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PPPL Calculation Form

Calculation# NSTXU-CALC-12-04-00 Revision # 00 WP #, 0029,0037
(ENG-032)

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

The purpose of this calculation is to qualify the umbrella structure for increased loads and needed modifications for
the NSTX CS Upgrade
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 in-plane and out-of-plane (OOP) loads on the umbrella structure were derived from the global model [1] and the
outer leg support calculation [5]. Earlier loading did not include the knuckle clevis restraint/support, but this has
been updated with later loads that include the stiffer clevis and struts. Even with the update, there is some variation in
loads depending on the line of action of the TF tension. The range of loading, particularly the variation in vertical
loading chosen, is assumed to adequately address the uncertainties in the TF loading at the aluminum block.

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.)

The new solid umbrella leg is 3-inches thick and this is adequate to obtain acceptable stresses. The new leg design
positions the welds in low stressed regions, and the welds are readily accessed, allowing large welds and plenty of
margin. The dome is a 5/8 inch thick annealed 304 stainless steel head with a yield stress conservatively estimated to
be 34 ksi (234 MPa) (if possible, testing should be performed on the head material to ascertain more accurate
properties). Given that, the bending allowable is then 234 MPa and a local stress (3*Sm, where Sm = 2/3 * Sy)
allowable is 468MPa. The rib stresses and the stresses in the tabs that connect the ribs to the dome are highly
stressed. In order to qualify these, more elaborate analyses needed to be used. A limit analysis was performed on the
rib and umbrella foot segment of the machine. The results of this analysis show a factor of 2 on the strength of the
existing weldments. The rib and tab weldments are all different and may vary from the geometry analyzed. During
construction, all the welds and tab positions should be inspected, and those with less weld length than analyzed, poor
tab fit-up, or poor weld starts and stops should be upgraded. Tabs should be tight fitting against the rib.

Appendix G (revl) shows as-built conditions including weld improvements and added gussets and reinforcements.
The details of the existing and improved ribs are not precisely the same as analyzed but generally comply with the
intent of the features analyzed.

The global model was used to address the variety of equilibria and superposition of all loads, but does not have
the detail of the sub models used in the limit analysis. The dome has a local peak stress under one of the tab welds of
270MPa (Figure 8.4-4). The 30-degree cyclic symmetry model evolved into the limit analysis model with better
modeling of the tabs and welds. As details were added, linear stresses went higher, and ultimately, in order to assess
the individual stress components, the limit analysis was used. Qualification of the rib, tabs and dome is based
primarily on the limit analysis (section 9.4). Tab welds are partial penetration welds at the base that connect to the
dome. A fracture mechanics analysis was performed to qualify this detail with the effective initial crack formed at
the root of the partial penetration weld. The sliding foot hardware needs to be replaced with higher strength bolts and
plate hardware - especially the "U" shaped retainer. The sliding block that attaches to the plate welded to the ribs
must have lips that off load the shear from the retaining bolts. Some of the rib weld details have geometries that will
have significant stress concentrations. These will be added to the inspection list.

The as-build connection of the umbrella leg foot was changed from a bolted/welded connection to a brazed
connection. This was analyzed in section 9.9 and test results added in appendix D and E. The braze joints were found
to be acceptable.
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Cognizant Engineer’s printed name, signature, and date

Mark Smith

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

Checker’s printed name, signature, and date

Digitally signed by Irving Zatz

DN: cn=Irving Zatz, 0=PPPL, ou,
rving Zatz st

Irv Zatz Date: 2013.01.23 14:28:35 -05'00'
Revision Status

Revision date description

Original The original issue dates from pre CDR analyses

Issue, Rev 0

Rev 1 11/4/2012 | Section 9.7 Added frictional capacity of preloaded bolts under the umbrella
foot sliding blocks. Added the Preload requirements.

Rev 1 11/4/2012 | Added section 5.6 Photos and drawings of Upgrade Components

Rev 1 11/4/2012 | Added section 9.9 Braze Joint analysis

Rev 1 01/23/2013 | Added Appendix D emails on foot bolting

Rev 1 11/4j2012 | Added Appendix G As-Builts of the Rib Reinforcements, re-Weld and
Weld Upgrades

Rev 1 11/4/2012 | Added Appendix E, and F, Leg to Foot Braze Material Qualifications

Rev 1 12/3/2012 | Added discussions of as-built rib tab welds and Leg to foot braze joint in
the conclusions and summary of results
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3.0 Executive Summary:

The umbrella structure is a part of the global TF in-plane and out-of-plane (OOP) torque structure. The umbrella
structure is a continuous circular structure that supports the TF radial in plane loads in hoop stress. The upper and lower
ends of the TF outboard legs are connected to the umbrella structure by aluminum block clamps/split blocks. The
aluminum blocks and the local details of the umbrella structure that support these loads are discussed and qualified in
reference [4]. The umbrella structure also is attached to the spoked lids at their OD. Some of the machine torque is
transferred to the central column through these attachments. The spoked lid is considered in reference [9]. Included in this
calculation are the umbrella reinforcements, the feet or sliding pads at the vessel head ends of the umbrella legs, the ribs
connected to the vessel that support the umbrella feet, and the vessel dished heads in the vicinity of the ribs. The new
solid umbrella leg is 3-inches thick and this is adequate to obtain acceptable stresses. The new leg positions the welds in
low stressed regions, and the welds are readily accessed, allowing large welds and plenty of margin. The dome is a 5/8
inch thick annealed 304 stainless steel head. Its yield is expected to be approximately 34 ksi. In Section 7, the bending
allowable is then 234 MPa. and a local stress (3*Sm, where Sm = 2/3 * Sy) allowable is 468MPa. This potentially is
pessimistic. The mill certs (Appendix C) indicate yields prior to forming of approximately 41 ksi. The dished head was
subsequently annealed, but it may not have been a full anneal and it is likely that the yield is above 34 ksi.

With the increase in loading resulting from doubling the toroidal field and doubling the plasma current, the OOP loads
increase by a factor of four for the upgrade. This was addressed early in the project and the necessity to increase the load
capacity of the umbrella legs was recognized. A number of concepts for improving the strength of the umbrella legs were
investigated. The two main concepts that were considered were first to add flanges or ribs to the legs to turn them into
cantilevered I-beams. This was judged to present a difficult in-situ fit-up and welding operation. Cover plates were also
investigated. These would have been added to the legs on the inside and outside, but the field work required for these
additions was also significant and the perimeter welds were at the high stress areas of the legs.

Yon Mises Stress for Model with Umbrella Structure

Note: max. stressis 72 ksivs. max.
allowabls of ~45.

We'llneed to reinforce this region of
umbrella structure, including sliding ANSYS 11.0
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Figure 3.0-1 CDR Vintage Discussion of Required Reinforcement of the Umbrella Structure Legs [6]
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| 1.5*5m=310MPa = 45ksi

APR 27 2010

3" high ribs welded to reinforce
double arch on upper and lower
umbrelia structures

H. Zhang’s Recommendation for
Reinforee rent

1.5 s 2.5

Figure 3.0-2 Need for
which Subsequently was Shown to be 30 ksi

The favored approach is to cut off the legs one by one and add a thicker leg. The weld
used to re-connect the new leg is a horizontal weld on the inside and out. It is readily
accessed, and can be a very robust weld. The new, much thicker legs would be
fabricated in the shop. The lower foot detail of the umbrella leg also needs upgrading.
The portion attached to the leg can be an integral part of the leg and done in the shop as
well.

For the FDR, the rib models included some simplifications that underestimated some
of the stresses - particularly in the bridging tabs. Subsequent to the FDR, further review
of the as-builts, brought into question the capacity of the rib structures as they are
actually welded to the dome, and to their cross reinforcing ribs, The main ribs required
bridging tabs to make up a poor fit between the ribs and dome. The connection to the
ribs was idealized in the earlier finite element models as fully merged. These are
actually only welded on their top edges, to the ribs, and to the dome along the bottom
edges.

