations based on Weld Pattern Section Modulus
From Figure 6.1-2, The weld allowable is 14 ksi. with no inspection, and 20 ksi with liquid penetrant inspection

For the existing 3/16 weld (actually the effective size for larger poorly shaped welds) and for a proposed
effective 1/2 inch weld -1/4 inch Jgroove+1/4 inch fillet, the weld stresses are within static allowables.

From Figure 8.0-4 Weld Fatigue Allowable If the FEA modeling represents the local weld stress concentration,
well, the fatigue allowable is 175 MPa (25.4ksi), and for simple line load calculations the allowable is 6345 psi to
allow for a concentration factor

For the existing weld, the nominal stress is 14 ksi, or a little over twice the allowed weld stress computed in the
figure above. These calculations assume uniform shear around the perimeter weld. There will actually be a
concentration at the corners of the weld pattern. This was the case with the PF4 and 5 bracket supports. and the
expectation that this would potentially be a fatigue failure point led to inspections of these areas by Joe Winston.
No indications of cracking were found. The corner areas of square welded pads should be included on the list of
areas to check.
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Note:

{1} WV Clevis PAD is not welded all around.

(2} Large gap betwean clevis and vessel,

{3} weldregion{underneath pad) cannot be inspectad. Thisisa
source of fatigue failure.

{4} weldsneedto be rated accordingly.

Figure 12.0-4 Weld As-Builts

Figure 12.0-5 FEA Model/ Geometry Study to Show Clearance Issues with the Ball End
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AN

AUG 11 2011

NODAL SOLUTION

STEP=1 : 10:02:14
Sig: =1 1.75in

TIME=1

SINT {AVG)

DX =.30003

SMN =29999.4

SMYX =.694E+09

22,000 Lbs

20909.4

.154E+09 308E+ . E+0 .617E+09
-771E+08 .231E+09 -385E+09 .539E+09 .694E+09

Figure 12.0-7 Analysis of the Ball End Detail
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SINT
. 810E+07
- 343E+08
-160E+09
. 23TE+09
. 313E+09
. 389E+09
.465E+09
-541E+09
-617E+09
- 694E+09

Bl0CNEEN

31598.6
. TT1E+08
. 154E+09
. 231E+09
. 308E+09
. 385E+09
.462E+09
.539E+09
«617E+09
B94E+09

BOCCRE0NN

Figure 12.0-8 Analysis of the Ball End Detail
Figure 12.0-8 is an early indication of the pin bending issue that has effected all the designs up to the present
configuration (Section 9)

13.0 Mechanical Attachment Employing Welded Studs and Clamped Shear Mechanism

The intention of this option is to provide a clevis geometry that develops only shear at the vessel surface, and
then engage the existing pad as a "shear key" . One difficulty with this is the tolerancing on the size and positioning
of the pads made it difficult to have a tight fit with the clamp. This was fixed with adjustable edge clamps. Another
difficulty is that the edge of the pad that protrudes above the weld is small . This is all that is available to obtain a
"purchase” by the clamp.

Clevis Detail with bolted edge clamp
Figure 13.0-1

Page | 36



Preload plus 20,000 lbs shear load Preload plus -20,000 lbs shear load

AN
AN .

e SEE—— |

Figure 13.0-2

Preload plus 20,000 lbs shear load Preload plus -20,000 lbs shear load
A AN
Figure 13.0-3

Clevis Pin Analysis for the Mechanically Attached Clevis

SYS 13.0SP2
9 2011

£31:04

[DAL SOLUTION

[EP=2

B =1

E=2

T (AVG)

erGraphics

[RCET=1

[RES=Mat

< =.005125
=544.043

X =38001.1

544.043

4705.94

9867.83 .
13020.7 Pins are .75

17191. H H H
1oy inch in this

6
5

z5515.4  model.
3
2
1

In this model, one inch pins were used. If the
loadis 37 kips vs. 20 then the stress would be
38%37/20=70ksi Tresca—but the load
distribution may be too pessimistic (Not pure
shear)

28677.
33830,
38001.

