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4.0 Executive Summary

This calculation addresses a number of disruption simulations, all utilizing similar analysis approaches.
The modeling uses the solid 97 element with AX,AY,and AZ degrees of freedom for the areas for which
fields are to be calculated, and solid 97 with AX, AY, AZ, and volt degrees of freedom for areas where
fields and eddy currents are to be calculated . Poloidal field coils are input with the element type that only
solves AX, AU, and AZ - Not volt, so eddy currents are not calculated for the poloidal coils. One analysis
allows currents to be driven in PF4 and 5 to answer a DVVR chit In all the models, the TF current is
driven with currents entering and exiting the outer TF leg mid plane. This means that in the TF, eddy
currents can be developed. Electromagnetic transient analyses other than disruptions analyses may be
performed as well. Start up simulations are presented in [15] in which loads on various grounding straps
may be calculated. In previous disruption simulations[1] the disruption simulation was performed in
OPERA and maps of the axisymmetric vector potential solution were applied to 3D structural models . In
this calculation the disruption simulation is done in ANSYS EMAG with enough detail that meaningful
structural responses may be obtained from structural passes on the EMAG model.

Design requirements are outlined in the Systems Requirements Document SRD# NSTX-SRD-13-

215, Ref1 The qualification needs to consider larger upgrade plasma currents, TF and PF fields, and
Disruption specifications.

Passive Plate Loads and Cloud Data Section 8

Helium Tubes in the Passive Plates Section 9

Inner PF support “Slings”, Section 10
Divertor Heat transfer plates Section 11
Bellows Section 12
PF 4 and 5 Induced Currents Section 13
Centerstack Casing VDE loads Section 14
Casing Cooling Tubes Section 17

4.8 Passive Plates

The passive plates were qualified back in 2012 for the upgrade loads. A few weaknesses were identified.
Mounting hardware was poorly fit and produced sloppy mounts that could rattle during operation. A
monitor and fix later approach was taken . For the recovery project, the as-build configuration was
revisited. Weld deficiencies were identified. Repairs were recommended and planned. The loading on the
plates needed to be re-evaluated and checked again and the possibilities of different loads addressed. The
form of the loading also needed to be updated, because much more detailed structural models of the plates
and their weld details have been used.

The passive plates are not conical sections, but instead are faceted. The CAD model that Andrei uses to
build his model is faceted and to achieve a good transfer of loads the EMAG model must overlay his
geometry precisely. The EMAG models used for most of the component qualifications in earlier analyses
and in this calculation for other components are swept geometries. To build the faceted plates, the precise
geometry of the plates in the detailed solid model was provided and a faceted model was created.

4.9 Helium Tubes in the Passive Plates

4.10 PF support “Slings”,
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The inside radiusis 11.356", the outside radiusis 14.330" is, the side thickness
is .062", the top of the sides are 72.722" from the center plane, and the bottom
of the sides is 53.698" from the center plane. The typical slide total included
swept angle is 30 degrees.

The eight corners points of the cross section on plotted on the X-Y plane are:

11.356, 72.722
11.418, 72.722
14.268, 72.722
14.330, 72.722

11.356, 53.698
11.418, 53.698
14.268, 53.698
14.330, 53.698

PF1a “Sling” Disruption Eddy Current Loads —P1-P4 then Quench

ANSYS|

R15.0|

N Lower Slings Close
to the P4 Quench

Figure 4.10-1 EMAG Model with the Flex or Sling Support Modeled Eddy Currents are Shown
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Figure 4.10-2 Plots of Sling Load Files

In figure 4.10-2, the plots of the load files are shown next to the time specifications for the transient
analysis
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Figure 4.10-3 Force and Moment Sum for One Outer Panel

4.11 Heat Transfer Plate and Inner Divertical Vertical Section Cooling Tubes

The heat transfer plate is intended to provide local heating of the divertor tiles during bake-out to ensure
achieving the required 350 C bake. The heat transfer plate is also used to remove heat during normal

operation.
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Figure"4.171-1 Hot Plate Disruption Currents (The HTP is Mat 32)

For the Halo currents, the poloidal fields are from a sweep of the 96 for a P1 to P4 plasma position. This is
compared with Art's max tile B's and Bdots. The maximum magnitudes were used in a spreadsheet
calculation and they were oriented to produce the largest tensile load on the studs. Art's calculation for the
tile B’s and Bdots is NSTXU-CALC-011-08-00 [17]. The loads on the heat transfer plate are included in
section 11.

Imp,rsvx,22,2e-8 ! Ground Strap and cooling tubes When they were copper
mp,rsvx,22,123e-8 ! Ground Strap and cooling tubes, Now Inconel 625
mp,rsvx,32,123e-8 ! Inconel 625 !  Divertor Hot plate

211089
16329
s la
la
i

Tesla at EQF 1
Tesla at B 71 iiemm—

Arts B’s from the Tile Calculation:
Br=-.62 B
Bz=.84

The plate is electrically, toroidally continuous — or made so by the connections to the casing divertor
flange. Currents are primarily toroidal, although the interior cooling channels are more complex than the
swept geometry shown in the model. . For both the eddy current and halo current loading, the poloidal
fields were taken from a sweep of the 96 EQ and all disruption scenarios by Art Brooks, done for the high
heat flux tiles on the divertor plate. I checked Art's calculation. Art used SPARK that included passive
structure shielding, and | checked it with static field calculations with the plasma at P4. The halo loads
were calculated by hand (spreadsheet) from the halo specs from Stefan. The eddy current EMAG analysis
had a background field from EQ 79 but it basically wasn't used. Induced eddy currents based on P1 to P4
which was found to be the worst for the divertor area. 1 took the current densities - independent from the
static background field and multiplied by the HTP cross sectional area - got a current, then crossed that
with the max poloidal fields to get loads that were then applied to the HTP bolting. The spreadsheet
calculations are in “hot plate disruption loads.xls” in my divertor directory, results from which are shown in
figures 4.11-2 The loads are based on the worst poloidal fields of the 96 and all disruption specs. HTP
eddy currents are worst in time for the P1 to P4 VVDE disruption with 1 millisec quench, 10 millisec drift.

Halo loads are based on a halo fraction of .35 and a peaking factor of 2 from Stefans older halo spec, |
think it might slightly lower now.

NSTX-U Disruption Simulations 9
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EM Eddy Current Loads on Hot Plate Mounting (No Thermal)

7000

5000 \\ A I 1 msec Quench |
el N\

o v \\-—H i Vertical Load (N) Per Bolt, 24 Bolts |

N ~———— Radial Load (N) Per Pin, 6 Pins |
0 T T T T T T T T 1
105.009 105.01 105.011105.012105.013105.014105.015105.016105.017105.018
Radius Ip Hf Peak Share Hot Plate  Num Btor Halo Load Halo Load
in Fact Factor  width Bolts perbolt perbolt
N Ibs
Halo Bolt Load: 19 2.00E+06 3.50E-01 2 0.384615 0.17780036 24 1.936175 7.72E+03 1.74E+03

Vertical Load

1740 Lbs Per
Bolt

RadialHalo

Toroidal Field
Figure 4.11-2 Hot Plate Loads

4.12 Bellows

Loading on the bellows due to eddy currents induced in the bellows is minimal. The Bdots below the .
the toroidal field.

4.13 PF 4 and 5 Induced Currents

A DVVR CHIT (M5-6?) was entered that questioned the possibility of different and additional loads on
PF4 and 5 due to a disruption. The intent of the question was to address the possibility of current changes
incuced in the coils from the plasma motion and quench. Mid plane disruption effects have been
extensively considered in the design point spreadsheet (DPSS) and more rigorously by Woolley,
considering the effects of passive structures [18 ]. In Woolley’s simulation, the current changes are minor
and don’t occur until after the vessel currents have decayed. Woolley did not consider a VDE. The coils
are designed for post disruption currents and loads in the DCPS conservatively derived by ignoring passive
structures. VDE’s are not considered in the DCPS. VDE loads have been a part of qualification of vessel
internal components (tiles, passive plates) during the Upgrade project and were only recently included in
assessments of coil loads. In this assessment, the inner PF coils and OH coils were addressed (SEI-2018
03-18PHT/ABO01) [20] which does not include passive structure shielding and also by A. Brooks including
passive structures.

To address current changes in PF4 and 5, and EMAG run was performed in which the PF4 and 5 coils
were converted to calculated conducting elements rather than prescribed current elements. This analysis
produced opposing currents in the upper and lower pairs of PF4 and PF5. This is physically impossible
because the upper and lower PF4 coils are connected in series and the upper and lower PF5 coils are
connected in series and must have the same current in them. To simulate this accurately , the external series
connection and circuit through the power supplies need to be modeled. As of this writing, this hasn’t been
done and it is less important than the loading imposed by unchanging currents reacting to the plasma shift
from the equatorial plane. These net loads on PF4 and 5 due to the VDE can be bounded by the static field
calculations based on the VDE coil positions. The method is the same as for the inner PF coils discussed in

NSTX-U Disruption Simulations 10
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memo [21], included in the DCPS Check calculation [5] and results are discussed in section 13.0 and the
main loading change is presented below.

Table 13.0-1 VDE Loads for (PF4U+PF5U)+(PF4L+PF5L) Compared with Design Point Spreadsheet
(DPSS) with Plasma

Max Vertical Min Vertical
Upward VDE to P4 (All 96) 0 -261,033
(DPSS 0.0) (DPSS -82,173)
Downward VDE to P4 (All 96) 220,756 -106967
(DPSS 0.0) (DPSS -82,173)
Downward VDE to P5 (all 96) 1774 -81092
EMAG Downward VDE to P5 50000 -20000
(EQ79)

4.14 VDE Loading on the Centerstack

CQuench at P1

Quench at P5
VP Transfer

oo
—
B
” o

Quenchat PS5 EMAG (2016)

]

Peak Stress Peak
Vertical
Load
Osec 002sec 9 MPa [1] ovector
Potential Transfer)
P1 0 001 Not Run
P1-P2 01 001 108 TBD [2]
P1-P4 01 002 Not Run
P1-P4 01 001 ~50 MPa [2]
P1-P5 01 002 8. MPa 8,000 Ibs [1] tvector
Potential Transfer)
P1-P5 01 001 10.8MPa [1] EMAG)

P1-P6 01 001 86 -50,000Lbs [2]
] Quench at P& EMAG

[1] NSTXU-CALC-133-03-01 Rev 0: Feb 102012 Rev 1.
2016

[2] NSTXU-CALC-10-07-0 Global Disruption Simulations
and Lorentz Force Data for Passive Plates, PF support
“Slings”, Bellows, Heat Transfer Plates, TF and OH
Coils.