Two evolving models of the support ribs that are welded on the vessel are used. The
local 30 degree cyclic symmetry model was meshed from a ProE solid model developed

.5 uzs

re Reinforcement - Showing the Optimistic Allowable Based on 45 ksi Yield

Leg: 31655

- Slide Plate: InT12
o

\HSIide Channel: In7 18]

..i :

Figure 3.0-3 Solid
Replacement Leg and new
sliding Block Hardware

by Bruce Paul from the Non-Conformance Reports for the rib welds. The ribs were cut to the expected profile of the

dished head, but the profile was not perfect, and there were gaps between the ribs and

vessel that needed to be bridged

with tabs. The welds used were substantial and were dispositioned by H. M. Fan. The tabs between the welds stiffen the

pair of ribs, and this feature was not initially included in the global model.

e Ibal Models

Flange
Reinforced

: H.Zhang

Figure 3.0-4 Local 30 Degree Cyclic Symmetry Model and Global Models

NSTX Upgrade Umbrella Arch and Foot Reinforcements, Local Dome Details

6|Page



The rib stresses and the stresses in the tabs that connect the ribs to the dome are highly stressed. In order to qualify these,
more elaborate analyses needed to be used. A non-linear limit analysis was performed on the rib and umbrella foot
segment of the machine. The results of this analysis shows a factor of 2 on the strength of the existing weldments. The
rib and tab weldments are all different and may vary from the geometry analyzed. During construction, all the welds and
tab positions should be inspected, and those with less weld length than analyzed, poor tab fit-up, or poor weld starts and
stops should be upgraded. Tabs should be tight fitting against the rib.

Appendix G (revl) shows as-built conditions including weld improvements and added gussets and reinforcements. The
details of the existing and improved ribs are not precisely the same as analyzed but generally comply with the intent of the
features analyzed.

The global model was used to address the variety of equilibria and superposition of all loads, but does not have the detail
of the sub models used in the limit analysis. In the earlier global model FDR results (sections 8.1 and 8.2), the dome stress
was found to be less than 160 MPa. Modeling was improved with the rib-to-dome fit-up gaps and bridging tabs included.
With the better modeling, the dome stress has a local peak stress under one of the tab welds of 270MPa (Figure 8.4-4).
Global modeling of rib tab reinforcements is discussed in sections 8.1, 8.2 and 8.3.

. 5 AN
|T|tu55M0de| I . Han Zhang's Model

BECORBEEN _‘f{: 238357 E3EINTE

80%4/3%472/3.55A2 = 143 MPa
Figure 3.0-5 Comparisons of the Umbrella Structure Leg Reinforcements, References [1] and [5].
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Plates are modeled as 1 inch rather than 1.5

1,19,.0254 ! Arch reinforcing plates

Figure 3.0-6 Results of two Reinforcement Concepts.

The 30 degree cyclic symmetry model does include the gap between the ribs and the dished head, and the tab details that
bridge from the ribs to the dished head. These appear to be amply distributed and in the merged models (Section 9.3), and
did not produce a stress locally in the tab, or tab weld beyond around 90 MPa. The 30 degree cyclic symmetry model
evolved into the limit analysis model with better modeling of the tabs and welds. As details were added, linear stresses
went higher, and ultimately, in order to assess the individual stress components, the limit analysis was used. Qualification
of the rib, tabs and dome is based primarily on the limit analysis (section 9.4).
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- | Limit Analysis Results for a Load Factor of 4

g

W

i00CNEONN

PF2 and PF3 Upper Loads Plus TF OOP Loads - Load Factor 4
Figure 3.0-7 Results from the Limit Analysis of the Ribs and Tabs Details
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Tab welds are partial penetration welds at the base that connect to the dome. A
fracture mechanics analysis was performed to qualify this detail with the effective
initial crack formed at the root of the partial penetration weld. This is included in
section 9.6.

There is a higher stress at the ends of the welds that connect the umbrella foot
sliding block mounting plate to the ribs These areas are shown in figures 9.8-1,
and 2. Even with the more extensive analyses discussed below, these areas are
candidates for periodic inspection.

Figure 3.0-8 FEA Fracture Model
Showing Stress Concentration at
Weld Root

Analysis of the existing umbrella legs indicated a possibility of \ f
reinforcing only the double arch region. The bending allowable for [
the umbrella material had to be comparable to the cold worked !
value for the vessel shell of 45 ksi. The mill cert for the Umbrella
plate shows a yield of 220 MPa (32 ksi), so the design effort to
reinforce the umbrella legs was continued. For 304 stainless, a 180
MPa stress range translates to a 90/(1-90/500) = 109 MPa
equivalent R = -1 alternating stress. This is a strain amplitude of
109/200,000 = .05%. Entering the SN curve (Figure 7.2.1 for 304 \ |REinfDrcingGusset
Stainless) and applying either 2 on stress or 20 on life yields an
acceptable fatigue life meeting the GRD requirement of 60,000
pulses. Figure 9.3.4 shows an area where stress concentrations are

Figure 3.0-9 Foot Reinforcements

expected and which is a candidate for periodic inspection.

The umbrella support feet are mounted on sliding blocks that attach to the vessel head rib weldment. These must transfer
the OOP loading from the TF outer legs as well as vertical loads. The sliding feature is intended to allow the unrestrained
growth of the vessel during bake-out.

Analysis of Existing y A 5625 uNcoze THAU
Umbrella Feet ‘ i

! Max Vertical Load from Han's ———'—'—T_'_'_.—_—
Jan 2010 Summary 51188.7H v

f.all fy 51188 7* 2248/(13°5) s

eusel mat, 80

nelem

save

fini

isolu Ssolve Ssave

nsely 17.89.20

I'Max Theta Load from Han's Jan

2010 Summary 170000N [T 1 Cplg
1,all,fix, 170000+ 2248/ 13*5)
Melem Ssolve Ssave

Figure 3.0-10 Local Model - Only the Umbrella Leg and Foot
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In the present design, the foot is held to the weldment with four bolts that connect through the welded plate and are loaded
in shear by the OOP loading. The sliding feet assembly will be replaced with stronger components. The base of the slider
will have lips to capture the welded plate to takes the shear off the bolts.

| Replace with High Strength “U” Section |

SEQV

J

10000
20000
30000
40000
50000
50000
70000
30000
90000

100CREONN

Add Lip Here to Eliminate Bolt Shear

Figure 3.0-11 Local Model Stress Results

Figure 3.0-12 During the Feb 2012 Disassembly, These Bolts Were Found to Have Failed

The as-build connection of the umbrella leg foot was changed from a bolted/welded connection to a brazed
connection. Appendix D includes some email exchanges regarding the bolting loads that contributed to the decision
to shift to a brazed design. Figure 3.0-3 shows an intermediate configuration. In Rev 1 of this calculation, the final
design was analyzed in section 9.9 and test results added in appendix E and F. The braze joints were found to be
acceptable.
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4.0 Digital Coil Protection System Input

The components covered by this calculation, the umbrella arch and foot reinforcements, and the local dome details are
loaded predominantly by the global torque. This is available in the digital coil protection system from torque summaries
by R. Woolley [12]. The global torque on the outboard TF leg is split between the truss at the vessel knuckle, and the
umbrella structure. The series of calculations that address the umbrella structure, truss and knuckle clevis, and aluminum
block use conservative load distributions. The calculations are converging on about an equal split of the OOP load
between the knuckle region and the umbrella structure. If based on the earlier linear models, results in this calculation
indicate 180 MPa (26 ksi) in Titus's analysis and 140 MPa (20 ksi) in H. Zhang's analyses for the max OOP torque for the
96 scenarios. The umbrella leg will have a yield and a bending allowable of at least 200 MPa (30 ksi). These results can
be scaled in the DCPS. Final qualification of the ribs and bridging tabs is based on the limit analysis.