000NEERkE

1.0in

Preload plus 20,000 1bs shear load

Figure 13.0-3 Clevis Pin Stress

Pin stress in this analysis is a consequence of pin bending due to the clearance in the clevis. The same tight fitting

approach as is used for the welded clevis would be appropriate and would allow the use of 3/4 inch pins
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14 Strut Analyses
14.1 Strut Buckling

Truss Ball End Strut Buckling

=37000/2/cos(33.5) = 22185 Lb

Program Segment that
Computes AISC Column
Allowable

setcolor "blue"
for kir=1 to 500

I AISC Formula 1.5-1
if klr<cc then let fa=(1-

KIFA2/2/(cch2))fy/ (5/3+3*KIr/8/co-kIrA3/8/cch3

if kIr>cc then let fa=12"pir2*e/23/(kIr"2)
plot kir,fa/fy;

nextklir

plot kir,fa/fy

Figure 13.1-1
In this figure, the compressive load was conservatively calculated from the shear reaction load at the vessel surface

without any credit for the radial tensile load, reported in [1]

K*I/r for
2lnch Bar

Ratio of Euler

2" OD Bar

/

Blue AISTAfield

Buckling Stress to
the Yield Strass red AISC Esier

Black: Euler/Yield

Black: Aximl Stress AISC

Column Loads}0106, 76

Columa Load«270001bs
\ Aztsl Strems-0%94.3669pa1
N Vield Siress - 3000pai

km kel -1

Bsdins of Gyretiom. r in kelor = .5

Ratio of AISC
/| Allowable to the
Yield Stress

/ -
B AISCA[IowabIe- .3*Yield =9000psi

Applied Stress = 8594 psi

Flgure 13.1-2 Current (July 13 2011) Strut
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— K*I/r for
1inch Strut

1
Vo
1

f

/

\

/
/o

Ratio of AISC
Allowable to the
Yield Stress

F

2" Sch 160

Blue AISCAYield

Ratio of Euler
Buckling Stress to
the Yield Stress Black: Euler/Yield

red AISC/Euler

Black: Axial Stress-AISC

A
&
\ Column Lead-985687.722H
\\ Column Load=221851bs
\\ Axial Stress=-10131.92psi

\ Yield Stress = 30000psi
X

™, \ k in k*lsr = 1
.
\\\ \ Radius of Gyration, r in kelsr = .72858
e -

AISC Allowable = .43*Yield =12900psi
Applied Stress = 10132 psi —

Figure 13.1—'3_bual-ificatibn of 2" Sch 160 Pipe - Currently (July 13 2011) Not Chosen because the strut ends would
have to have plugs welded in and a solid 2" OD rod can simply be drilled and machined to take the male spherical

ball ends.
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14.2 Bent Strut

There are two locations where the TF OOP struts intersect the vessel
support bracket/chair. A special bent strut was investigated to clear
the vessel support "chairs" The 2 inch schedule 160 pipe is
overstressed with the bend. A solid bar with the same OD didn't do
much better. The bent strut will have to have a larger OD to pass the
stress criteria. Instead of a bent strut it was decided to design and
analyze a special bracket with a cut-out. The concept is shown in
figure 14.2-2 and is analyzed in calculation # NSTX-U CALC 12-
10-00 "Redesigned Vessel Support Bracket", by Peter Rogoff [10]

Figure 14.2-1

RUN #5 - Configuration

Group—RUNS5-106NL-FEA
Input - Run5-106NL-fea.bdf
Loads—RUNS5-Loads

Output- Run5-106NL-fea.xdb

RUN #5 is a Sol 106 (Non-Linear) run with B.C. and Load from Run #4 and
additional “DUMMY” rigid body simulation for the Clevis pad which resists
the 37,000. Ibs shear load parallel to the VV surface. (Yellow arrow)

Figure 14.2-2 Special Vessel Support Bracket [10]

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
SINT (AVG)
DMX =.41833%

SMMN =4%65.08

SMX =153640

AN

JUN 21 2011
13:53:47

N

21484.5 54523.4 87562.3

4965.08 38004 7104Z.8 104082

137121
120601 153640

Figure 14.2-3 Two inch Schedule 160 Pipe
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AN
NODAL SOLUTICN