Dynamic load factors (DLF’s) typically are around 1.0 — No ampllflcatlon and no rellef from static loads

4.15 TF Eddy Current VDE loading

NSTX-U Disruption Simulations 11
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Model Used in TF Eddy Current Assessment
For P1-P5 VDE Disruption Loading

The TF developed eddy currents when the use of OH AC excitation was investigated for the bake out. The
plasma current transients are further away than the OH transients. But still, the 36 eddys in the outer radius of TF
conductors sum to a net toroidal current that crosses with the vertical field of the OH to produce hoop loads and the
radial fields of the OH and plasma to produce vertical loads.

TF Eddy Currents
duringa 2MA VDE 10
msec drift and 1 msec
quench

= :
———— Before Transient

il

EZWE B

Load Step 10 Early in Quench

ANSYS
wsn

I H
b i€
[k §
L

ki

Yy
' : 3
_" ‘_ Outer Radius ':'
r Current
h ZMA 105.01025 sec RUMAZ Densities

The net vertical load is 40,000 Ibs on the TF inner leg. This load does not involve the casing and skirt, but does
involve loads on the pedestal and the TF flag extension bolting to the pedestal. A dynamic simulation did not reduce
this. The TF inner leg sees torsion and hoop tension and compressive loads resulting from the toroidal current. The
net toroidal current is about 100KA at the outer radius of the TF or 5% of the Ip- Art estimated this from the areas.

NSTX-U Disruption Simulations 12
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Currents are higher locally. The tensile hoop stress may be a problem. | am still evaluating this. The problem is that
the toroidal TF current crosses with the +/- 7 T field in the OH bore. It potentially can offset the compressive self
wedge pressure in the TF. | started this work to investigate the net vertical load on the OH due to the VDE, but in
this simulation | don't get much load - It may be a consequence of the reaction to the TF toroidal current. This is
going to take more work. OH hoop stress can be effected too. There can be an effect on the start-up but | didn't see
much in my startup simulation, Is the TF toroidal eddy current included in the start-up simulation?

4.16 VDE Loads on the OH and Inner PF Coils

Tile background fields and Bdots have been computed for the VDE cases. We are
catching up with estimates of additional vertical loads on the inner PF coils with the
plasma at the end of a VDE drift phase or P4 position for a downward drift and an
equivalent negated position for an upward drift. So far we have only investigated the
vertical loading. Max Loads on PFlaU, PF1bU&L,PF1cU&L are about 50% higher
than nominal based on a static field calculation, mitigated by the vessel shielding .
PFlaL remains about the same. This is a consequence of EQ 51 not being up-down
symmetric with respect to PFla currents. The increased loads will have an impact on
the polar region design. Net loads on the OH and Centerstack components will
change. Radial load effects also need to be included — especially if there is a hoop
stress effect on the OH. The inner PFs have a large margin in hoop stress but the extra m
vertical loads will challenge the slings and polar region flanges and bolting. As the
plasma approaches the divertor the inner PF coils that have currents in the same
direction as the plasma are being attracted to the plasma, coils with reversed currents
will be repulsed. The vessel shields the coils, but the slow drift and Inconel 625
structures reduce the shielding effect. Art ran a disruption simulation with EQ 16, and
the 10ms drift adds 122 kN  to the loads. Based on a static field analysis the
difference for EQ16, is 61850N (VDE Down) — (-214999) N =276849N So for EQ

Influence Coefficient Model
for VDE to P4 Down

16 the static field prediction is about twice the prediction from an electromagnetic
transient simulation. Only one transient simulation has been done but all the EQ’s can be evaluated for static field
effects with updates of the influence coefficients. The vertical load influence coefficient corrections for VDE Up and
Down are included in the memo SEI-2018 03-18PHT/ABO1

PFla Coil and Bus
P4 VDE Up Plasma Position

Figure 4.16-1 Loading of PF1aU leads due to and Upward VDE

4.17 Casing Cooling tubes

NSTX-U Disruption Simulations 13
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One of the major failures in the Upgrade project was the near failure of the copper cooling tubes on the
inboard vertical divertor section of the centerstack casing. These picked up induced currents from start up
and disruptions. This loaded the tubes significantly and the consequences of the loading on the copper tube
was assessed in calculation _ Ref . Section 17. Addresses the electromagnetic loads onreplacement
Inconel cooling tubes which have much lower EM loads that the copper tubes they replace.

4.18 CDR Non Circular Coil Design

Figure 4.0-4 Model of the NCC Mounted on the Primary Passive Plate

The model shown in figure 4.0-4 is used in multiple analyses, including normal load stress analysis, modal
analysis (below) disruption eddy current, thermal and normal operating Lorentz and thermal stresses.

5.0 Digital Coil Protection System, and Non DCPS Instrumentation

There is no input to the DCPS planned for disruption loading of components or for thermal response of
components caused by plasma heat loads. Disruption loads on the passive plates with the added NCC coils
will be monitored with the passive plate accelerometers. In order to keep the passive plate loads within the
originally qualified attachment bolt capacity, accelerations should be maintained below those qualified for
the Upgrade passive plate loads, corrected for the added mass of the NCC and new tiles.

6.0 Design Input
6.1 Requirements and Acceptance Criteria

6.1.1 Requirements
Requirements for the NCC coils and related alterations of the passive plates are found in the Systems
Requirement Document [1]. Some of the contents of the requirements document are repeated here.

Table 5.2.3-1 from ref [1] NCC Coil Operational Modes
The number of full thermal ratcheted thermal cycles will be based on an estimated 20 full power pulses per
day. Or 20,000/20 =1000 cycles.

6.1.2 Criteria

Stress Criteria are found in the NSTX Structural Criteria Document. Disruption and thermal specifications
are outlined in the GRD -Ref [7] and are discussed in more detail in section 6.5. Cyclic requirements for
the NCC Caoils shall be 20,000 full power operating pulses.

The NSTX CSU is design to meet the NSTX Structural Design Criteria. However the existing criteria is
silent on brittle materials. A revision to the criteria has been proposed specifically to address graphite tiles:

“This section describes the design criteria for carbon and carbon fiber composite (CFC) tiles. For static
stresses, the design allowable stress of critical components (as defined by the GRD) shall be limited to 1/2
of the ultimate tensile and compressive stresses at temperature. Note that these materials generally have
much lower tensile limits than compressive limits. This must be taken into consideration when defining
allowable stresses. Non-critical components (as defined by the GRD) shall be limited to 3/4 of the ultimate
tensile and compressive stresses at temperature. There shall be no relief for secondary stresses.

For other potentially brittle materials (e.g., ceramics), with an established lack of ductility, for static
stresses, the design allowable stress shall be limited to 1/3 of the ultimate tensile and compressive stresses
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at temperature. These materials also generally have much lower tensile limits than compressive limits
which must be taken into consideration when defining allowable stresses. There shall be no relief for
secondary stresses.”

6.2 References

[1] NSTX Upgrade DISRUPTION ANALYSIS OF PASSIVE PLATES, ONsTX—
VACUUM VESSEL AND COMPONENTS NSTXU-CALC-12-01-01 i 4\:\322;?:1:%1\1 o
Rev 2 February, 2012 , P. Titus, and Yuhu Zhai O VEESEL ANG CONGORERS
[2] NSTX-U Design Point Spreadsheet, NSTXU-CALC-10-03-00 C.
Neumeyer, http://w3.pppl.gov/~neumeyer/NSTX CSU/Design_Point.html
Recovery DPSS:
https://sites.google.com/pppl.gov/systemengineering/design-point-
spreadsheet?authuser=0
[3] Disruption specification J. Menard spreadsheet:
disruption_scenario_currents v2.xls, July 2010. NSTX Project
correspondence, input to Reference [1]
[4] "Characterization of the Plasma Current quench during Disruptions in
the National Spherical Torus Experiment" S.P. Gerhardt, J.E. Menard and
the NSTX Team Princeton Plasma Physics Laboratory, Plainsboro, NJ,
USA Nucl. Fusion 49 (2009) 025005 (12pp) doi:10.1088/0029- T
5515/49/2/025005 e

NSTXU-CALC-12-01-01

[5] “DCPS Check Calculations” NSTXU-CALC-13-07-00 P. Titus

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

[7] Recovery Project Update of the GRD, NSTX-U-RQMT-GRD-001-00, Dec 1 2017, Stefan Gerhardt,
Superseding NSTX Upgrade General Requirements Document, NSTX_CSU-RQMTS-GRD Revision 0, C.
Neumeyer, March 30, 2009,

[8] Inductive and Resistive Halo Current s in the NSTX Centerstack, A.Brooks, Calc # NSTX-103-05-00
[9] OPERA 2D Disruption Analyses, R. Hatcher, NSTX upgrade calculation #NSTXU-CALC- NSTXU-
CALC-12-03-00

[10] Inner PF Coils (1a, 1b & 1c), Center Stack Upgrade NSTXU-CALC-133-01-02 May, 2014 Rev 2 by
Len Myatt. Rev 2 by A Zolfaghari and A Brooks

[11] NSTXU Disruption Analysis Requirements NSTXU RQMT RD-003-00

@D National Spherical Torus eXperiment Upgrade

NSTX-U Disruption Analysis Requirements

NSTX-U-RQMT-RD-003-00

Prepared By: Stefan Gerhardt, Systems Integration

Petar # 72ea

Reviewed By: Pete Titus, Integrated Design and Analysis

Approved By: Charles Neumeyer, Project Engineer

NSTX-U Disruption Simulations 15


http://nstx-upgrade.pppl.gov/Engineering/Calculations/1_Torus_Systems/General_Torus_Systems/CALC-10-03/NSTXU-CALC-10-03-00_Signed-1.pdf
http://w3.pppl.gov/~neumeyer/NSTX_CSU/Design_Point.html

QDNSTX—

[12] Modeling of the Toroidal Asymmetry of Poloidal Halo Currents in Conducting Structures

N. Pomphrey, J.M. Bialek_, W. Park Princeton Plasma Physics Laboratory,

[13] “OH Stress and Segmented OH Influence Coefficients for the DCPS” P. Titus NSTXU-CALC-133-
14-00

[14] ITER material properties handbook, ITER document No. G 74 MA 15, file code: ITER-AK02-22401.
[15] OH Grounding Strap and Centerstack Casing Copper Cooling Tube Evaluations NSTXU-CALC-133-
20-0 Date October 28 2016

NSTX Upgrade

[16] Centerstack Casing and Lower Skirt Stress Summary, Revl NSTXU-CALC-133-03-01, Rev 0: Feb
10 2012 P. Titus Rev 1, 2016

[17] Tile B’s and Bdots , NSTXU-CALC-011-08-00. A. Brooks September 2018

[18] DIGITAL COIL PROTECTION SYSTEM (DCPS) ALGORITHMS FOR THE NSTX
ENTERSTACK UPGRADE R. D. Woolley, P. H. Titus, c.L. Neumeyer, R. E. Hatcher, 2011 IEEE/NPSS
24th Symposium on Fusion Engineering, Chicago Illinois

[19] VDE PLASMA POSITION ADDITIONAL LOADS ON OH AND INNER PF COILS SEI-2018 03-
18PHT/AB01 Memo from P. Titus

[20] Email from Stefan Gerhart

>> > 2) | suspect that the toroidal symmetry should be fairly good...better

>> > than

>> > the symmetry (or lack thereof) for the halo current entrance points. |

>> > think

>> > that a peaking factor of 1.5 could be assumed for a first analysis

>> > (max/average = 1.5). If this poses a problem, please let me know and we
can revisit. Note that there are no measurements of this peaking, so it will

be a guess no matter what.