The rib weldments are also loaded predominantly by the OOP loads and can be scaled from the OOP torque, but the
PF1c, PF2 and PF3 also loads the ribs and an assessment of their contributions will be added to the DCPS. Note that the
analysis shown in Figure 6.2-2, (the local model of umbrella leg foot and dome/rib from as-builts) shows the full PF coil
umbrella leg load inventory.

5.0 Design Input

5.1 Criteria

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.

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

Table 2-4 - NSTX CSU Pulse Spectrum

Performance | 60% | 75% | 90% | 100%
B.| 06 |075| 09 1 T
L|12] 15 1.8 2 MA
T =Tau 1, (seC) Total pulses

3 200 | 1800 | 1200 | 1000 4200
35 200 | 1800 | 1200 | 1000 4200
4 200 | 1800 | 1200 | 1000 4200
4.5 200 | 1800 | 1200 | 500 3700
5 200 | 1800 | 1200 | 3500 3700
Total 20000

Figure 5.1-1 Snapshot of the Rev 4 General Requirements Document

With a factor of 20 on life, this would require a life of 4e5 (400,000) in a SN evaluation.
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e For bolting materials. the design Tresca stress values shall be:
o 2/3 of the minimum specified vield strength at every point in time

* 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 Spy.

The maximmm primary shear under design considerations, exclusive of stress
concentration at the periphery of a solid circular section in torsion, shall be
limited to 0.8 Sg;.

24143 Stress Limits for Bolting Material

For preload:

* Bolt preload stress shall not exceed the lesser of 0.73 5} at room temperature or
0.75 Sy at operating temperature.

For operating loads:

*  Average tensile stress due to primary loads shall not exceed 1.0 54y
¢  Maximum direct tension plus bending stress due to primary loads shall not exceed

1.5 S5m.
For preload combined with operation:
= At any point in time, combined operating loads and preload shall be evaluated for

compatibility with joint design but in any case the maximum direct fension plus
preload stress shall not exceed 0.9 Sy

5.2 Design Point Spreadsheet Loads

Table 5.2-1 Loads from the Design Point Spreadsheet.[3]

Fz(lbf) PFlcU PF2U PF3U PF3L PF2L PFlcL

Min -30125 -67757 -148839 -31442 -42996 -68673
Worst Case

Min -168089 -194414 -303940 -246951 -192144 -143125

Max 68673 42996 100954 148839 54525 30125
Worst Case

Max 143125 192144 246951 303940 194414 168089

5.3 Loads from Global Models
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Load in Aluminum black {in coordinate system 200}

coordinate system
200 !Ca rtesian)

Han EQ 16
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Figure 5.3-1 Loads from Han Zhang's Outer Leg Support Model [5] and P. Titus's global model [1]
(For the Umbrella Legs, on Average, these must be multiplied by 12/10 to account for the actual number of arches)

There is some variation in loads. One source of uncertainty is the line of action of the TF outer leg as it enters the
aluminum block. A constant tension D would have only a tensile load in line with the coil centerline. But the NSTX TF
system has the additional support of the ring for its bursting loads. This coupled with the thermal expansion of the coils,
alters the direction of the TF bursting load as it is supported at the aluminum blocks. The vector sum of the outward loads
is similar between [1] and [5] but there is a significant consequence to the umbrella leg. The limit analysis was run with
two sets of loads. One based on Hans Zhang’s (and Titus's early) loads with a modest downward load, and one with the
large upward load from [1]. The potential difference in the vertical data results may be from a small difference in the
summation point, plus how much of the structures on the inside of the umbrella structure are included in the summation.
Zhang includes a stub of the TF leg, but no portion of the flex, and will overlook that portion of loading. The global
model includes whatever the flexibility of the strap would shed to the outer structures. The inner section of the TF
accounts for about 195,000N. The Zhang model is missing about 50 kN of loading. The inner TF section is cantilevered
from the umbrella structure/aluminum blocks and Yuhu Zhai/Tom Willard finger loads [18] are a result of the moment.
So, these loads have not been added to the aluminum block calculation. The finger loads would be double counted if
added to the reactions from the global models.

Another difference is that the Zhang model does not include the TF outer leg expansion that will add to the vertically
upward load. The effect of the vertical growth of the flex is only 350 N.

13|Page
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Table 5.3-1: Calculated Force on Aluminum block, From Ref [5]
SS case no link to vacuum vessel: barl, 2 and 3
effective have different orientations
adding barl adding bar2adding bar3
(3x3” rect, (3x3” rect, (3x3” rect,
pin pin pin
connected) connected) connected)

adding case adding ring
Ino truss (0.5 thick, (0.5x12™ rect,
12" wide) welded)

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

End reaction

24571  245.96 2232 212.98 225 192.09
force r (kN)

End reaction

force theta 16649  161.03 149.95 105.98 105.95 106.05
(kN)

End reaction | ) ¢ 103 10.155 19.366 9.2544 44,565
force z (KN)
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CALC-122-06-00. A copy of the email and loads transmittal is on page 17 of that calc.
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5.5 Drawings and Photos of Existing Components

Figure 5.5-1 Photos of the Umbrella Foot Details
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Figure 5.5-2 Photo of the One of the Tabs th

- - * i
Figure 5.5-3 Photo of the One of the Lower Umbrella Sliding Feet.
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[Each laver of reinfercement inner and outerkis
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5.6

Figure 5.5-6 Support Rib Dimensions and Material
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Figure 5.5-7 Support Rib Layout Showing Positions of Cross Tabs.
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Photos and Drawings of Upgrade Components

Figure 5. 6-1 Upgrade Umbrella Design Details
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Figure 5. 6-2 Upgrade Umbrella Design Details
6.0 Analysis Models
6.1 Global Model

Figure 6.1-1 Global Model Umbrella Arch Region - Overlay Plates
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r12,1/39.37 IUpper Spoked Lid thickness

‘/ r53, 0254 IUmbrella Structure, mat 53

T r19,0254 | Archreinforcing plates

/ r9,3/8/39.37 IRibs and Tabs

r4 5/8/39.37 Ipassive Plate Thickness
r6,5/8/39.37 1'Vessel Thickness and dished head thickness

Figure 6.1-2 Global Model Umbrella Arch Region
The arch cover plates are modeled with a layer of plate elements on the outside and the inside. It was meshed by repeating

the umbrella leg plate elements and bridging the gaps with a thin line of plate elements. This model is used to assess the
stresses in the solid leg configuration as well.

Figure 6.1-3 Global Model Umbrella Arch Region. - F

I'ange Addition

In this model, flanges have been added to the arches, forming I-Beams as legs.
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Figure 6.1-4 Han Zhang's Global Model, Reference [5]

6.2 Arch and Feet Local Models
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Figure 6.2-1 Local Model of only the Umbrella Leg Foot
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e~ Displacement

Cyclic Symmetry
Coupling

Umbrella Leg
Loads

" Displacement
Constraints

Figure 6.2-2 Local Model of Umbrella Leg Foot and Dome/Rib from As-Builts

VESSEL

A

11
Figure 6.2-3 Local Model of Rib Showing Gaps and Modeling of the Non-Conformance Disposition
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30 Degree Cyclic Symmetry Model From Bruce
Paul Solid ProE Model, Uses Solid Elements

Global Model Built from Drawings, Uses Plate Elements

" —m—— S i

Note that Double Archis not Modeled in the 30 Degree Model [F

Figure 6.2-4 Comparison of 30 degree Cyclic Symmetry Model and the Global Model

Two models of the support ribs that are welded on the vessel are used. The local 30 degree cyclic symmetry model was
meshed from a ProE solid model developed by Bruce Paul from the Non-Conformance Reports for the rib welds. The ribs
were cut to the expected profile of the dished head, but the profile was not perfect, and there were gaps between the ribs
and vessel that needed to be bridged with tabs. The welds used were substantial and were dispositioned by H. M. Fan.
The tabs between the welds stiffen the pair of ribs, and this feature was not included in the global model. The global
model stresses are above the 30 degree cyclic symmetry model. The lack of tabs may be the reason. The higher stresses in
the global model at the double arch are real.