JUN 21 2011
14:02:13

STEP=1
SUE 1
TIME=1
SINT (AVG)
DMX =.428688

SMN =1320.41

SMY =131144

1320.41 30170.1 5
15745.2 44594.9 73444.6 102284 131144

9019.7 B7869.4 116719

Figure 14.2-4 Solid Bar with same OD as 2 inch Schedule 160 Pipe

15.0 Spherical Ball End

—
e a" Clewis
i T Mountad

/
Filting _/
Crptonal

This usual configuration of a ball end exposes the thread to the cyclic loading. in the strut. To improve this the
diameter of the threaded end was increased to the ID of the pipe strut.

16.0 Strut Stiffness Study (by Pete Rogoff)

As shown in Figure 13.1-1 struts are used to connect the Vessel to the TF coil outer leg clamps.
The latest strut design is presented here.
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Note: A single 1.25 inch diameter In718 Pin is required at the coil clamp assembly. At the
vessel supports 1.0 inch diameter pins are used.
General forces, through the coil/clamp structure, tend to stretch and rotate the assembly, putting
one strut in tension while the other goes in the compression mode. Since the actual forces are
carried through the single pin at the clamp side, it was prudent to calculate the possible strut
spring rates for the given design. The actual spring rates, used in the Global models, should
simulate the combined contributions of the Struts and the Single pin assembly of the present
design.
Present complete ANSYS Global models predict the following forces:

For the Strut in tension, Axial force = 27,000. Lbs.

For the Strut in compression, Axial force = -15,000. Lbs.
These loads are also used in the actual coil clamp single pin design calculations which are the
subject of the separate number (NSTXU-CALC-132-12-00). Therefore, calculating the stresses
and the spring rates of the present strut design is important and is the subject of this Section.
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Tension load = 27,000. Lbs.

Support at the center of the Pin

Strut in tension: 27,000. Lbs. load from the outer leg clamp pin.

MSC FEA 2010.1 2 64-Bit 14-0¢t11 13:10:08
Fringe: Link-Tension-Oval, A3 Static Subcase, Displacements, Transiatonal, Magreude, (NON-LATERED)
Deform: Link-Tensiorr-Oval. A3 Static Subcase. Displacements. Translatonal. 9.06-00:

Tension load = 27,000. Lbs. #4008

Support at the center of the Pin

Axial displacement at center of the pin = .00973 inches 32400
2 59002
Spring Rate K = 27,000.1bs./.00973 in. = 2,774,923. |bs/in o

1.30-00c

& 48-00.

¥ 0
default_Frings

Max 8.73-003 @Nd 263426
Min 0 @Nd 247155
detautt_Detormnaton

Maed 9 75-003 @Nd 269426
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MSC FEA 20101 2 64-Bit 14-0ct-11 132918
Fringe: Link-Tension-Cval. A3 Sfatic Subcase. Stress Tensor. . Tresca. (NON-LATYERED)

Tension load = 27,000, Lbs.

Support at the center of the Pin

Axial displacement at center of the pin = .00973 inches

Spring Rate K = 27,000.1bs./.00973 in. = 2,774,923. |bs/in

Maximum Tresca stress = 83,200.psi (indicated by the red contour)

For In718, Yield = 150,000. psi, 2/3 allowable = 100,000. psi, O.K.

: default_Fringe
2 o Max 8.32+004 @Nd 253435
Min 4.14+002 &Nd 250891

Max Principal stresses are shown here for better prediction of the maximum stress location.

MSC FEA 20101 2 64-Bit 14-0ct-11 1351 05
Fringe: Link-Tension-Cval, A3 Stafic Subcase. Stress Tensor. . Max Pincipal, (NON-LATERED)

Tension load = 27,000. Lbs.  .ss.00:

Support at the center of the Pin

Max Principal stress = 54,200.psi (red contour)

For In718, Yield = 150,000. psi. 2/3 allowable = 100,000. psi, O K. 1 e

default_Fringe
Mawe 6 42+004 @Nd 263436
Min “9.12+002 @Nd 247663

For compression calculations the simulation model is as follows:
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Support at the center of the Pin

=1.50-004

Compression load = 15,000. |bs as shown

F4 Y.