>> >

[21] MEMO TO: STEFAN GERHARDT JON MENARD,CHARLES NEUMEYER, FROM: PETER
TITUS, ART BROOKS SUBJECT: VDE PLASMA POSITION ADDITIONAL LOADS ON OH AND
INNER PF COILS SEI-2018 03-18PHT/ABO1

[22] OH-PFla/b Magnetic Stability NSTXU-CALC-133-11-00 Rev 0 P. Titus, Checked by A. Zolfaghari,
March 2 2010

[23] "Molybdenum™ Metallwerk Plansee GhmbH A-6600 Reuttee, http://www.plansee.com/english/

[26] Non-Axisymmetric Control Coils (NCC) Systems Design Requirements, NSTX-SRD-13-215 P. Titus
et.al, Project Engineer N. Atnafu

[27] Systems Requirements Document for the Non-Axisymmetric Control Coils Design Analysis and
Construction Including Switching Junction Box, WP #2027

[29] NSTX Disruption Simulations of Detailed Divertor and Passive Plate Models by Vector Potential
Transfer from OPERA Global Analysis Results P. H. Titus, S. Avasaralla, A.Brooks, R. Hatcher 2010 SOFT
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6.4 Drawing Excerpts and Photos

6.4 Materials Properties

IDefault Settings for Stainless Steel Components
*do,imat,1,100

mp,dens,imat,8950

mp,murx,imat,1.0

mp,rsvx,imat,74e-8  !Generic Stainless Steel
mp,c,imat,100

*enddo
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6.4.1 Copper Allowable

! CuCrZr Passive Plates
mp,rsvx,7,.85*2.443e-8 ! @400K

I TF Joint Strap

mp,rsvx,2,2e-8

6.4.1.2 Copper Fatigue Allowable

I Cryo Pump

mp,rsvx,55,60e-8 !Cryo Pump !SST at 80K
mp,rsvx,57,123e-8 !Cryo Pump Helium Tube Inconel 625 at 4K
I BES Aluminum Cylinder

mp,rsvx,21,2.65e-8 ! Aluminum

I Graphite Tiles

mp,rsvx,30,117e-7 ! ATJ at 300C Set the same as graphite
mp,dens,30,1760

mp,rsvx,8,123e-8 ! Inconel 625 !  Centerstack Casing
Imp,rsvx,22,2e-8 ! Ground Strap and cooling tubes When they were copper
mp,rsvx,22,123e-8 ! Ground Strap and cooling tubes
mp,rsvx,32,123e-8 ! Inconel 625 !  Divertor Hot plate

6.4.2 Magnesium Oxide Insulation Properties

At this generation of the design (June 2014). Molybdenum is not being used, but in anticipation of the
possibility of the stainless steel shield being switched out for molybdenum, the Molybdenum properties are
retained here.

Molybdenum Properties

0.34
0.32
Q.30
0.28
0.28
0.24
0.22
0.20
0.18
0.18 T i T i —
0.14
012
0.10
Q

Bpecific heat [Jrig«K])]

200 400 600 800 1000 1200 1400 1800
Temperature [*C]

138 W/(m K) at room temp, about 100 at 1000C
Properties of TZM
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Elongation : <20 %
Modulus of Elasticity : 320 GPa
Tensile Strength : 560 - 1150 MPa (81 ksi to 167 ksi)

6.6 Design Currents and Max Fields
6.6.1 Normal Operating Fields at the Passive Plates

ANSTX—

011{ PE‘lAH Pgth Pé‘lcU PL572U PE‘SU PE‘MJ PLSTSU
79— 24 0000 6. 8200 .onoo .oooo - &.1100 LT 0000 - 331948
B0 .0ooo 8.4313 0000 0000 1.8735 2.5310 0000 - 32.7086
81 13.0237 9.2903 .0ooo .0ooo 6.1842 3.5571 0000 - 32,4390
el 10 11 12 13 14
PF14L PF1bL PFlcl PF2L PF3L PF4L PFSL ip
f.8199 .o0oon 0000 - 61100 G054 0000 — 331948 2000.0000 1300000
8. 4313 .ooon 0000 1.8735 2 5310 .0o0n — 32 7086 2000.0000 1300000
_9.2895 . 0000 0000 6.1846  3.5571 0000 — 32.4379 2000.0000 130.0000
Input of EQ 79 in the EMAG Model
ITerminal Current Number of turns  Aream”2  Coil Real Constant
TerCur2= -24 $numturns2= 884 $Area2= .2778247 IOH , 2
TerCur3= 6.2 $numturns3= 64 $Area3= .0333619 IPFlau , 3
TerCurd= 0.0 $numturnsd= 32 $Aread= .00608698 !'PF1bU , 4
TerCur5= 0.0 $numturns5= 20 $Area5= .00818269 IPflcU , 5
TerCur6=-5.555 $numturns6= 28 $Areab= .022127185 IPF2U , 6
TerCur7= .553 $numturns7= 30 $Area7= .02535049 'PF3U , 7
TerCur8= 0.0 $numturns8= 17 $Area8= .014062411 IPF4 ' 8
TerCur9=-30.177 $numturns9= 24 $Area9= .01861829 IPF5 , 9
TerCurl0= .553 $numturns10= 30 $ArealO= .02535049 IPF3L , 10
TerCurl1=-5.555 $numturnsll= 28 $Areall= .022127185 !PF2L , 11
TerCurl2=0 S$numturnsl2= 20 $Areal2= .00818269 !PFlcL , 12 Nominal EQ 79 PFlcL
ITerCurl2=-16.0 $numturns12= 20 $Areal2= .00818269 !'PFlcL , 12 Max Currentin PFlcL
TerCurl3= 0.0 $numturnsi3= 32 $Areal3= .00608698 !'PF1lbL , 13
TerCurld= 6.2 $numturnsld= 64 $Areald= .0333619 IPFlaL , 14
The background fields at the primary passive plate for normal — non-disrupted operation are shown in
figures 6.6.1-1, and 6.6-2. These results come from the DCPS “Simulator” used to check the DCPS
algorithms. Disruption values are also shown in the figures for comparison. The radial field maximum is
NSTX-U Disruption Simulations 18
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Radial Background Fields

Nominal 96 Equilibria
algorithm # 202 Radial Field at lower Primary Passive Plates No Plasna
Haximum Result of Algorithm 202 = 17245091 Tesla at EQF 21
Minimum Result of Algorithm 202 = 4.2123047e-2 Tesla at EQ# 66
Max Limit for Algorithm 202 is .3 Te=sla
Min Limit for Algorithm 202 is - .3 Te=sla

lgorithu# 204  Radial Fisld at lower Primssy Passive Plates Yith Blass
Maxinum Result of Algorithm 204 =- 05840841 Tesla at EQ# 81

Minimum Result of Algorithm 204 =- 18873627 Tesla at EQF &6 T

Hax Limit for Algorithm 204 is 3 Tesla X

Min Limit for Algorithm 204 is -.3 Tesla Some tiles shown removed
Normal Operation VDE Disruption

Fields Computed Here = "

71626
821578

Radial Field at Passive Plates for all 96 EQ

Figure 6.6.1-1 Radial Fields at the Primary Passive Plates, All 96 Equlibria

Radial Field Comparison and Choice of Background Field—EQ 79 is Close to 81

Nominal 96 Equilibria
algorithe & 202 Radial Field at lower Primary Passive Plates Ho Plasma bt= £475498%5
TF current is: 130 ki
Haximum Result of Algorithm 202 = 17336208 Tesla at EQ# 81
Hinimum Result of Algorithm 202 = 4,1938341e-2 Tesla at EQF 66
Max Limit for Algorithm 202 is .3 Tesla
Min Limit for Algorithm 202 is — 3 Tesla
algorithm # 2D4 Radial Field at lower Frimary Passive Plates With Plasma bL=. 64754385
Haximum Result of Algorithm 204 =-3. 6466459e-2 Tesla at EQf 81

6

Hinimum Result of Algorithm 204 =- 1678902 Tesla at EQ# .
Max Limit for Algorithm 204 is 3 Tesla
Hin Limit for Algorithm 204 is - .3 Tesla P'Tltus May2018

Hominal Centered Plasma

PF Only Fields at Lower Primary Passive Plates
Scan of 96 Scenarios

T ol

| Titus Result for EQ81 i -

Auph

Br, T Bz, T

43

W U e L4 e e 15 i& M M M 1@ L4 L6 L8 45 i@
LR e
R, m R, m

Scenario 81 has largest magnitude Br=0.18T and Bz=-0.52T )
(some others are not far behind) A. Brooks API’I| 2018

Figure 6.6.1-2 Radial Fields at the Primary Passive Plates, All 96 Equlibria VDE P5 Plasma Position
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Vertical Field at Passive Plates for all 96 EQ