NSTX Upgrade Umbrella Arch and Foot Reinforcements, Local Dome Details 23 | Page



ANSYS ADPL Loading Commands for the 30 Degree Cyclic Symmetry Model

[title,PF2 and PF3 Upper 96 Scenario Vert Loads
bf,all,temp,20

£,985,fz,-30125/12/.2248  PFic
f,402,fz,-67757/11/.2248  1PF2
f,4588,fz,-100000 'Umb Foot
£,1237,f2,-148839/11/.2248  IPF3

solve

f,4588,fy,60000

[title,PF4 and PF5 Upper Loads Plus TF OOP Loads
solve

save

[title,OOP Loads Only

bf all,temp,20

,985,fz,-.001

,402,fz,.001

f,4588,fz,.001

f,1237,fz,.,001 !'PF3

solve

save

[title,PF2 and PF3 Upper Worst Power Supply Loads
bf all,temp,20

,985,fz,-168089/12/.2248  'PFic
f,402,z,-194414/11/.2248  PF2
,4588,fz,-100000 !Umb Foot (From the table in the input section based on [5] this should be 106000N)
f,4588,fy,.001

£,1237,f2,-303940/11/.2248  IPF3

solve

f,4588,fy,60000

[title,PF4 and PF5 Upper Worst Power Supply Loads Plus TF OOP Loads
solve

save

ftitle, OOP Loads Only

bf all,temp,20

f,123,fz,-.001 IPFic

f,409,fz,-.001

f,4588,,fz,.001

£1277,fz,,001 'PF3

6.2.2 Arch and Feet Local Model Run Log and Run Files

Foot01.txt 30 degree cyclic Symmetry Model in \nstx\csu\dome, 3/4 inch thick Umbrella Leg

Foot02.txt 30 degree cyclic Symmetry Model in \nstx\csu\dome, 3 inch thick Umbrella Leg

footO4.txt 30 degree cyclic Symmetry Model, by Limit Analysis Max Downward TF Load , All TF Scaled 12/10
foot05.txt 30 degree cyclic Symmetry Model, by Limit Analysis Max Upward TF Load, All TF Scaled 12/10
Global Model Run #28 and beyond model the overlay plates or solid leg umbrella reinforcement
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7.0 Materials and Allowables
7.1 Stainless Steel Static Stress Data

Table 7.1-1Tensile Properties for Stainless Steels

Material Yield, 292 deg K (MPa) Ultimate, 292 deg K
(MPa)
316 LN SST 275.8[7] 613[7]
316 LN SST Weld 324[7] 482[7]
553[7]
316 SST Sheet Annealed 275[8] 596(8]
316 SST Plate Annealed 579
304 Stainless Steel (Bar,annealed) | 234 640
33.6ksi 93ksi
304 SST 50% CW 1089 1241
180ksi

Table 7.1-2 Coil Structure Room Temperature (292 K) Maximum Allowable Stresses, Sm = lesser of 1/3 ultimate or 2/3
yield, and bending allowable=1.5*Sm

Material Sm 1.5Sm

316 Stainless Steel | 184 276

316 Weld 161 241

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

Note that the Material Certifications for the dome indicate that the dome is annealed 304 stainless steel. The material
Certs are included in Ref [10], Appendix C.

7.2 Stainless Steel Fatigue Data

r Type304SS ] Type316SS ]
] o AT o AT |
- F + 100°C - & 290°C A
£ O 260°C am o 325°C
w0k A 288°C u]
g F ¥ 300°C v
3 C o 325°C ] X
S T v 427-430°C A
8 L ]
q: -
£
E r 7 S
@ isti Statistical Model =
Stalistical Model —]
0.1F — ... Jaske & O'Donnell - ——...- Jaske & O'Donnell @ Wo5T T
....... ASME Maan Curve 1 - === -- ASME Mean Curve ]
P EETIT EEETT EEETT BRI RN IR B T ETTTITY BT E I BRI BT R T T MR R TTIT MR TToe I |
12 10 10t 105 108 107  10° 12 10 10 105 108 107 108
Cycles to Failure, N, Cycles to Failure, Nyg

Figure 7.2-1 Fatigue Data for 304 and 316 Stainless Steels
From Tom Willard’s Collection of SST Fatigue Data
“Estimation of Fatigue Strain-Life Curves for Austenitic in Light Water Reactor Environments Stainless Steels”, Argonne
Nat. Lab, 1998
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STAINLESS STEEL (316LN)

Mechanical Properties Fatigue (stress controlled)
2000 T T .

316LN

——— base metal
= = — wald metal

1600

Stress, MPa

©° ' 102 1 ©* ©° 18 10
Fatigue Life, cycles

&  Mukai et al. (1979) m Nyilas (1990 B =« |
©  Prioul et al. (1988) O Umezawa et al. (1994)

Figure 7.2-2 Fatigue S-N Curve for 316 Stainless Steel

2
1073 AISI 304L An Experimental Investigation of Fatigue

J constant Ampiitude Experiments Crack Growth of Stainless Stes] 304L

1 S. Kalnaus,F.Fan, Y Jiang, A.K. Vasudevan
® University of Nevada and Office of Naval
° 3
& 10 Research , International Journal of Fatigue,
E Volume 31, Issue 5, May 2009
.f‘.".i =
[} .
14
< 107" =0.
% ';' O CO01R=0.1 Fig. 10 shows the results by using Eq. (3) for all the constant-
5] = ® C06R=0.1 amplitude loading experiments with different R-ratios conducted
s E ¢ C20R=0.2 in the current study. For the AISI 304L stainless steel, x was found
3 - 3 : 5 to be 0.36. Except for the early part of crack growth from the notch,
= - 0 C02R=0.5 Eq. (3)with 2 = 0.36 can bring all the crack growth curves together
q A C1TR=05 into one master curve. This master curve (thick line in Fig. 10) can
% 10-5_ M C03 R=0.75 be described by using the Paris type power law,

C L
S 3 X C18R=0.75 _ N
© : O C16 R=0.85 da/dN =Gk @

] B C14R=-1 where C; and n, are material constants. For the 304L alloy,

® C24 R=-1 € =1.25 - 107" and n; = 3.97, with da/dN in mm/cycle and k in
g /m
— Prediction Mpavim.
10°
] b b v v T T T T Ll T 1
o 2x10" 3 4 5§ 6 7 &8
Kpar (8K)"™ (MPa m'?)

Figure 7.2-3 Paris Constants for 304L Stainless Steel

7.3 Stress Strain Data
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11-16. Type 304L Stainless Steel: Compression, Tension, and
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From: HowardE. Boyer, Atlas of Stress-Strain Curves, ASM International. .

Comparison of effective stress-strain curves determined for type 304L stainless steel in
compression, tension, and torsion. (a) Cold and warm working temperatures. (b) Hot work-
ing temperatures.

Input Stress vs Strain

Figure 7.3-1 Stress Strain Data
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Figure 7.3-2 Stress Strain Curve Used in the Limit Analysis (Section 9.4)
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7.4 Bolt Strength Data

ASTM A193 Bolt Specs from PortlandBolt.com

B8M | Class 1 Stainless steel, AISI 316, carbide solution treated.