Compressive displacement is as follows:

MSEC FEA 20101 2 84-Bit 14-0ct-11 141716
Fiinge. Link-

T Ak Sta

Deform: Link-Comprasson. A4 Stal

Dsplacements, Translational, Magnifude, [NON-LAYERED)
50, Displacomants. Translational

Support at the center of the Pin

T

Compression load = 15,000. Ibs as shown

Axial compressive displacement at the center of the pin = .00319 inches

Conpressive Spring Rate K= 15,000.1bs/.00319 in = 4,702,195. |bs/in

z

Maximum Tresca stress during compression of the link is as follows:
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MSC FEA 20101 2 64-Bit 14-0ct-11 144704
1 59+

Frnge. Link-Compression, A4 Stahc Subcase, Stess Tensor, , Tresca, (NON-LAYERED)
1 68+

1 4G+

1.35+0

124+

Support at the center of the Pin

(RETE
107+

.07+
Compression load = 15,000. |bs as shown 8940

Axial compressive displacement at the center of the pin = .00319 inches oo

BG4+

Conpressive Spring Rate K= 15,000.1bs/.00318 in = 4,702,195. Ibs/in

451+

Maximum Tresca stress = 16,900. psi (indicated by the red contour) 33940
2 265+

% 114400

L 1 28+001
P h . detault_Frirge
‘ - Max 1 694004 GHd 263003
Min 1 28+001 @Nd 269969

Min Principal stress during compression of the link is as follows:

MSC FEA2010.1.2 84-Bit 14-0ct-11 145718
Fringe: Link-Compression. A4 Static Subcase. Stress Tensor. . Min Principal. (NON-LAYERED)

Support at the center of the Pin

Compression load = 15,000. Ibs as shown

Axial compressive displacement at the center of the pin = .00319 inches

Conpressive Spring Rate K= 15,000.Ibs/.00319 in = 4,702,195. Ibs/in

Min Principal stress = -17,600. psi (blue contour)

Summary o
Displacement Max Stress Tresca Max/ Min Principal ~ Spring Rate
Inches Psi Psi Lbs/in
Tension .00973 83,200 54,200 2,774,973
Compression .00319 16,000 -17,600 4,702,195
Conclusion
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The Link material is In718 with the Yield = 150,000.Psi and allowable of 100,000.Psi, this
present design is adequate for the estimated load conditions. All the calculated stresses are well
within the required allowable. It must be noted that, the calculated spring rates are not the total
(actual) between the Vessel and the TF coil outer leg clamps. The actual connecting spring rate
must include the bending effect of the 1.25 inch diameter pin at the coil clamp. Additional
analyses will have to be performed for this condition if required.

Aurora Ball insets will be press fitted in to each end of the link. This process, based on the
tolerance values will create a sort of preload as the hoop stress. This action will add stresses at
critical locations. It is difficult to estimate these values. This is important in the link tension
case, but about 17,000.Psi safety up to 2/3 yield allowable is available. So this may not be a
problem.

17.0 Evaluation of the Existing Hardware for the Upgrade Loading

o
G
&
=

| Figure 13.0-10ne of the existing Clevis Attachments to the vessel

The truss or radius rod load was taken from Han Zhang’s CDR analysis of the outboard legs, Reference [1].

For early analyses, C. Neumeyer provided a couple of sets of currents representing the worst up-down symmetric
loading and the worst up-down asymmetric currents. For the symmetric currents, the max load in the truss/radius
rod is 18.4 k Ibs and min load is 4.5 k Ibs. For the asymmetric current, max load in radius rods is 20.3 klbs and min
load is 4 klbs. Max load in the ring (in the middle of the ring where connects to radius rod): 86 KN or 19.3klbs for
the asymmetric PF current, and 80 KN or 18 klbs for the symmetric PF current.”