Nominal 96 Egquilibria
algorithm # 201 Vertical Field at lower Primary Passive Plates Ho Plasma
Hazmimum Result of Algorithm 201 =-.42599493 Tesla at EQ# 66
Hinimum Result of Algorithm 201 =- 57741115 Tesla at EO# 49
Hax Limit for Algorithm 201 is .3 Tesla
Hin Limit for Algorithm 201 is 0 Tesla
algorithm # 203 Vertical Field at lower Primary Paszsiwve Flates With Plasna
Hazimum Result of Algorithm 203 =- 43341506 Tesla at EO# 66
Minimum Result of Algorithm 203 =— 58483128 Tesla at EQ# 49
Haz Limit for Algorithm 203 is .3 Tesla
Hin Limit for Algorithm 203 i= - 3 Tesla

e\ N I‘-"._‘ P K—i\ [
= _J /ﬁ o o
/ [f’. - —
/ _ '

~

Vertical Field Comparison

Hominal Y96 Egquilibria
algorithm # 201 Vertical Field at lower Primary Passive Flates Ho Pla=sma bt=. 64754985
TF current i=: 130 ki
Hazimum Result of Algorithm 201 =- 4235894 Te=la at EO# 66 .
Minimun Result of Algovithm 201 =- 57317479 Tesla at EQ# 49 P.Titus May 2018
Haz Limit for Algorithm 201 i= .3 Te=sla
Min Limit for Algorithm 201 i= 0 Tesla
algorithm # 203 Vertical Field at lower Primary Passiwve FPlates With Plasma bt=. 64754985
Hazimum Result of Algorithm 203 =— 43148201 Te=la at EQ# AR
Hinimum Result of Algorithm 203 =— 58706741 Tesla at EQ# 49 79 d 81
Mam Linit for Algorithm 203 is .3 Tesla an
Min Limit for Algorithm 203 iz —.3 Te=zla

Hominal Centered Plasna 49

PF Only Fields at Lower Primary Passive Plates
Scan of 96 Scenarios

EQ 49 might be a better

_ T l | choice butthere onlyasmall
N ol 1| | : difference, and Art found 81
A ! bl limiting— | stayed with 79

Poio P A B TR
A A i
A ' ' [ T
AT I I O N R o L
it . LA s N i
CoLo S | A
] RN
o : !
.ﬁj W M @ LM 1§ 18 1§ 1® LB 14 L@ LM L8 Le 15 1@
P p— R, m - R m

Scenario 81 has largest magnitude Br=0.18T and Bz=-0.52T A. Brooks Aprll 2018

(some others are not far behind)
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Figure 6.6.1-2 Vertical Fields at the Primary Passive Plate for All 96 Equilibria]
6.6.2 Normal Operating Fields at the NCC Terminals

6.6.2 Fields at the Passive Plates/ NCC During a Disruptions

| VDE then Quench Time=105.0105 |

TIME-105.011 ) bl STEP-10

BX (AG) sUB =10
RSYS-0 f  TIME=105.011
EY (BVGE)
SYS=0

SMT =, 5639
SMK -.5% 5

E =.792749
SMH =.961887

=.792749

-.5977439
—.40283
-.20787

-.012911
.182049

L[NNI

821578

1961887

Bydot=-.138/5e-4=-276T/sec

HNSYS 15.0
3 4 2016

NECONDENN 257

1046801
1081451

NSTX VDE Disruption Bxdot Fun 14 time 105.0105 del time 5.E-04

NSTX VOE Disrupticn Bydot Run 14 time 105.0105 del time 5.E-04

Figure 6.6-3 Background fields and Bdots

Note that the background fields at the passive plates in the disruption simulation are higher than the normal
operating 96 EQ fields in figures 6.6.1-1, and 2

6.7 Self Fields and Forces

Figure 6.7-2 Self Field Loads Coherent Current (Above) and Reversed Current (Below

Self loads are plotted in figure 6.6-2. Effects of background fields has been removed. The effects of
coherent and reversed coil currents are compared The peak field is .115T in both cases. Only three coils are
modeled. The coil in the center is loaded in a representative manner to the full array of 24 coils arrayed
above and below the equatorial plane around the machine. The immediate neighboring coils will have the
most effect on the coil loads. In the figure, the left-right asymmetry in loads in the lower plot shows the
effects of reversing currents in the neighboring coils. The asymmetry produces a net lateral load on the
center coil of 12 Newtons or 2.7 Ibs. This can be neglected in subsequent calculations. Interactions with the
background field are by far more significant.

6.7 Disruption Loads, Field Transients (Bdot’s) and Halo Currents
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Han - B dots (T/s)

1.80 3142.68
-
——
1.60 _H
1.40 f 2751.94
1.20
1.00 -
2361.20
0.80
0.60
_.0.40 1970.46
=)
=
E 0.20
é 0.00 1 Radial Position [(m) 1579.72
= 0.00 I oso 1.00 1.50 2.00
Zo20
2 |
-0.40 1188.98
-0.60
-0.80
798.24
-1.00
1.20 ‘.I -r_f
140 L -~ 407.50
[
-1.60 L1 f-
-1.80 16.75

Figure 6.7-1 Bdots plotted around the vessel

Halo currents have not been postulated for the Primary Passive Plate. The behavior of the Upgrade
configuration may behave differently and future operations might experience halo currents in the case.
NSTX operation did experience halo currents crossing the CHI gap, so it is conceivable that halo loading
might be a concern for the PF1c case, in the future. The requirements for disruption analysis are outlined in
the NSTX Upgrade General Requirements Document [7]. The latest (August 2010) disruption specification
were provided by Jon Menard as a spreadsheet: disruption_scenario_currents_v2.xIs.[3] This reference
includes a suggested time phasing of the inductively driven currents and the halo currents. A disruption
analysis of the pro

Scenario 14:
Vertical drift to inboard, medium quench, halo

25 —&— Initial position Ip
2.0 = Final position Ip
g Halo current
=
=15
[=
£ \/
310 /\
) / \
0.0 i ._,_\,,7

0 0.005 0.01 0.015
Time [s]

Figure 6.7-1Time phasing of the plasma current changes that induce currents in the vessel and vessel
components, and the halo currents. From J. Menard

Criteria from the GRD[7]:

Current and field directions (referring to Figure 2.2-2) shall be as follows: “1Plasma current Ip into the page
(counter-clockwise in the toroidal direction, viewed from above) Halo current exits plasma and enters the
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structure at the entry point, exits the structure and re-enters the plasma at the exit point (counter-clockwise
poloidal current, in the view of the figure) Toroidal field into the page (clockwise in the toroidal direction,
viewed from above)

| VDE then Quench Time=105.0105 |

SUB =10
TIME~105.011
BX (ave)

TIME=105.011
BY (AVG)

RS

SMN =-.792749
SMX =.961887
-.792749
-.597789
-.40283
-.20787
-.012911

.961887

i« | Bydot=-138/5e-4=-276T/sec

ANSYS 15.0
4 2016
03:58

NO. 24
NCOAL SCLOTION
STEP=-9999
BY (AVG)
RSYS=0
SMN =-.389756
SMX ~.3§4627

=

SYS=0
N =.230397
=.081451

RUOONOONN 22

[ JIIMAL [ [

1280833
1364657

NSTX VDE Disruption Bxdot Run 14 time 105.0105 del time 5.E-04

NSTX VDE Disruption Bydot Run 14 time 105.0105 del time 5.E-04

7.0 Models

The primary model used in this calculation is a 3D, 30 degree cyclic symmetry series of models , One of
which is shown in figure 7.0-1. These are swept from 2D meshes, one of which is shown in Figures 7.0-2.
Modifications are made to the 2D mesh to tailor the analysis to a specific component. Figure 7.0-1 is the
model used to evaluate the Non-Circular Coils (NCC) that were to be mounted on the passive plates. The
NCC enhancement to NSTXU been put off indefinitely.

Structural evaluations, both static and transient, are performed on subsets of the EMAG analysis. Loads
are transferred to the structural models via LDREAD commands. Node numbering and element definitions
are identical in the EMAG model and the selected elements in the structural models. When “Cloud” force
density data is required for more detailed structural models using WORKBENCH, the FLIST command is
used in the EMAG postprocessor to save load files in nodal forces. The ELIST and NLIST commands are
used to list out the node coordinates and element definition. An external program (Written in TRUE
BASIC) is used to convert the nodal data to coordinates and force densities.
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NCC Modeled
as Copper
Strips

Boundary
Elements
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Figure 7.0-1 Global EMAG Disruption Model with Simplified Modeling of NCC
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Vertical Displacement Event (VDE) Disruption Adds a Variety of Loads that Must be Addressedin the
Designand Analysis of NSTXU

VDE drift and quench drives
currents in the casing off the
equatorial plane which
produces vertical loads from
the interaction with the
mainly up-down symmetric PF
fields

TF Eddys due to the quench
interact with Poloidal Fields and
produce net vertical loads on
the TF

o

OH Hoop
| stress and
net
vertical
loads also
vary
during
drift and

VDE Position adds loads to (Mainly)
the inner PF coils — Attractive loads
add to the “sling” loads, Repulsive in
the upper VDE and coils adds to the
tensile loads on the lower casing
support structures

VDE plasma position
couples strongly with
the passive plates

Final Close-Out Weld

L

]

/ il

PFlcL
Case/Mandrel
Quter Shell

/

Figure 7.0-2 2D model used for the Swept Mesh
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IPlasmal Real 61,62
IPlasma2 Real 62,63
IPlasma3 Real 64
IPlasma 4 Real 65,67
Iplasma5 Real 66
Iplasma &6 Real 68

P1 to P5 VDE

type,2
mat,90
real,66
esel,real,66
emodif,all
real,67
esel,real,67
emodif,all
real,61
esel,real, 61
emodif,all
real,62
esel,real,62
emodif,all

plarea=.962278
p2area=.25051
p3area= 1
pdarea=.2494
pSarea=.2498
P6 area=

IPlasma 1l Real61, 62
IPlasma 2 Real 62,63
IPlasma3 Real 64
IPlasma4 Real 65, 67
Iplasma5 Real 66,67
IPlasma 6 Real 68

NSTX-U Disruption Simulations
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P1to P4 VDE

1

t

Real 66 Area =1.94684

Real 67 Area=.0548

P5=.2498
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7.1 Run Log and Files