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

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

Mechanical Properties

Grade Size Tensile ksi, min Yield, ksi, min | Elong, %, min RA % min
B8M Class 1 All 75 30 30 50
Upto 3/4 125 100 12 35
718-1 115 80 15 35
B8 Class 2

1-1/8 - 1-1/4 105 65 20 35
1-3/8 - 1-1/2 100 50 28 45
Upto 3/4 110 95 15 45
718-1 100 80 20 45

B8M Class 2
1-1/8 - 1-1/4 95 65 25 45
1-3/8 - 1-1/2 90 50 30 45
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8.0 Global Model Results
8.1 Arch Reinforcements
8.1.1 Addition of Flanges
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8.1.2 Cover Plates inside and out

RECCNDENN ;

Figure 8.1.2-1 Typical Cover Plate Stress

Use of cover plates in this concept puts the welds at the high stress edge of the umbrella legs. If this model is interpreted
as modeling 3 inch thick solid legs, replacing the existing 1 inch thick legs, then the high stress is not in a region of the
weld. The horizontal weld, represented by the upper edge of the cover plate in this model, is in a low stress region.

{ Titus’s Model
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Figure 8.1.2-2 Comparison of Results
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Figure 8.1.2-5 Upper and Lower Umbrella Leg Stresses — 3-inch Total Thickness
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8.2 Dome/Rib Details

MAY 16 2011
07:40:05
NODAL SOLUTION

SEQV (AVG)
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.009526
SMN =840.169
SMX =.850E+09

=1
#*DIST=.800236
“XF =.42162
*YF =1.19529
Z-BUFFER

0
.175E+08
.350E+08
.525E+08
.700E+08
.B875E+08
.105E+09
.122E+09
.140E+09
.158E+09

MAY 16 2011
07:40:05
NODAL SOLUTION

SEQV (AVG)

PowerGraphics

EFACET=1
AVRES=Mat

B DMX =.009526

SMN =840.169

SMX =.850E+09

XV =1
¥V =1
v =1

| *DIST=.800236
LXF =.42162
“YF  =1.19529
Z-BUFFER

0

08
Bl 5505408
Bl so5E+08
B o05+08
Bl 575gs00
B 105E+00
L] _122E+09
B 1408+00
Bl g0

NSTX Upgrade Umbrella Arch and Foot Reinforcements, Local Dome Details 33 | Page



8.3 Ten vs. 11 or 12 arches

To Address 10 vs. 11 Umbrella Legs, a Second Double
Arch was Cut

The global model was initially built from quarter symmetry model parts supplied by H.M.Fan and has evolved into a 10
legged umbrella structure by deleting two of the umbrella legs. This is not precisely consistent with the layout of the
arches but it captures the worst loading concentration when the 30 degree cyclic symmetry is disrupted by the large arch
that bridges over an unused pair of ribs.

8.4 Global Model with Updated Rib Tabs Connected Only on Top and Bottom

S
»

P Titus Global Model Run #37

Figure 8.4-1 Global Model including Welded Tabs, Ribs and Dome
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Figure 8.4-3 Stress in Tabs
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8.5 Global Model with Filler Tab Reinforcements
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8.6 Global Model with Angled Plate Rib Tab Reinforcements

Angled plates "leaning" against the ribs would be a
relatively simple addition if they can clear the top of the
existing tabs. These were analyzed by adding plate
elements in the global model by connecting the plate
elements to the existing mesh. This is the explanation for
the non-rectangular shape. The plates did not make a
significant difference. But depending on the as-builts of
the tabs these may still be a viable option to improve the
load carrying capacity of the rib details. These form a pair
of triangular box beam sections to support the umbrella
feet loading, and should improve the stresses more than
this analysis would indicate.
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Figure 8.6-1 Model with Angled Plates
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Figure 8.6-2 Tab Stress with Angled Plates

9.0 Local -Model Results

9.1 Existing Umbrella Feet Sliding Block Analyses

The umbrella support feet are mounted on sliding blocks that attach to the vessel head rib weldment. These must transfer
the OOP loading from the TF outer legs as well as vertical loads. The sliding feature is intended to allow the unrestrained
growth of the vessel during bake-out. In the present design, the foot is held to the weldment with four bolts that connect
through the welded plate and are loaded in shear by the OOP loading. The sliding feet assembly will be replaced with
stronger components. The base of the slider will have lips to capture the welded plate to take the shear off the bolts.
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Anmnalysis of Existing
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The retainer plate might
need to be doubled
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AL

Figure 9.1-4 Bolt and Retainer Over-Stress. "Danny's fix" refers to the upgrades proposed by D. Mangra during the PDR
and which has been retained for the Final Design.
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Figure 9.1-5 Location of "lip" in the proposed Upgrade
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9.2 Umbrella Feet - With Dome Segment

This model integrates the umbrella leg/foot and the dome segment corresponding to a 1/12 sector of the machine. This is a
non conservative assumption given that there are eleven umbrella feet, and the stresses peak at the double arch. The 3D
model, described in section 8 captures this effect.
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Figure 9.2-1 Model with 12 fold symmetry expansion
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9.3 Dome/Rib Details

There are rib weldments on top and bottom of the vessel, welded to the domes or dished heads to form mounting
"shelves" for the PF 2, and 3 supports and the umbrella structure legs. Upgrade loads go up by a factor of 4 for twice the
TF field and twice the plasma current. Early analyses for NSTX used a quarter symmetry model and evenly spaced ribs.
Actually, there are 10 umbrella legs and 11 pairs of ribs supporting PF3. About half of these were used to support PF2.
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PF 2 and 3 coils and support pads are addressed in a separate calculation. The nominal machine symmetry is still used for
a number of the vessel and rib analyses, with loads adjusted by factor of 12/10.

Rib Tab Weld Evaluation for
Worst Case Power Supply
Loads

Actual Weld Detail

1k

Assume bevel backed by a
fillet is like a full
penetration. Tab weld

An :..? Stresses all appear less

Figure 9.3-1 Rib Tab Detail and Stress - Note the High Stress Point at the End of the Weld — Also see Figure 9.3.4

When NSTX was first built, the vessel head or domes were purchased with a specified profile which was not matched in
the spun head. The ribs were cut from the specified profile, not the as-built one. Tabs were welded on the sided of the
ribs to bridge the gap left between the rib and dome. The bridging tabs were placed as the fit-up required and have some
variation in position and size. A complete solid model of all the tab geometries was never built - only a representative
one. The analysis focused on the gaps between the ribs and the dome, and tab stresses at the base of the tabs and not the
fillets at the top, which were assumed to cover 3 sides of the tabs. Only the top surface was welded. The cross plates
between the ribs were at first assumed to be welded to the dome from photos of the visible plates - but they are not all
welded to the dome or head. In the model shown in figure 9.3.1, the tabs are fully merged to the rib. Had the tabs been
welded to the rib along three sides this would have been a fair modeling of the attachment, but this is not the case.
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The Thicker Umbrella Structure Slightly Reduces the Dome Stress
Figure 9.3-2 Effect of Umbrella Leg Stiffness on Dome Stress

The rib/dome stresses are related to the stiffness of the umbrella foot. The stresses are a result of the TFR OOP shear load
transferred through the umbrella legs and the bending rotation of the umbrella leg.

RNOCREERN &

Figure 9.3-3 Stress Results with a 3/4 inch Umbrella Leg

Subsequent to this analysis the Umbrella Structure was found to be made from 1 inch plate, and the Upgrade
reinforcement is to replace the legs with 3 to 4.5 inch thick legs.
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Figure 9.3-4 Dome Stresses in the 30 Degree Cyclic Symmetry Model

9.4 Limit Analysis of the Ribs and Dome

9.4.1 Limit Analysis of the Ribs and Dome With a Downward Force from the TF

Figure 5.3-1 tabulates loads from Han Zhang's outer leg support model [5] and P. Titus's global model [1]. The loads
are different, especially regarding the umbrella leg. In this section, the loading with a modest downward load is
considered. The PF1c, PF2, and PF3 loads are applied downward and the loading from the TF was intended to aggravate
the loading from the PF coils.