These loads are derived from “worst case loads that Charlie Neumeyer provided in early 2009. The loads in the
radius rods from the 96 scenarios in the global model [2] were also investigated This yielded 24000 Ibs. The radius
rod loads are reported at the TF outer leg. Global moment summations based on assumed load share between the
umbrella structure, knuckle clevis and outer leg mid-plane, produce a somewhat higher load at the clevis radius. In
this model, 30,000 Ibs is used. In the radius rod design, the truss assemblies attached to the 12 clevises around the
perimeter of the knuckle region of the vessel act to cancel the radial loads and only the tangential 30kip load
remains, but this is offset from the surface of the vessel by about 4 inches.
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The resulting stresses in the sharp geometries of the attachment welds are high.  The truss/radius rod clevis was
modeled based on the original 2D NSTX drawings. Simple moment summations and spreadsheet calculations
showed that the 3/8 inch attachment bolts were undersized for the upgrade loads. The FEA model was then built
assuming the clevis assembly would be welded to the vessel pad. A perimeter of elements model the weld and the
size is selected arbitrarily and then scaled to the actual or desired weld dimension.

18.0 Bake-Out Thermal Stresses

During Bake-Out, the Clevis is cooler than the
vessel shell. It extends beyond the insulation. The
existing clevis detail has survived many bake-outs. If
the temperature gradient is assumed too steep, the
thermal stresses in the weld are excessive. This was
considered in more detail for a similar welded pad
configuration used to support PF4 and 5. [3] The
PF4/5 support pad was instrumented during a bake-
out and the max delta T between the vessel shell and
flange was noted and used in a thermal stress
analysis. The temperature gradients are much more
gradual and the thermal stresses are much lower.
Stresses were acceptable. The Upgrade TF clevis
weld is expected to behave similarly.

19.0 Late 2011 Early 2012 Design

B0CNEDEN &

Thermal Stresses , 150 degrees in the shell,
100 degrees in the weld, and 50 degrees Cin
the clevis.

Figure 18.0-1 Bake-Out Thermal Stresses in the Existing Clevis

This concept employs added groove plates on either side of the existing pad. These are initially positioned with the
clevis as a fixture. Studs which have been shot onto the vessel wall are tightened to hold the components in
alignment with good fit between the keys and grooves. A perimeter weld is applied. The clevis is then removed to
allow the welds between the groove plates and existing pad to be made.
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19.1 Model
The model is built from a 1/2 symmetry mesh which is reflected and extruded. The 2D mesh was built off of an
iges file provided Mark Smith which was used for dimensions and was meshed outside ANSYS.

Figure 19.1-1 2D Mesh Used as the Basis for the Swept Mesh.

Existing Pad + New Studs '

Assemble Clevis, Tighten Studs
Ensure tightfit with Key and Groove

Add Perimeter Weld, Remove Clevis, Fillin Welds i
Between Clevis and Groove Plates, Re-FitClevis

InsertPins and Struts with Ball Ends
Figure 19.1-2 Bolted Clevis with Added Groove Plates

This concept has the lines of action of the struts intersect at the vessel surface. Inclined plates are also utilized to
eliminate bending in the plates. This produces mostly shear at the vessel surface that is well reacted by the tight fit
grooves and keys.

19.2 Plate and Assembly Results

This section reports results for the model with a 7100 Ib stud preload. This may be too high for 1/2 inch studs.
The analysis was run with 3623 Ib stud load as well. This is discussed in section 9.3. The 316 stainless steel has
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fatigue allowable of 300 MPa or 43509 psi. The weld allowable is 14 ksi. Most of the clevis details do not approach
the allowables - with the exceptions of the pin and notch/key corners.

18269.3 54807.8 91346.3 127885 164423

Figure 19.2-1 Bending Stress in the Pins
Figure 10.0-1 and Figure 13.0-3 show earlier clevis pin analyses. The allowable stress for the 718 pins is 90 ksi.
The pin bending needs to be substantially reduced to satisfy the fatigue allowable. 164ksi is above yield for 718 of
150 ksi - so the pin as it is currently loaded will not pass a static allowable. For a ball end with close fitting clevis
plates, the pin stress would be 75 ksi or less as shown in figures 10.0-1 and 13.0-3.
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AN
NODAL SOLUT JAN 31 2012
STEP=2 13:17:32
SUB =16
TIME=2
SINT (A
DMX =.00%01
SMX =89318.
0 6000 12000 18000 24000
3000 9000 15000 21000 27000

Figure 19.2-2 Stress in the Assembly with the pins Removed and the stress Contours Set at a Maximum of 27 ksi.