*.mod Directory
Start01.txt 12/07/2015 09:00 AM D:\nstx\csu\emag
Start02.txt 10/24/2016 02:08 PM D:\nstx\csu\emag
Start03.txt 03/23/2017 04:25 PM D:\nstx\csu\emag
Start04.txt 04/28/2017 10:29 AM D:\nstx\csu\emag
Start05.txt ebau 05/24/2017 10:47 AM D:\nstx\csu\emag
Start06.txt nocr 11/26/2017 02:02 PM D:\nstx\csu\emag
*.mod Directory
moly01.txt 10/31/2014 08:26 AM D:\nstx\csu\emag
moly02.txt 12/03/2014 05:41 PM D:\nstx\csu\emag
moly03.txt 03/05/2015 04:05 PM D:\nstx\csu\emag
moly04.txt 05/18/2015 07:03 AM D:\nstx\csu\emag
moly07.txt 05/18/2015 04:40 PM D:\nstx\csu\emag
moly08.txt 05/20/2015 05:07 PM D:\nstx\csu\emag
moly09.txt 05/20/2015 11:07 PM D:\nstx\csu\emag
moly10.txt 06/18/2015 09:07 AM D:\nstx\csu\emag
moly11.txt 06/18/2015 04:56 PM D:\nstx\csu\emag
moly12.txt 07/02/2015 01:46 PM D:\nstx\csu\emag
moly13.txt 12/04/2015 03:41 PM D:\nstx\csu\emag
moly14.txt 02/22/2017 03:03 PM D:\nstx\csu\emag
moly15.txt 07/17/2017 12:19 PM D:\nstx\csu\emag
moly16.txt 03/09/2017 09:14 AM D:\nstx\csu\emag
moly17.txt 10/13/2017 12:06 PM D:\nstx\csu\emag
moly18.txt 02/12/2018 10:02 PM D:\nstx\csu\emag
moly19.txt 03/05/2018 03:00 PM D:\nstx\csu\emag
Moly20Q1.txt F:\nstx\csu\emag\sling
tube.txt 10/25/2016 04:00 PM 180
tube01.txt 10/25/2016 09:58 PM 452
tube02.txt 10/26/2016 11:19 AM 1 510
2D Model Files Used to Generate the 3D Models
ebaj .dat Cryodivertor
ebak .dat cryo divertor with baffle
ebaq .dat incomplete adding divertor tubes
Ebar.dat

7.2 EMAG Disruption Models

The recovery project includes repairs to the passive plates and investigations of disruption loads on a
number of new designs used in the new polar region configuration. A more precise treatment of the loading
on the passive plates is needed beyond the one filed in 2012 [1]. Repairs of the poorly fitting support bolts
and clevises. Disruption loads on sensitive polar region components like the coil support slings are needed.
Time dependent disruption loads that can be applied to more complicated models of the casing and support
hardware are also needed. Simple disruption electromagnetic models are needed to generate loads for the
more detailed structural models.
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In the future, the configuration of NSTX-U will evolve as enhancements to the upgrade are investigated.
The global disruption analysis is based on an earlier machine cross section but with upgrades representing
the NCC coils and cryo divertor. This model has reasonably accurate representation of the passive plates.
To allow a meaningful assessment of the stresses in the details of the NCC, an approximate sub-
structuring procedure is used along with extracting the NCC coil loads and behavior directly from the
global EMAG model.. The transient solution of the VDE disruption is used as a source of B’s and Bdots to
impose on the detailed vessel model. Vector potential boundary conditions are imposed in a transient
electromagnetic model.

The NSTX-U disruption analysis used for the NCC assessment is a VDE with drift then a current quench
based on NSTX-U disruption parameters [1] of At this time only the VDE has been simulated, as this case
includes a quench in front of the primary passive plate. This was chosen because it potentially applied large
net loads on the structures and local loads on the NCC. The assumed disruption specifications taken from
[1]data are 10 millisec for the drift and 1 and 2 millisec for the quench.

The modeling of NSTX-U components in this simulation of the VDE is very simple but it provides a basis
for quantifying the B’s and Bdots experienced by the NCC during the disruption. These could be mapped
to the detailed model of the vessel via imposed vector potential boundary conditions. This has been done
for NSTX U and for the C-Mod advanced divertor project, but requires some effort to build the data tables
for the full region of the vessel and all the time steps. A simplification is to impose the vertical B dot as
enveloped for the vessel and also impose the appropriate vector potential distribution to get the toroidal
field. The procedure maps the background vertical field, and the background toroidal field with currents in
the vessel driven by the change in vertical field. This is a an approximation, The accuracy of this approach
was tested in the analysis of the passive plates. And thisa analysis will be used as a benchmark for
corrections in the vector potential imposition analysis.

NCC Modeled
as Copper
Strips

Boundary
Elements

Probably ebag.dat? |t

Figure 7.2-2 ANSYS Electromagnet (Disruption) Model
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!PF Coil Data

Terminal Current Numberofturns  Area m*2 Coil RealConstant
TerCur2= -24 Snumturns2= 884 SArea2= 2778247 IOH , 2

TerCur3d= 6.2 Snumturns3= 64 SArea3= .0333619 IPFlaUu, 3

TerCurd= 0.0 Snumturnsd= 32 SAread= .00608698 !PFlbU , 4

TerCur5= 0.0 Snumturns5= 20 SArea5= .00818269 IPflcU , 5

TerCur6=-5.555 Snumturns6= 28 SArea6= .022127185 IPF2U , 6

TerCur7= .553 Snumturns7?= 30 SArea7= .02535049 IPF3U , 7

TerCur8= 0.0 Snumturns8= 17 SArea8= .014062411 PF4 ' 8

TerCurg=-30.177 Snumturns9= 24 SArea%= .01861829 IPF5 , 9
TerCurl0= .553 Snumturns10= 30 SAreal0= .02535049 IPF3L
TerCurll=-5.555 Snumturnsll= 28 =— 85 IPF2L , 11
TerCurl2= 16.0 & s12= 20 SAreal2= .00818269 IPFlcL , 12
TerCurl3= 0.0 Snumturnsl3= 32 SAreal3= .00608698 !PFlbL , 13

TerCurld= 6.2 Snumturnsld= 64 SAreald= .0333619 IPFlaL , 14
Real 12 =
PFlclL
[REEE|

Figure 7.2-3 ANSYS Electromagnet (Disruption) Model PF Coil Input

Max Current in PFicL

Input of EQ 79
ITerminal Current Number of turns  Aream”2 Coil Real Constant
TerCur2= -24 $numturns2= 884 $Area2= .2778247 IOH |, 2
TerCur3= 6.2 $numturns3= 64 $Area3= .0333619 IPFlau , 3
TerCurd= 0.0 $numturnsd= 32 $Aread= .00608698 !'PF1bU , 4
TerCur5= 0.0 $numturns5= 20 $Areab= .00818269 !PficU , 5
TerCur6=-5.555 $numturns6= 28 $Areab= .022127185 IPF2U , 6
TerCur7= .553 $numturns7= 30 $Area7= .02535049 IPF3U , 7
TerCur8= 0.0 $numturns8= 17 $Area8= .014062411 IPF4 ' 8
TerCur9=-30.177 $numturns9= 24 $Area9= .01861829 'PF5 , 9
TerCurl0= .553 $numturns10= 30 $ArealO= .02535049 !PF3L , 10
TerCurll=-5.555 $numturnsll= 28 $Areall= .022127185 !PF2L , 11 Max Currentin PFlcL
TerCurl2=-16.0 $numturns12= 20 $Areal2= .00818269 !'PFicL , 12
TerCurl3= 0.0 $numturns13= 32 $Areal3= .00608698 !'PF1bL , 13
TerCurl4= 6.2 $numturnsl4= 64 $Areald= .0333619 !'PFlaL , 14
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LOCAL,12,1,0,0,0,0,-90.0,0.0
CSYS,0

esys, 12

[input,facl,mod
[input,fac2,mod

IP1-P4

curd= Ipmax*p%ls%/pdarea
esel,type,2

ersel,real, 65,67,2
bfe,all,js,1,0,curd,0

csys, 12

*do,ipf,2,14

esel,mat,17

ersel,real,ipf

Ibfe,all,js, 1,0, 32740820. ,0

bfe,all,js, 1,0,

tercur%ipf%*1000* numturns%ipf%/area%ipf%,0
*enddo

Input Poloidal Field Coil Currents, Showing Proper Theta Direction of the Currents
Nominal PF and Ip Current Density

STEP=2
SUB =10
TIME=.1
JT

0
8484.97 [
16969.9 #4
25454.9

33939.9 g
42424.8
50909.8 {4
59394.8 4

—
67879.7
76364.7 W 54

BE00RE0NN

Jr
ELEM=2534
MIN=0
MAX=76364.7
: 0
0 B NN Bl 554,97
Ml cc7200 gl | B 6969.9
Bl ;336407 ) B 25154.9
.200E+07 N = 33939.9
B ocEi07 f AN 42424.8
Bl 3348+07 ) 7 C s0909.8
3 . 200E+07 4 C 1 s59394.8
% L467E+07 o E 67879.7
.534E+07 .
— 76364.7

b
.600E+07 @ ‘@ @
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Check of Specified TF Current

STEP=10
SUB =6
TIME=10

I TF Currents

esel,real,40

nelem

f,all,amps,130000/25 ! TFis4
X 4 elements, 5 X 5 nodes

M- . Pl d,all,volt,0.0
.129E+08 ,

% 1 8 : nelem

e esel,real, 41

= nelem

= f,all,amps,-130000/25
.197E+08 F ! L ;

B 207500 nall

B3 217E+0s real, eall

Lall,amps, tfeurfls%/25 [TFis4 X4

Real 40

) d,all,volt,0.0
B relem

APl eselreal 41
)| nelem
f,all,amps,-tfour%ls%/25
nall

eall

Real 41

Calculation of the TF Current

Evaluating equilibria with a large vertical field produces the largest “pulling” force from the induced
quench current. In earlier calculations, EQ 79 was used. A. Brooks recommends EQ 81 with a Br=.18T and
Bz=.52T. EQ 79 has values close to these.

type,2
mat,90
real,66
esel,real,66
emodif,all
real,67
esel,real,67
emodif,all
real,61
esel,real,61
emodif,all
real,62
esel,real,62
emodif,all
real,68
esel,real,68
emodif,all

ICommands needed to input
llocal element coordinate for
limposed currents
LOCAL,12,1,0,0,0,0,-90.0,0.0
CSYS,0

esys,12

I/input,ebaj,mod
/input,ebaz,mod

csys,12  !thisisis needed
linstead of CSYS,5 1 also
Ideleted ifs that relate to
lallowing PF4and5 to freewheel
*do,ipf,2,14

esel,mat,17

ersel,real,ipf

Ibfe,all,js,1,0,0, 32740820.
bfe,all,js,1,0,
tercur%ipf%*1000*numturns%
ipf%/area%ipf%,0