This section also initiates another qualification approach, which is to assess the stresses according to the limit analysis
section of the NSTX Design Criteria Document [2].

From the NSTX Design Criteria:

An exception to this elastic analysis approach can be when the nature of the structure and its loading make it difficult to
decompose the stresses into the above mentioned categories. In such an instance, a detailed, non-linear analysis that
accounts for elastic-plastic behavior, frictional sliding and large displacement shall be used to determine the limit load
on the structure. The limit load is that load which represents the onset of a failure to satisfy the Normal operating
condition as described in Section 1-2.6. The safety factor of limit load divided by the normal load shall be greater than
2.0.
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The rib/tab local model had to be re-meshed to remove the merged connection between the tabs and ribs. A 30 degree
cyclic symmetry model was retained but with the TF loads scaled by 12/10 to reflect the lower number of umbrella legs
than TF coils. Non-linear material properties are input for the 304 stainless steel. The stress strain curve used is shown in
Figure 7.3-2. Gap elements are used between the tabs and the ribs, with zero initial gap, assuming that the tabs were well
clamped to the ribs when they were welded. Large displacement solution is used - this is more appropriate for a buckling
simulation, because large displacements would be an indication of the failure of this structural detail to perform its
required function which is to limit strains elsewhere in the machine.

30 degree Cyclic Sym — OOP Loads from Han
Multiplied by 12/10

Gap Elements (52 Point to Point)

Tab Models are reflected - Both sides mirror
images of the other - Welded only on top and
Bottom with gaps/contact elements between the
tab andrib

Figure 9.4.1-1 Non-Linear model used for the limit analysis

The model used for the limit analysis replaces the fully merged tabs with tabs welded at the top and at the dome and
bearing against the rib through gap or interface elements.
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Figure 9.4.1-2 Non-Linear model used for the limit analysis

PF1l 2 and PF3 Upper Loads Plus TF OOP Loads

(x10%%-2)
0
-.2
-.4
E
g F
=
@ -.8
E
@
8 -1
o
-
a8 -1.2
£
E -1.4
-1.6
-1.8
-2

Load Factor 2.75

Load Factor 5
‘-\‘\

TIME

12 1a 20

14 18

Figure 9.4.1-3 Out-of-Plane (OOP) Displacement as a Function of Load Factor
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The analysis was carried out for multiple load steps and ended when the solution failed to converge. The displacement
plot below shows stable elastic response up to a load factor of 2.75 and sharply increasing displacements beyond that.
Non convergence occurred at a load factor of 5.
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Figure 9.4.1-4 Plastic Strain for Load Factors of 1.0 and 2.0

Plastic strain is not visible in either of the plots for load factors of 1.0 and 2.0. There is some plastic strain
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Figure 9.4.1-5 Plastic Strain as a Function of Load Factor (Continued)

NSTX Upgrade Umbrella Arch and Foot Reinforcements, Local Dome Details 48 | Page



AL

DSCALE,1,10

R000NDDEN #

[ (O] ([0 [

-
[ |
]
|
[ |

L TR[IN] [E8] ]

= 9

Above Ultimate —
Itwon't make it to
afactorof 3

Below Ultimate —
OKata factorof 2

Figure 9.4.1-6 Tresca Stress as a Function of Load Factor

The limit analysis does not model the consequences of stresses and strains above the ultimate. The strain values are
extrapolated from the input stress strain curve, even though the stress is above the ultimate. For the load factor of 2 on
stress is well below ultimate, but local areas go above ultimate at the load factor of 3. This may still not indicate collapse
but the analysis model is not predictive with local stresses above ultimate.
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Figure 9.4.1-7 Tresca Stress at a Load Factor of 4
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Load Factor 1.0 Results
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Figure 9.4.1-8 Strain Range at a Load Factor of 1.0

The strain range shown in figure 9.5.7 is .2 % . The strain amplitude would be half this - assuming that the global moment
does not reverse. Even though the OH reverses the total machine moments do not. In the Design Point Spreadsheet, the
total half plane TF moment is always negative for both the max and min loading. This means there is no reversal of the
OOP loading and the appropriate R value is 0, which means that the strain amplitude is half the strain range. At a strain
amplitude of .1, the life is 10e8 cycles. The new GRD (see section 5.1) [13] has a complex mix of shots at various loads,
but this is summarized as 20,000 pulses or 4e5 with the factor of 20 on life. It doesn't quite make the factor of 2 on stress.
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Figure 9.4.1-.8 Comparison of Plastic Strain with [5] at a Load Factor of 3.0

Figure 9.4.1-8 is a comparison of the buckling analysis by H. Zhang [5] and the limit analysis done for this calculation.
Qualitatively they are similar. Ref [5] uses a slightly higher yield and has the merged tab FEA modeling vs. the gapped
tabs used in this calculation. Ref [5] also does not have the radius at the corner of the step cut-out. This region is the

subject of section 9.5.

9.4.2 Limit Analysis with Large Upward Loads from the TF Coils.

Figure 5.3-1 tabulates loads from Han Zhang's outer leg support model [5]
and P. Titus's global model [1]. The loads are different, especially as regards
the umbrella leg. The line of action of the TF outer leg would be in line with
the coil centerline if the coil behaved like a constant tension D. In NSTX
some of the radial bursting load is taken by the ring and the ring imposes
radial displacement constraints as the Lorentz load is applied, and as the coil
heats up. Lorentz forces in the TF coils are perpendicular to the coil current
which is essentially vertical as the coil enters the aluminum block, and are
only resolved into membrane like tension if the shape of the coil is contoured
to produce only tension. The global model [1] produces a large vertical load
at the aluminum block. In this section, the limit analysis is re-done with this
large upward load.
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Figure 9.4.2-1 Comparison of Limit Load Factors for the Two Loading cases
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Figure 9.4.2-2 Comparison of Limit Load Factors for the Two Loading cases
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Figure 9.4.2-3 Tab Vertical Stress at a Load Factor of 1.0

In Figure 9.4.2-3, the tab vertical stress contours are shown. The vertical stress (SY) away from the weld in the tab is used
in the fracture mechanics calculation (Section 9.6) to check the partial penetration tab weld. The fracture mechanics
model uses 13ksi or 90 MPa away from the details of the weld in the central region of the tab. On the tensile side (left in
the figure), the stress is between the 25 and 100 MPa contours. On the side with the crack it is compressive.

9.5 Rib Umbrella Foot Step Radius

There is a high stress area of the ribs directly under the Umbrella feet. The radius at the reduced section at the umbrella
foot "shelf" is highly stressed mainly because it is a reduced section. There was also a rib to dome fit-up problem that
resulted from the spun dome not matching the curvature defined for the ribs. Bridging tabs were added.

A manageable set of hardware solutions could be implemented with modest cost and schedule alterations. If timed to
occur as each umbrella leg is removed and PF2 lifted (to insert the added slide bracket), the amount of labor would be a
small percentage increase. Irv Zatz suggested a preferred fix which is a 9 inch by 3 inch, 3/8 plate welded at an angle to
form a triangular box beam on either side of the ribs. There would be two per pair of ribs, or 40 total.