AN
NODAL SOLUTICY i B SoLs
STEP=2 13:18:30
SUB =16
TIME=2
SINT (AW

DMX =.007272
SMN =32.4425
SMX =B9318.7

0 6000 12000 18000 24000
3000 SO00 15000 21000 27000

Figure 19.2-3 Stress in Vessel Wall With Contours Set at a Maximum of 27ksi
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NODAL SOLUTIOY

STEP=2

SUB =16
TIME=2

SINT AV
DMX =.007272
SMN =32.4425

SMX =89318.7

3000

Figure 19.2-4 Stress in Vessel Wall and Weld With Contours Set at a Maximum of 27ksi

NODAL SOLUTIOW
STEP=2

SUB =16
TIME=2

SINT (A
DMX =.007272
SMN =32.4425
SMX =89318.7

JAN

e

/000 12000 18000 24000

9000 15000 21000

AN
JAN 31 2012
13:19:43

0 e0on
3000

12000

18000 24000

9000

15000 21000 27000

Figure 19.2-5 Stress in Vessel Wall and Weld With Contours Set at a Maximum of 27ksi

AN
31 2012
13:19:12

27000
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AN

NODAL SOLUTION

JAN 31 2012
STEP=2 13:20:41
SUB =16
TIME=2
SINT (AVG)
DMX =.005017
SMX =89318.7

. ]

0 6000 12000 18000 24000

3000 5000 15000 21000 27000

Figure 19.2-6 Stress in Vessel Wall With Contours Set at a Maximum of 27ksi

NODAL SOLUTICH AN
ATED=? JAN 31 2012
aUE 16 13:21:43
TIME=2
SINT (AVG)
DMX =.009017
SME =69318.7
I
0 10000 20000 30000 40000
5000 15000 25000 35000 45000

Figure 19.2-7 Stress in Vessel Wall With Contours Set at a Maximum of 45ksi
19.3 Stud Preload

Stud Preload is applied with interference in the gap elements under the head of the stud "head" or nut. The mesh
was generated from a swept rectangular geometry so the bolts come out with a rectangular cross section Only the

average axial stress has meaning. This is used to calculate the stud load. Two stud pretensions are presented. One
with 7100 Ibs and another with 3624 Ibs. preload.
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STINT [AVE) - f- -
DMX =.007272 (] STEP=2 AN /A
SMN =32.4425 SUE =16 JAN 31 2012
SMX =89318.7 TIME=2 13:22:42
I
0 10000 20000 30000 10000
5000 15000 25000 35000 15000

Figure 19.2-4 Stress in Vessel Wall With Contours Set at a Maximum of 45ksi, 7100 Ib Stud Preload

gdim
Get dimensicon from:

204 08
node= 204 z08
xdim O.2254502
ydim O.0000000E+00
zdim —Z .5709957E-02
wrdim  0.2294540

Ge=t dimen=icon from:
228 206
node= 228 208
i 0. 0000000E+DO
wdimm 05000000
=i 0.0000000E+Q0Q

Stud Preload

The stud preload in this run is
22000%.5%.32945=3624 Ibs

EECOEEEER

BRCOREEER ;¢

Figure 19.2-5 STUD preload
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19.4 Peak Stress and Fatigue in the Tabs and Notches

1/16 inch Corner Radius

NODAL SOLUTION k”x
STEP=2

suB =1

TIME=2

SINT (AVG)

DMX =.001865

SMN =127.962

SMX =50227.9

11261.3 223946 33528 44661.3
694.63 16828 27961.3 35094.¢6 50227.9

Figure 19.4-1 Stress at Root of Slot in the Extension Pieces, 3623 Ib Stud Preload