*enddo

NSTX-U Disruption Simulations
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P1to P6 VDE

ANSTX—

P1to P5VDE

type,2 e

mat,90 i

real66,/ .« =\
esel,real,66

real, 67"/ “.
esel,real;G?—i;
emodif,all ! T\
real,61 N i
eselreal 61 ¥
emodif,all
real,62
esel real 62
emodif,all

o1

plarea=
“—| p2area=
p3area=
pdarea= .2494
p5area=.2498
pbBarea=.37451

.962278
.25051
1

IPlasma1 Real 61,62
IPlasma2 Real 62,63
IPlasma3 Real 64
IPlasma4 Real65,67
Iplasma5 Real 66

Iplasma6 Real 68

Real 66 Area =1.94684
Real 67 Area= .0548
P5=.2498

Figure 7.2-Passive Plate Model Features

Figure 7.3-Heat Transfer Plate and Tube Model Features

|

&

HJS

T T

T |

TR T

T
Note the air mesh includes the remnants of the cryo-divertor, but the elements were converted to air. The
divertor cavity remains . It is representing the outboard divertor tile support in this run
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Imp,rsvx,22,2e-8 ! Ground Strap and cooling tubes When they were copper
mp,rsvx,22,123e-8 ! Ground Strap and cooling tubes
mp,rsvx,32,123e-8 ! Inconel 625 !  Divertor Hot plate

Figure 7.3-Polar Region “Sling” Model Features

Gap elements in the double conductor model. — Similar gaps are used to model the interface between the
single round conductor and clamps.

Figure 7.0-2 Model with Cyclic Symmetry Expansion
Figure 7.1-1 July 2014 Model with Added Annular Plate. Crack Tip Elements Added in December 2014

The primary model used in this calculation is a 3D, 360 degree model shown in figure 7.1-3. This was
swept from 2D meshes shown in Figures 7.1-1 and-2..

Figure 7.1-2 Circular Conductor with a Two Turn Layout
Figure 7.1-3 June 27 2014 Model With flex Shell Centering Mechanism
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8.0 Passive Plates

The passive plates were qualified back in 2012 for the higher upgrade loads. A few weaknesses were
identified. Mounting hardware was poorly fit and produced sloppy mounts that could rattle during
operation. A monitor and fix later approach was taken . For the recovery project, the as-build configuration
was revisited. Weld deficiencies were identified. Repairs were recommended and planned. The loading on
the plates needed to be re-evaluated and checked again and the possibilities of different loads addressed.
The form of the loading also needed to be updated, because much more detailed structural models of the
plates and their weld details have been used.

8.1 Faceted Model for Load Transfer to Andrei’s Model

The passive plates are not conical sections, but instead are faceted. The CAD model that Andrei uses to
build his model is faceted and to achieve a good transfer of loads the EMAG model must overlay his
geometry precisely.

Figure 8.1-1 CAD model With Faceted Plates, Input to the Structural Model
The EMAG models used for most of the component qualifications in earlier analyses and in this calculation
for other components are swept geometries. To build the faceted plates, the precise geometry of the plates
in the detailed solid model was provided and a faceted model was created. This was done by a coarse 4
angle sweep to get a 30 degree cyclic symmetry model and then the elements were linearly divided to a fine
enough mesh to provide appropriate precision of the loads being applied to the structural model.
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Faceted
Model of
the Passive
Plates

Boundary
Elements

!"
"

| J

8 o |
[N
]

STEP=17
w 105.011125

505408
B 4spei08
EE 6s7E+08
2 .916E+08
B 355409
~ B3 .137E+09
L .160E+09
Bl | 183E+09
El oeei00

5005008 [T
Bl 4scs+08 B 753E408
B 6575408 B [108E+09
-916E+08 .145E+09 oD
Bl ;5409 Bl 151E+09 :323E408
B 1378409 B .2178+09 .108E409
o l160E+09 3 .253£+09 .145E+09
B 1538409 B . 2g9E+09 .181E+09
Bl o409 Bl 5oc:i00 L217E409

+253E+09
.289E409
+325E+09

New files are at: P:\public\Snap-srv\Titus\NSTX\CSU\PassivePlates\Facet
There are 24 load files. These have corrected PF5 currents - | had converted PF5 to a coil driven by the

EM transients rather than having an imposed current. This eliminated most of the vertical field. Art still
has larger loads in his sweep of the 96. So we will have to reconcile the differences and | will have to pick
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one of his worst and re-run. In the vintage of Yuhu's and my disruption calculations, we were using either
41 or 79. The excel plot below is for the lower primary passive plate with a VDE down and a 1 millisec
quench

Processing Force Density “Cloud” Data for Andrei

Select Only Passive Plates, Then NELEM Elements Current Density ~ Nodal Forces
NLIST

ELIST

PRNSOL,FMAG (Automated in APDL Script)
Save List Files

Read three List files in ANSFORCE4 (True Basic
Program), For Each Element Average the Nodal
Forces, Compute Element Centroid, Divide by the EMAG
element Volume, Print Centroid x,y,z and x,y,z Model

force Density (24 files for 24 Time Points) Mesh is

Not
Identicalto
Andrei’s

8 Layersto
Capture Skin
Effects

Note Faceted Model — Not Swept

Processing the Force Density “Cloud” Data

Vector Potential Transfer
Model

'<:\-

E
A

L7
A
MR

\

WAV

N
e~
(N7

NS

<
%

&

" Loads are the
Largest

Plots of the Nodal Forces for Passive Plates and Backing Structures
Only loads on the passive plates were transferred to Andrei’s model. Results of analyses which included the

backing structures are available from [1] and [29] and these show that the bulk of the loading is on the
copper passive plates vs. the stainless steel structures behind them.
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(Brooks) (Titus) Load Files Transferred to Andrei are
Based on These Lower Primary Passive Plate
Currents from the EMAG Simulation

200000

Current at PPP Lower

200000

150000 | “« P1PS ')EE 150000

S P1-P5
disd ===
100000 B 100000
50000 - b /
- 50000
P — ] /
i :

soooo [ |

< i 104995 105 105.005 10501 105.015 105.02
g = g
3 100000 |- ‘i i ‘i e E -50000
\/' \

-150000 1

-200000

A Pulling Force Depends on

Current after Quench and
300000 - the Vertical Poloidal Field
-325kA -225ka
-350000 | ~250000
o 0.005 on 0015 002 0.025

Times

The difference between A. Brooks results and the P. Titus results is substantial, but in subsequent analyses
to quantify Helium tube loads, Art found a strong dependency on resistance in the plate-vessel toroidal
loop. Since the Helium tubes share in this, the resistance of the vessel-plate loop can change the Helium
tube currents substantially.

. Tube Currentsvs Bracket Resistance
Passive Plate :
1 Range of Measurements 1
Tube Currents ; '
100 | | | Average ofMeasurenfents | 1 Min
from VDE P5
80
7
£
PP1  PP2 =
pPP PS1 PS2
Minl Min2 o
Moutl Mout2
SpP 20 /J’
$51  sS2
! b 00
o ). .
sb M | I sb Resistance, mOhm
OBD DD DM B R |
Primary Passive Plate Currents Vs Bracket Resistance
350
= = [ 0
250
5 200
ity
100
50
]
0 0.2 04 0.6 08 1 12 14 16 18
Resistance, mOhm

Tube Currents and Passive Plate Currents vs. Bracket resistance
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p \emnry

< Lower Pr"imar‘y ' ‘ i < L Lower Secondary E

% 80rpagsive Plates, o d) ] :—x_' 80 Passive Plates C)

T (PPPL) & < (SPPL)

£ 60} X - £ 6of ‘

S r

% 40} - s 401 1

o o

E £

3 20t ] 3 20t ]

E E

E 0 [ 'S A 'S . A A ] E 0 [ )
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

IpD (MA) IPD (MA)

[4] "Characterization of the Plasma Current quench during Disruptions in the National Spherical Torus
Experiment" 5.P. Gerhardt, J.E. Menard and the N5TX Team Princeton Plasma Physics Laboratory,
Plainsboro, NJ, USA Nucl. Fusion 49 (2009) 025005 (12pp) doi:10.1088/0029-5515/49/2/025005

The plot on the upper left shows an upper bound on the toroidal currents of 10%
of Ip, so for a 2MA Ip the toroidal Current would be 200kA for the lower primary
passive plates or 400kA total for the upper and lower plates.

Passive Plate Currents Measured during the NSTX Run Period

Measured passive plate currents during the NSTX run period produced currents enveloped by a 10% limit
with most of the disruptions below this. For a 2MA Ip the passive plate current would be 200,000 amps
For a bracket resistance of between 4 and 6 milliohms, the plate current is about 150 kA — or less than
both the Brooks, and Titus analyses represented in figure __. Loads provided to Andrei for the structural
analysis of the plates and brackets, are based on a toroidal current of 225 kA which will produce a higher
load than for the 150kA predicted for the measured resistances, but is consistent wit the NSTX experience..
Art used my database file and carved out half a primary passive plate with one support (cut at the VV)
and ran a simple dc current model - ground the PP midplane cut and couple the bracket/\VVV cut and apply a
1 amps force. The max voltage then gives the resistance.

.01 mOhm vs
1 mOhm average measurement

NSTX Pl to P4 Then 1 ms Quench 2MA 105.3 sec RUN#18 ‘

Primary Passive Plate Currents Vs Bracket Resistance

350

300

2%

§ 200
150
100
S0

Resistance, nOhm
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Art got a very low resistance from the (Titus) model - .01 mOhm vs 1.0 mOhm average measurement -
which would suggest the PPP currents are very conservative.