In the discussions of the as-built conditions of the ribs and tabs it was evident that they are all different. The FEA models
in this calculation are all based on a survey of a single rib.
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Figure 9.5-1 Available Models of the Ribs and Dome
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Figure 9.5-2 Comparison of Rib Stresses at the Umbrella Foot Support Step Radius

In figure 9.5-2, the results of three models are compared. All have stresses in the radius of the umbrella foot step of
around 50 ksi. This stress level would indicate significant life but not enough to pass the criteria of 2 on stress or 20 on
life. This radius can be added to the fatigue inspection list.
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Figure 9.5-4 Plastic Strain at the Step Radius based on the Limit Analysis Described in Section 9.5

9.6 Rib Tab Welds

The tab weld is a 1/4 inch, one sided partial penetration weld with a 1/4 inch fillet. This butts against the dome and

leaves a 1/8 inch root crack. A fracture mechanics analysis of the tab weld was performed to provide an assessment of the
potential for fast fracture of the weld and the weld's fatigue life.
For a one sided partial penetration weld, the root of the weld forms an initial crack geometry that is not readily compared
with handbook treatments of stress intensity factor (SIF). To calculate the SIF, the ANSYS crack tip element is used.
Solid 95 elements with mid side nodes are used for the model. Wedge elements are arrayed around the crack tip. The
midside nodes of the crack tip elements are positioned 1/4 of the length of the side. This causes a singularity that can be
used by the KCALC ANSYS command to calculate the stress intensity factor (SIF). A 2 inch section of the tab weld is
modeled in 3D. The root of the weld is assumed to be a crack geometry and the SIF is computed in ANSYS. The PATH
command is used to define a path with the crack face nodes (NODEL at the crack tip, NODE2 and NODE3 on one face,
NODE4 and NODES on the other (optional) face). A crack-tip coordinate system, having x parallel to the crack face (and
perpendicular to the crack front) and y perpendicular to the crack face, must be the active RSYS and CSYS before
KCALC is issued.

Stress Intensity Factar (SIF) The root of the weld is
Calculation in a 30 Mesh assumed to be a crack
geometry and the SIFis
computed in ANSYS.

KCALC,,, 3
(3 invokes
non-symmetry)

Quarter Point
on Second face

N
Ty
e _4

Crack Tip
Nodes

Note that the Crack Tip Mesh has
been Shaped to Facilitate Manual
Path Selection via Picked Nodes

GUI Sequence:

Define Path

By Nodes
pick 5 nodes
oK

Name Path

Then lssue KCALC Command

Quarter Point
on First Face

Figure 9.6-1 Fracture Mechanics ANSYS Model
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Crackis Closed on the Tensile Side
Figure 9.6-2 Applied Loads and Displacements for the Fracture Mechanics ANSY'S Model

HE0 BEEN

When the umbrella leg load is bent by the OOP loading it tends to close the crack on the tension side of the pair of ribs.
This is evident in the extremely exaggerated displacement and stress plot of the load factor of 4 plotted results in the
lower left hand corner of figure 9.6-2. The appropriate modeling would impose the bending displacement that would tend
to close the crack. Conservatively, the tab is held horizontally. For comparison sake, one with no displacement constraints
at the top of the tab is also shown. The loading is applied at the top of the tab model, and the stress in the limit analysis
model away from the weld stress concentration is used to estimate the tensile loading in the tab.
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Figure 9.6-4 Stress Intensity Results with Lateral Restraints

The SIF goes down with added restraint, and would presumably be reduced further with displacements that tend to close
the crack as in the actual rib tab attachment. It is expected that the 1/4 bevel weld will have a penetration depth in excess
of 1/4 inch, but if it doesn't, two crack dimensions were analyzed, including the nominal crack length of .125 inch.
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Figure 9.6-5 Stress Intensity Results with Lateral Restraints and .125 inch crack

The SIF went up from 7305 to 7937 psi root inch.
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A small True Basic code (at right)
was written to integrate the Paris
relation. The results, plotted using
316 stainless steel Paris Constants
are shown. Reference [14] and [15]
constants were run as well. Ref [15]
values produced a longer life and
Ref [14] smaller - around 80,000
cycles.

! Simple da/dn integral for 304 Stainless Steel
let t=.5*.707/39.37

let ainit=.125/39.37

let m=2.95

let c=5.43e-12

let fractTough=100

let deltak= 7305*6895/1e6/39.37/.5
let a=ainit

let abreak=ainit+t

let counter =0

Ifor i= 1 to 10000

do

Ideltak is linear in crack length

let delk=deltak/ainit*a

lassume the delta k scales with the orig thick/remaining thickness
let delk=delk*(t+ainit)/(t+ainit-a)

leti=i+1

let counter=counter+1

let dadn=c*delK"m

let a=a+dadn

if counter = 100 then

printi;",";delk;","; a

let counter =0

end if

if a>abreak or delk>fractTough then exit do
Inext i

loop

print "Cracked Through"

end
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Figure 9.6-6 Crack size vs. cycles and Stress Intensity vs. cycles

Figure 9.6-6 Qualifies the rib tab weld for 140,000 cycles (or 35,000 cycles with the required factor of safety of 4).
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9.7 Sliding Block Bolting

Section 9.9 treats the “final” design as of January 2013. The final design eliminates much of the bolting in favor of a
brazed foot and Titanium sliding block. In this section, section 9.7, the original bolting configuration is considered, and
along with email correspondence in Appendix D documents some of the reasons for the improved final design.

The model was run with the max upward load on the umbrella and plotted the bolt stress results. The exaggerated
displacement plots (included in appendix D) illustrate the prying action. Stresses are ~350 MPa in the square modeling of
the bolts. Corrected for round cross sections, this is equivalent to 350*4/pi=445 MPa (65 ksi). Although this is from an
updated calculation, results in Danny Mangra's original calculation were similar and led to the choice of Inconel 718 for
all the hardware. If one wants to use 316 stainless steel sliding blocks, adding another 4 bolts that come up under the
plate and welded to the ribs would solve the thread engagement issue. The sliding foot can be bolted to the umbrella leg
with four 5/8” Inconel 718 bolts. One can get plenty of thread engagement by threading into the umbrella leg 3-inch plate.
The circular recess will take the shear, but a large shear pin match drilled through the sliding foot into the umbrella leg
would be simpler.
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Figure 9.7-1 Bolt Stresses from the 30 degree Cyclic Symmetry Model

Carrying the Shear Load with Friction Only:

The stress area of 5/8-inch bolts is .2256 sq. in. Assuming a preload stress of 75% of the 120 ksi yield of the Inconel 718
bolts, or about 90 ksi, the preload force is .2256*90000 = 20,304 lbs per bolt. With a friction coefficient of 0.3, the
frictional capacity of the joint with four 5/8-inch pretensioned bolts is 24,360 Ibs. The OOP load that must be supported
by lips or by the frictional bolt joint is 110,000 N (24,728 Ibs) from Figure 5.3.-1. Adjusting this for 10 legs vs. 12
aluminum blocks, the load is then 29,674 Ibs. So, it is a bit beyond the frictional capacity of the preloaded bolts. If the
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preload is 10,000 Ibs per bolt, as recommended below, the frictional capacity would only be .3*40000 = 12000 Ibs.
Shimming the lips and preloading the bolts will provide ample margin.

Significant stresses occur only in the four bolts that currently take the OOP shear load as shear across the bolt thread. The
upgraded design will employ "lips" on the sides of the sliding block assembly that will engage the plate welded to the
ribs. All hardware is being replaced with Inconel 718 hardware for additional margin.

In April 2012, the new design of the umbrella sliding block employs four 5/8-inch Inconel 718 bolts. The lips on the
sliding block assembly will be shimmed to take the shear load. The upward tensile load is 133,837 N from figure 5.3.1,
for each of the 12 aluminum blocks. Since there are only 10 Umbrella legs, this would average 133,837N*12/10*.2248 =
36,104 Ibs per foot or 9025 Ibs per 5/8-inch bolt. These are Inconel 718 bolts threaded into titanium (Ti-6Al-4V). 5/8-
inch (coarse thread) bolts have a stress area of .2256 in”2 and the tensile stress is then 9025/.2256 = 40,000 psi. The Sm
value for the 718 bolts is the lesser of 1/3*150ksi or 2/3*120 ksi or 50 ksi. The applied stress is within the capacity of the
718 bolts. The thread engagement required for this load is a function of the relative strengths and stiffnesses of the male
and female threads. The Ti-6Al-4V has tensile strength of 137 ksi and a yield strength of 120 ksi. Sm would be the lesser
of 2/3*120 or 1/3 * 137 = 45.7 ksi. This is comparable to the 718 bolts. The modulus of titanium is small with respect to
the Inconel 718. The shear area factor from the federal screw fastener standard would normally be .5 based on a similar
yield but for the more compliant female thread. 0.75 is appropriate, for compliant threads that distribute the loads over a
larger part of the thread form. The pitch diameter is .566 in. If 3/4 inch thread engagement is allowed, and if the bolts
were preloaded to 10,000 Ibs, the shear stress in the female threads would be 10000/ (pi*.566*.75) =7500 psi. The
titanium shear allowable is .6*Sm or 27.4 ksi. The NSTX criteria allows preloads to 75% of the yield. 10,000 Ibs is within
this limit and would ensure that the joint would not open up during application of the Lorentz forces. Consequently, there
is very little or no cyclic loading on the threads.