For a stud preload of 3623 Ibs

— ~1/32 inch Corner Radius

1/16 inch Corner Radius

\

SMN =188.212
SMX =56216.0

| EEEEEENSS— |
188.212 12639 25089.8 37540.6 45991.5
6413.62 18864.4 31315.2 13766 56216.9

Figure 19.4-2 Stress at Root of the Tab in the Clevis Plate

Figure 8.0-2 shows an SN Curve for 316 Stainless Steel and plots an allowable of 300 MPa or 43509 psi to satisfy
the fatigue criteria. With a 1/6th radius in the tab and notch radii, the stress is acceptable for much of the height of
the tab and notch. 3/23 radius would be acceptable.
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Appendix A
Options that used the existing clevis pads as shear keys

Han/Neumeyer "Worst” =22000lbs
. Titus Global 70 of 96 = 24000 Lbs
Support of O0OP Danny Conservative Envelope Estimate = 50,000 Lbs
, > . Adjust for TF Radius/Attachment Radius
Loads Off Vessel {1530 000 Lbs

Remove the Clevis, and load
only the pad in shear

““Clevis Bolts and Pad weld
can't take the shear load
with the offaet

This scheme was attractive because it did not require disconnection during bake-out. It was rejected because the
existing pads were not thick enough to be reliable shear keys, and it was judged undesirable to weld on the vessel.

Appendix B

Options that used the existing clevis pads Only for Vertical Support of the PF 4/5 system.
and transferred the OOP TF Load to the PF4/5 Support

12 Attachment Points 30000Ibs @ 6 Attachment Points 60000Ibs@
For Worst Case Power Supply For Worst Case Power Supply
(~20000 Lbs for 96 Scenarios) (~40000 Lbs for 96 Scenarios)

Weld Stresses For OOP Loads
(Worst Power Supply Loads)
TF Clevis PF4/5 Weldment

Nominal Weld = 3/16 in. Nominal Weld = 5/16 in.

FEA Weld Model Thick =8.6mm QA Effective Weld = 1/4

Weld Stress =200"(.0086"39.37).1876  FEA Weld Model Thick =10mm
=361 MPa = 52 ksi Weld Stress =300"(.01"39.37)/.25
=19.6 ksi for a ¥ inch weld =361 MPa = 45 ksi

=22.8 ksi for a ¥ inch weld
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This concept was a major perturbation of the original support concepts for both the TF OOP loads and for the
support of the PF4 and 5 coils. There is a substantial elevation difference between where the TF truss connections
are and where the PF 4/5 bracket is connected to the vessel. The TF OOP loads imposed a large torque on the
bracket which produced excessive weld stresses. This concept was rejected when the addition of the DCPS allowed
use of the existing PF 4 and 5 support brackets to support the PF4 and 5 coils.

Appendix C
Pete,

Mike Bell gave approval for using high strength 440 series stainless for the
rod ends.

He determined this based on magnetic permeability data from an ITER
part he is familiar with, similar material.

To confirm this, arrangements are being made to have one of the 440 SS
rod ends tested for permeability.
Barring some unforeseen result from this test, this is the plan.

So, the design will use a In718, 2 inch solid round with male threaded
ends.
The rod ends will be female threaded, 440SS.

See preliminary drawings attached.
Pete,

For rod end, | believe the designer based the dimensions on stock parts,
but maybe not.
I'll see.

There are clearance issues (fit up and assembly) which may not allow
changing to the full thickness you show.
We'll implement as much as possible.

As far as the pins, 3/4 inch pins will be used for the VV clevis and 1 inch
pins at the TFOL clevis.

Both will be In718.

Also, In718 bushings will be used to help strengthen both clevis.

Mark Smith
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Mechanical Engineer

Princeton Plasma Physics Laboratory
P.0O. Box 451

Princeton, NJ 08543-0451

(609) 243-2778
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Appendic D
October 2011 Design
In this concept, there are two plates welded directly to the existing pad. The two separate plates
are not as rigid as the other single machined clevis | think there will be some non-uniform
loading on the existing pad. There is some un-necessary bending on the plates and welds
because they are not inclined at the same angle as the struts. It would seem to be a simple
improvement to incline the plates.