P. Titus EMAG Results Using EQ 79 I_

Forces on Lower Passive Plates during a P5 disruption (VDE to PPP)
10000 T ' ' T T I SPARK Results
Note: Forces are in global coordinate system
M Meedel spans 0 1o 30 deg o iseenteredat 15 g ‘ E,how Sh Ifted
/ | T
sopm | [ | ? | | ?ushing and
§ 2ulling
; . [‘m_‘ _—m .«M
“5 ] 0 a0 S0 &0 ] 100 ::-mm
i e o i T =
b — e
3 .
2 oo | | | P,
= e ama
g
8
oncce W
Lower Primary
s Scenario Passive Plate A. Brooks and
pr— P. Titus EMAG
100000 Radial e Agree Pretty
adila 1000
50000 ~ - Well
i 4 500
40000 // 'y ——Seriesl i ~———
20000 ~l—Series? =)
y S0
o T 1 =7
104|995 105 105 1 5.015 -
2 ! =13 [x10%a=2)
-40000 : e T PR T
Vertical lie, o
60000 | A. Brooks EMAG Results Using EQ 79
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Disruption Forces on One Lower Primary Passive Plate
EQ 79

120000

100000
sooon | TITUS

104|905 105 7ol 1 5.015
0000 Vi

in Fy=-17156.7598

Disruption Forceson PPPs P1-P5 Fast

—— Radial

Zhai -1

—

50 Toroids

Forae {kN]

Time (5}

3

Hominal 96 Egquilibria
algorithm & 202 Radial Field at lower Primarv Passive Plates Ho Plasma bt=.64754985
TF current i=s: 130 ki
Haximum Result of Algorithm 202 17336208 Tesla at EQ# 81
Hinimum Result of Algorithm 202 4.1938341e-2 Tesla at EQ# 66
Hax Limit for Algorithm 202 i= .3 Te=sla
Hin Limit for Algorithm 202 i= —-.3 Te=sla
algorithm & 204 Radial Field at lowver Primary Passive Plates With Pla=ma bt= 64754985
Mazimum Result of Algorithm 204 36601142 Te=sla at EQ# 81
Hinimum Fesult of Algorithm 204 23358768 Te=la at EQ# 66

ANSTX—

Hax Limit for Algorithm 204 i= 3 Te=la
Hin Limit for Algorithm 204 i= —.3 Te=la |
Downward Displaced WDE Flasma at PS5 Primary Pas=siwve FPlate /

Fields Here 7
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ANSYS

R15.0

105.01 sec RUN#20 LFACT

JUN 5 2018
09:38:27
NODAL SOLUTION

SUB =100
TIME=105.01

UX (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.003488
SMN =-.468E-03
SMX =.003349
XV =1
w =1
Zv =1
+DIST=1.62611
*XF =.878023
*YF =-.313323
*ZF  =-.403419
Z-BUFFER
-.468E-03
Bl 3450
Bl 351503
Bl .505:-03
B 001229
Bl 001653
002077
CJ .oo02501
B3 002925
1- .003349

Juenc

MA

ANSYS

R15.0

105.01 sec RUN#20 LFACT
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JUN 5 2018
09:39:02
NODAL SOLUTION
STEP=8
SUB =100
TIME=105.01
SINT (AVG)
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.003488
SMN =14591.2
SMX =.178E+09
XV =-1
YV =1
vV =]
+DIST=1.62611
*XF =.878023
*YF  =-.313323
*ZF =-.403419
Z-BUFFER
14591.2
Bl 955408
B 5065408
EE | s595E+08
.793E+08
Bl 9o1E+08
0 .119e+09
L] .139E+09
EE  .159E+09
Bl 955400
1
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9.0 Helium Tube Analysis

EMAG Model
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A.Brooks Tube Model with Simplified PP & VV

/_

,.'J
/ANSYS Model

* Real tube geometry &
route layout used (P1-P5)

* Current on He tubes at the
kA level but w/ uncertainty

* ill-condition in FEA model
(>30% uncertainty — error
bar) - CAD geometry issues

* To update with latest clean
CAD geometry from RU&AK

Need to resolve CAD induced ill-conditioning to
reduce uncertainty in calculations
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A. Brooks Results Summary . i 8
PS1 PS2
Min1 c > Min2
Mout1 Mout2
* Results shows a high resistance .
bracket - that could results from ol o
poor contact - will limit the total
toroidal current thru the Primary Soé-" sD
Passive Plates but drive more L -
currents thru the tubes that short oRe "
them g e =
* The Secondary Passive Plates will Currents, kA, in Lower PPP and Tubes
be similarly effected but to a lesser — Preckel osltarce. mon.
degree PPP 300 310 165
* Manifold currents will also be Zhai 5kA [ PPl 4.8 37 &1
higher though the manifold = R e
connected to the OBD sees less | Titus 1.1kAS | sz 04 04 05
current Zhai2.2 kA ke TR
D 02 02 05
* Resistance Measurements are L""?”l 4 32 | &l
needed to better assess where we ﬂo”fﬂ ;_11 iz i;
are Mout2 21 16 49
DM1 0.4 0.4 0.1
DM2 0.4 0.4 0.1
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Symmetry Expansion of the Loop
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Cross Sectional Area =1.573e-5m"2 A
Total Current = 1.573e-8%,64e8=1006.72 Amps (Time History)
Total Current = 1.573e-8*.73e8=1148.29 Amps (High Contour) |

VALU

(x10%*4)

8000

7200

6400

5600

4800

4000

3200

2400

1e00

800

&

N3THX Pl to P4 Then 1 m= Quench 2ZMA 105.0109%37 asec RUN#4

105

105.006 105.012 105.018 105.024 105.03
105.003 105.009 105.015 105.021 105.027
TIME

NSTX-U Disruption Simulations

APR 18 2018
14:14:36
VECTOR
STEP=17

SUB =20
TIME=105.011
/EXPANDED
aT
ELEM=114393
MIN=.113E+08
MAX=.912E+08

XV =1
W =1
IV =1

*YF =-1.54181
*ZF =—.460772
Z-BUFFER
EDGE
113E+08
[T
Bl coigeos
[
[ Rp——
[ | «SS5TE+08
= «G46E+08
I:I . T3ISE+08
= +B24E+08
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Cross Sectional Area =1.573e-5m~2
&Wxﬁr:ﬂt;?ﬁ;og:,;_gg“ ELEMENTS IS BEING COMPUTED.

CENTROID X,¥.,3=  ©0.7188041 -1 _s8oasT 5_TIOESTEE-14 MOMENTS OF INERTIA
= 1_S3ISSAATE-10 1.5316208E-10 3 _93IS80HIE-I8
AXISYMMETRIC VOL= 7.1047136E-082

Helium Tube Cross Section

36 elements in the cross
2222 section

EMAG Model

2222

.02256
inches

dB/dt Results Behind the Passive Plates

ANSYS| JuL 20 2017
R15.00 12:20:55

NODAL SOLUTION
STEP=9999

< BY (AVG)
RSYS=0

SMN =-.436928

SMX =.515033

zv =1
*DIST=1.75711
*XF =1.29949
*YF =-1.20675
*ZF =-.38772d

| Z-BUFFER Bvert dot
-.01 |-20
Bl _ 05|16
Bl _ 06| 12
B _ o048
7 Bl _ o2 |4
L (=] 0 o
E 002 |4
.004 |8
.006 |12
Bl 0: |16
Tesla/sec

%This argues that the only

Helium Tubes that will
be effected by the
disruptions are those

NSTX 1 to en 2 ms nch 2MA 305.41 sec close to the PP Gaps
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dB/dt Results Behind the Passive Plates

JUL 20 2017
12:15:54

NODAL SOLUTION
STEP=9999

BX (AVG)
RSYS=0

SMN =-.23806
SMX =.613484

v =1
*DIST=1.75711
*XF =1.29949
*YF =-1.20675
*ZF =-.387731

Z-BUFFER [ BRadialdot
-.015 | -30
TR B
B 01| 2
B - o098
B _ 07| s
Bl _ 50510
3 _ o003
C1 _—.1004 2
B .100:]2
Bl 3 |6

\ Tesla/sec

This argues that the only
Helium Tubes that will
be effected by the
disruptions are those
close to the PP Gaps
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10.0 Inner PF “Sling” Eddy Currents,Lorentz Forces and Cloud Data

PFla “Sling” Disruption Eddy Current Loads —P1-P4 then Quench

Lower Slings
Close to the P4
Quench

NSTX Pl to P4 10¢

Figure 10.0-1 Sling Eddy Current Introductory Slide

The inside radiusis 11.356", the outside radius is 14.330" is, the side thickness
is.062", the top of the sides are 72.722" from the center plane, and the bottom
of the sides is 53.698" from the center plane. The typical slide total included
swept angle is 30 degrees.

The eight corners points of the cross section on plotted on the X-Y plane are:

11.356, 72.722
11.418, 72.722
14.268, 72.722
14,330, 72.722

11.356, 53.698
11.418, 53.698
14.268, 53.698
14.330, 53.698

53490

Figure 10.0-2 PF1a Sling Dimensions
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Information

Coordinate System: Giobal Coordinate System v | @ | Show Individual and Summary v
Entity X@n) | YGn) | Z(in) Body TOPOID | PARTID | REFERENCE_ID

4 Vertices, Summary -16.132 71.202 -2.5551

Vertex 1 -15.934 74.187 -3.8063 PF-1B UPPER SLING-3 1 185859 213863
Vertex 2 -16.331 74.187 -1.3039 'PF-1B UPPER SLING-3 3 185859 213864
Vertex 3 -15.934 68.216 -3.8063 ' PF-1B UPPER SLING-3 2 185859 213865

Vertex 4 -16.331 68.216 -1.3039 'PF-1B UPPER SLING-3 4 185859 | 213869

Graphics Annotations  Selection Information

Figure 10.0-3 PFla Sling Outer Panel Coordinates

PN ey T
slection Information

Coordinate System: Global Coordinate System v | <& | Show Individual and Summary ¥
Entity X@n) | Y(n) | Z(in) Body TOPOID | PARTID | REFERENCE_ID

4 Vertices, Summary -14.286 71.201 -2.2627
Vertex 1 -14.446 74.187 -1.2545 PF-1B UPPER SLING-4 1 185857 1213836
Vertex 2 -14,126 74,187 -3.2708 PF-1B UPPER SLING-4 2 185857 1213839
Vertex 3 -14.126 68.216 -3.2708 PF-1B UPPER SLING-4 4 185857 1213840
Vertex 4 -14.446 68.216 -1.2545 PF-1B UPPER SLING-4 3 185857 1213837

Graphics Annotations. Selection Information

Figure 10.0-4 PF1aSling Inner Panel Coordinates
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625 Slings —PFla Restrains Twisting, Peak Stress=149 MPa !