9.8 Fatigue

Specific analyses of fatigue life occur in previous sections of the calculations. The following discussion relates to areas
which look problematic from both the analysis of the design and the inspected condition of the weld or feature.
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Figure 9.8-1

For 304 stainless, a 180 MPa stress range translates to a 90/(1-90/500) = 109 MPa equivalent R = -1 alternating stress.
This is a strain amplitude of 109/200,000 = .05%. Entering the SN curve (Figure 7.2.1 for 304 Stainless) and applying
either 2 on stress or 20 on life yields an acceptable fatigue life meeting the GRD requirement of 60,000 pulses.
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Figure 9.8-2 Welds é'it'UmbreIIa Foot Plate

At the September 28, 2011 meeting, photos of "bad" welds at the Umbrella foot plate to rib weld details were discussed.
Figure 9.8-2 shows one of them. This might have passed inspection for the weld in the middle of its length, but the start
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and stop of the weld occurs where the FEA shows the max stress (also see figure 9.3-4). Grinding out this area and
welding around the ends of the plate to rib junction will be needed.

9.9 Umbrella Leg to Foot Braze Joint

The original mechanical connections between the sliding foot and
the umbrella leg were replaced by a furnace braze joint. This type of
braze has been tested in fatigue. The rev.0 FEA model of the
umbrella leg was revised to better match the leg dimensions and
joint. The model is a 1/12 cyclic symmetry model. The TF loads
that are transmitted through the legs are adjusted by 12/10 to correct
for the 10 legs used in the actual umbrella design. There is some
uncertainty in the loading that is transmitted through the
umbrella/TF outer leg/aluminum block structures. The analysis
presented here uses the maximum Out-of-Plane (OOP) loads and
maximum upward loads identified for the leg structure.

\

Figure 9.9-1 Brazed legs and sliding feet

AN

Figure 9.9 -2 Upgrade Leg and Umbrella foot model with 12 fold symmetry expansion

The results of the braze static and cyclic testing is included in appendix E. The specimen has a .5 square inch braze area.
This excludes the lip around the recess which adds significantly to the effective braze area. The specimen was cycled
from 1,000 to 12,500 Ibs and survived 300,000 cycles. This is equivalent to 25,000 psi with an R ratio of .08. The NSTX
criteria document does not have a section on braze, but from the section on insulation:

“Adequate fatigue life may also be demonstrated by prototype test. Tests shall qualify life which is five times the design
life for combined shear and compression loading using representative samples.”

If this is applied to the braze tests, the 300,000 cycle specimen survival would qualify 60,000 cycles of operation at an
average stress in the braze of 25 ksi. In figure 9.9-6, the braze stress near the perimeter of the brazed joint is 140 MPa or
20,305 psi. It peaks at 200 MPa or 30 ksi at the edge of the joint, but the FEA model does not include the pocket edge
and fillet/lip of braze. The 140 MPa contour is judged conservative. Most all the contour area is less than 100 MPa
(14.5ksi) and this is more representative of the average stress in the test. So, there is margin but the stresses are significant
and as a consequence, UT examinations of the accessible joints were requested. Unfortunately, some of the umbrella feet
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had been installed, but 9 of the joints were tested and none showed evidence of any voids. Mark Smith’s email describing
preliminary results is included in Appendix F.

Loads Plus TF OOF Load oad Factor 1

Figure 9.9-3 Modeling Details of the Braze Joint

In Figure 9.9-3 the bolts holding the “horse shoe” clamp are actually now deleted in favor of a solid outer slide assembly.
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Figure 9.9-4 Modeling Details of the Braze Joint — Number of Loaded Nodes at the Top of the Leg
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Figure 9.9-6 Stress Results for the Braze Joint
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Appendix A
Arch Flange Reinforcement

This was a suggestion for reinforcing the existing legs made at the beginning of the upgrade design effort. It required an
excessive amount of welding on the existing legs in the test cell. Factory manufactured replacement legs shown in
sections 5.6 and 9.9 are the current (2012) design.
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Appendix B "Top Hat™ Torque Frame

The Top Hat Reducesthe Dome
and Rib Stresses a Bit More
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Appendix C
Dome Material Certifications
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Appendix D
Emails on Foot Bolting

On Feb 6, 2012, at 10:58 AM, Peter Titus wrote:

Mark:

Regarding the Umbrella foot bolting - Below is an email from November of last year
regarding the bolting and sliding blocks - It recommends retention of the 718 bolts and
allows use of 316 for the sliding blocks. Also recommends pinning the foot slide to the
umbrella leg. It also suggests more bolts that bolt the existing plate to the slide block to
address a thread engagement issue you raised earlier. -Peter

11-18-2011 email to Mark Smith from Peter Titus

I ran the model with the max upward load on the umbrella and plotted the bolt stresses. The
exaggerated displacement plots illustrate the prying action. Stresses are ~350 MPa in the square
modeling of the bolts - corrected for round cross section this is 350*4/pi=445 MPa. or 65 ksi. -
Although this is from an updated calculation, results in Danny Mangra's vintage were similar and led
to the choice of 718 for all the hardware. | would retain the 718 bolts If you want to use 316 sliding
blocks, I think adding another 4 bolts that come up under the plate welded to the ribs would solve the
thread engagement issue you were concerned about. The sliding foot can be bolted to the umbrella
leg with four 5/8 718 bolts. You can get plenty of thread engagement threading into the Umbrella leg
3 inch plate. the circular recess you show will take the shear, | think a large shear pin match drilled
through the sliding foot into the umbrella leg would be simpler. -Peter
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Appendix E
Leg to Foot Braze Material Qualifications

Braze Test Sample

Forcevs Strain
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Static Braze Results
From Mark Smith email:

The specimen cross sectional area was 0.5 in2.
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Fatigue parameters:

Load: 1000 Ibf - 12,500 Ibf
Frequency: 1 Hz

Cycles obtained: 300k

UT results for Umbrella Legs
Inbox x

Mark Smith Nov 14

to Steve, Lawrence, me

To all,

The UT inspection of the brazed Umbrella Legs/Feet is complete.

The results are good, all 9 samples show no indications of voids.
We'll get more details in the report.
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Appendix G
As-Builts of the Rib Reinforcements, re-Weld and Weld Upgrades

August 7 2012 email from P. Titus

As-Builts of the rib reinforcements - so far the uppers look OK | have been looking at the
photos of (mostly the upper) ribs that

Steve DePasquale took. - Not the prettiest weldments - but what | can

see adheres to the intent of the reinforcements that were discussed.

There a a couple of ragged starts and stops - especially where the

filler strip was used. (leg 3 in particular) but | think there is

adequate weld metal and the calculation includes a fracture mechanics

evaluation that assumes a weld crack/undercut.

Upperleg 1
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Upper Leg 7

|
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Upper Leg 9

Upper Leg 10
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	Figure 309 Foot Reinforcements: 
	no truss: 
	Material: 
	Yield 292 deg K MPa: 
	316 LN SST: 
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	3247: 
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