This
Looks
QK

Downward Componentof the Force
adds bending stress to the platesand

\welds

1

-

Canthis offset be
reduced?

AN

s ocT 27 2011
11:50:45
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Ref [1] Preliminary Result from Wednoesday
Mecting. This Detail needs to be radiused
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Appendix E
Suggestions for Improvements in the Strut Ball End

Suggested

i : | Smoother
T ?Z?
" o —sacemsoe Transition vi/,// //f/
[ S

.~ DIAMETER COATED

- WITH WS2 DRY FILM
This section is too thin.
It will bend
@1ITSREF 1475
500
iy /]
\‘ | / b hl
T ] I~
e || e
g
) N Stress
Net Section at .
cecnon 55 Concentration
Threadsshould .
here will be
be Comparable
unacceptable
to 718 Rod
STAINLESS STEEL (316LN)
Mechanical Proparties Fatigue (stress controiled) 7 1 8 0000
2000 T 1.2e6 (20 X Life)
Using the 295K curve, ”2 bate maiol WO Sevenssies b Z
—— e uel .
For the lesserof i —— “ =
2'stress (~300 Mpa) AR K L, . o + r
% 1200 e A0 ;
or & -E \ i \\.__ Use R=-5 for -13 to +24 kA |
20 on life(~400 Mpa) § 800 1 ; H b oo -
w [ i -
TheAllowable s =300 =T Ty, | e B
MPa | | I 85 ksi (20 on Life) ! - “xh“';
] - ) 2P s
10° o' 0w oW ot lwd 07 l 62 ksi (2 on Stress) [T -~
Fatigue Life, cycles Fatigus Lifo, Cycles

Figure 6.3.5.1.8(1). Beut.fit $/N curves for unnoiched Inconel 718 bor and plate of room

300 Mpa =43 Kksij S eimi (i e temperaturs, lengitudinal direcion.

2 inch Diameter Threaded End

Thread Stress=27000*%4/(3.1416*1.689/2/4) = 48.2 ksi, 62 ksi is Allowed

A=3.1416/4%(2.345"2-1.689"2)=2.078in"2

2 inch Sch 160 316 Pipe

Average Tensile Stress = 27000/2.078
= 12990 psi = 4*12990 = 52 ksi at the
threads
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2 . o 320°C
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: 1 Fatigue S-N behavtor for Types 304, 316,
s | ] and 316NG austenitic stainless steels in air
=
E = = &t various temperatures
[ 1 >
@ Stalistical Modey = d
0.1k —. .. Jaske & O i E .
DTSN T .0037200GPa = 600MPa
12 168 10t 105 108 107 108 2 on Stress =300 MPa Allowable
Cycles to Failure, Nos 20 on Life = 300MPa

Appendix F
Late 2011 Early 2012 Concept with Stud Connected Extensions (Qualified in its final form
in Section 19)

and bolt holes.
Pad extensions are welded to

Pad Extension with Shear Key
the W and the existing pad.

Holes for pins which aid
installstion and provide
additional shear connection

MNote:

Bolts, pins, and weld sizes/quantities needto be guantified

But....this configuration provides enough design flexibility to increase/decrease these items
asneeded.

Bolt holes for connecting to
pad extensions.

New Clevis:

-Is removable.

- Will not undergo weld distortion during installation.

- Base plate is thicker.

-Shear key provided to interface with pad extensions.

- Clevis is installed onto pins.

-Clevis is bolted onto pad extensions.

-Connecting rod pin holes oriented to provide best alignment of
[connecting rods.
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Appendix G
March 7 Email from C. Neumeyer on Post Disruption Torques

Pete, As we discussed a few days ago, I'm working on a revision to the DP spreadsheet to close out
the checking exercise and | added the TF torque sums for the cases with plasma. Attached is a
preliminary result. New entries are all the way on the right side in blue font. It seems that the presence
of the plasma decreases the torque compared to the no-plasma case (which was the only case
previously reported). And then, after disruption, the OH and PF currents experience a shift (according
to the flux conserving solution) but the torque remains less than the no-plasma case. So, the case
previously reported holds up as a "worst case". These results will be formally issued in the next few
days. Ch
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