NODAL SOLUTION

STEP=12

SUB =10

TIME=116.3
/EXPANDED
SINT (AVG)
DMX =.001323
SMX =.147E+09

ANSYS

R15.0

MAR 4 2018
14:56:10

_Ee—
0 .327E+08 .653E+08 .980E+08 131E+09
.163E+08 .490E+08 .816E+08 .114E+09 .147E+09
NSTX Pl to P4 Then 1 ms Quench 2MA 105.3 sec RUN#18
625 Slings —PFla Restrains Twisting, Peak Displacement=1.3mm
ANSYS
NODAL SOLUTION R15.0
STEP=12 MAR 4 2018
SUB =10 15:02:48
TIME=116.3
/EXPANDED
UX (AVG)
RSYS=0

DMX =.001323
SMN =-.001246
SMX =.001316

-.677E-03 -.108E-03 -462E-03
-.962E-03 -.392E-03 .177E-03

NSTX Pl to P4 Then 1 ms Quench 2MA 105.3 sec RUN#18

-.001246
.746E-03

.001031

.001316
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] 625 Slings —PF1a Restrains Twisting, Coil Peak Stress=7 MPa | AN§1Y5%
STEP=12 MAR 4 2018
SUB =10 15:12:53
TIME=116.3
/EXPANDED
SINT (AVG)

DMX =.263E-04
SMN =561766
SMX =.706E+07
L —
561766 .201E+07 .345E+07 .489E+07 .634E+07
.128E+07 .273E+07 .417E+07 .561E+07 .706E+07
NSTX Pl to P4 Then 1 ms Quench 2MA 105.3 sec RUN#18

-.154357
-.101369
-.04838
.004€08
.057597
.110585
.163573
.216562
.26955
.322539

Step 14 End of Quench Fields, Current Densities, and Lorentz Forces
10 millisec drift, 1 millisec quench P1-P4 VDE

~1.59373

mm lALe [ | 225796 .012352
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(x10%*3)
2000
Stress Here. Time point

1800 corresponds to load step 12
,116.3 sec

1600

1400

1200

1000

800

600

400

200

102.5 107.5 112.5 117.5 122.5
105 110 115 120

TIME

lin thistable, the ivariable willbe the starting plasma volume

! the pvariablewillbethe end plasmavolume before quench
t1=0.100000 Si1=0le6 Spi=0.0e6

2= 104.90000 5i2=1.0e6 Sp2=0.0001e6 . . .
3= 105.000000 §i3=1.0¢6  $p3=0.0001c5 Lower Sling Loads in Time
t4= 105.0025 $id4=75¢6 Spd=0.25e6

5= 105.0050 §$i5=.5¢6 S$pS=0.5e6

t6= 105.0075 S$i6=.25¢6 Sp6=0.75e6

t7=10501 $i7=0.001 $p7= 1.0e6 IEnd of Drift

t8=105.010125 5i3=0.001 Sp8= 0.875e6

t8= 105.01+quenchtime/8

t9= 105.01025 $i9=0.001 $p9= 0.75e6

t9= 105.01+2*quenchtime/8

t10-105.010325 $i10-0.001 $pl0-= 0.625¢6
+10=105.01+3%quenchtime/8

t11=105.0105 $i11=0.001 Spii=05e6
t11=105.01+4*quenchtime/8

t12=105.010625 $i12=0.001 $pl2=0.375e6
t12=105.01+5*quenchtime/8

t13=105.01075 $i13=001 $pl3=0.25¢6
+13=105 01+6*quenchtime/8
t14=105.01081255i14=001 Spi14=0.18750e6
t14=105.01+7*quenchtime/8

t15=105.010875 $i15=001 $pl5=0.125e6
t15=105.01+8*quenchtime/8
t16=105.01093755i116=.001 $pl6=0.0625¢6
t16=105.01+9*quenchtime,/8 IEnd of Quench

t17=105015 §$i17=001 §$p17=0.001
t18=105.016 §i18=.001
t19=105.017  $i19=.001
t20=105.018 $i20=001 = 0.001,
21=1051  $i21=001 $p21= 0.00T 7 4
t22=1052  $i22=001 $p22= O ’

12321053 $i23=001 S$p23= O.GQLMM 4 = Step 10, 11, 12, 13 14, 15, 16,17

nsubst,20,20,3 @‘ - <
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The files that were sent to Tom Willard were for the 30 degree cyclic symmetry model. My panel is
actually +/- 12.5 degrees - not far from your 20 degree panel. The loads will map onto your 20 degree
model and will "miss" the edges, but the loading should be pretty good for the larger panel.

100

50

105.006 A X 105.012

105.004

-100 ——=#==Seres]

=l S ries2

-150 T ==le=SgTies3

-250

-300

Outer Panel Force per Panel in Machine Global Cartesian System, FX Radial and FY Vertical in Newtons

10

5

ﬂ __. T T 1
1050002 105.004 105.006 105.008 105. 105.012 105.014
-5

=#=Teriesl
== Series2
-10 ———dr—=5eTiesd

-15

PFP1a Outer Panel Moments per panel in Machine Global Cartesian System Moments About the Centroid
of the Outer Panel in Newton-meters

An EXCEL load summary for the lower PFla outer sling panel was provided to Mark. I. If we can show

proper mapping of loads to the outer panel , for the PDR we could assume the mapping is good for all the
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panels. Moments have been calculated at the panel center and the global moments are also included. The
time history has 24 load steps. | haven't given you all of them. If you are doing a time transient you may
want more load files. The simulation is done self consistently in EMAG - no vector potential transfer. a 10
millisec drift, 1 millisec quench P1-P4 VDE is simulated. | am not sure that the load distributions lend
themselves to be applied as a "smeared" force and moment in Workbench. Let me know if you want the
inner panel - the cloud data previously sent has inner and outer panels of the PF1aL sling support

The biggest effect is the vertical currents in the eddy currents in the sling panel crossing the toroidal
field Most of the toroidal currents that would cross the poloidal field occur in the thick end flanges. Itisa
similar situation with the bellows. The load with the toroidal field was 6000 Ibs and the load with toroidal
field and poloidal field was 7000 lbs with eq 79. The problem with the slings and bellows is that they are
very thin and easily stressed by even small eddy currents.

PF1b Slings

The PF1b slings were included in the EMAG model. The 30 degree cyclic symmetry model has one 25
degree PF1la sling and two 11.25 degree PF1b slings. This is assumed from pictures | have seen of the PF1b
slings and is representative of the larger pfla panel in your design. Shown below is a symmetry expansion.
The stresses in the PF1b slings are a small fraction of those experienced by the PFla slings. The reasons are
obvious from the plot. The b panels are much much smaller in both angular extent and height and pick up
much less flux change. Their bending stress is a function of the square of the dimensions and thus is
smaller by a large factor. As long as the width of the PF1b panel is not substantially different than what |
modeled, | think PF1b sling disruption eddy currents can be neglected. | can produce cloud data for PF1b
slings. Rather, | would encourage the PFla sling data be used on your model. -Peter
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ANSYS

R15.0
NSTX Pl to P4 Then 1 ms Quench 2MA X Sec RUN#2
ANSYS| Jun 27 2018
R150 09:12:22
NODAL SOLUTION
STEP-14
SUB =20
TIME=118.3
J/EXPANDED
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PowerGraphics
EFACET=1
AVRES=Mat
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NODAL SOLUTION
STEP=14
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TIME=118.3
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ANSYS 15.0
JUN 27 2018
09:26:206
VECTOR
STEP=14

SUB =20
TIME=105.011
JT
ELEM=33691
MIN=18340.4
MAX=.165E+08

3%
)

=]
=
42}
=
| e
-

=

.369416
.356408
-1.647

.147E+08
.165E+08

BOCORECEN

NSTX Pl to P4 Then 1 ms Quench 2MA 105.01075 sec RUN#2

11.0 Heat Transfer Plates

The heat transfer plate is intended to provide local heating of the divertor tiles during bake-out to ensure
achieving the required 350 C bake. The heat transfer plate is also used to remove heat during normal
operation.

“Hot Plate” Disruption
Eddy Currents

/ Electromagnetic Model

/ Structural Model

Figure 11.0-1 Heat Transfer Plate Models — Solid top left EMAG Top Right, Structural Lower Left, and an
EMAG detail Lower Right

NSTX-U Disruption Simulations 59



ANSTX—

Heat Transfer Plate (HTP) Cyclic
Symmetry Coupling

=

cpdele,all,all
cpcyc,ax,.00001,12,0,30,0
cpcyc,ay,.00001,12,0,30,0
cpcyc,az,.00001,12,0,30,0
nall

eall

-

i smmmmaan

E

Plate with
Symmetry
Expansion

Figure 11.0-2 AX,AY,AZ Coupled Sets

T [

FSSSSS Eavins
o T \

Figure 11.0-3 2D Cross Section of the HTP from the EMAG Model

The plate is electrically, toroidally continuous — or made so by the connections to the casing divertor
flange. Eddy currents are primarily toroidal, although the interior cooling channels are more complex than
the swept geometry shown in the model. . For both the eddy current and halo current loading, the poloidal
fields were taken from a sweep of the 96 EQ and all disruption scenarios by Art Brooks, done for the high
heat flux tiles on the divertor plate. This is compared with Art's max tile B's and Bdots. The maximum
magnitudes were used in a spreadsheet calculation and they were oriented to produce the largest tensile
load on the studs. Art's calculation for the tile B’s and Bdots is NSTXU-CALC-011-08-00 [17]. Art used
SPARK in an analysis that included passive structure shielding, and | checked it with static field
calculations with the plasma at P4. The halo loads were calculated by hand (spreadsheet) from the halo
specs from Stefan. The eddy current EMAG analysis had a background field from EQ 79 but it basically
wasn't used. Induced eddy currents were based on P1 to P4 which was found to be the worst for the divertor
area. | took the current densities - independent from the static background field and multiplied by the HTP
cross sectional area - got a current, then crossed that with the max poloidal fields to get loads that were then
applied to the HTP bolting. The spreadsheet calculations are in “hot plate disruption loads.xIs” in my
divertor directory, results from which are shown in figures 11.0-3 and 4
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A 1 millisecond quench is implemented in the input of the time parameters and the parameters that inpuit
the fractions of current in the P1 position and the P4 positions

t3=105.000000 $i3=1.0e6 $p3=0.0001e6

t4=105.0025 $i4=.75e6 $p4=0.25e6

t5=105.0050 $i5=.5e6 $p5=.5e6

t6=105.0075 $i6=.25e6 $p6=.75e6

t7=105.01  $i7=0.001e6 $p7=1.0e6

t8=105.01025 $i8=0.001e6 $p8=0.75e6

t9=105.0105 $i9=0.001e6 $p9= 0.5e6

t10=105.01075 $i10=.001 $p10=0.25e6

t11=105.011 $i11=.001 $p11=0.001

So the loads are based on the worst poloidal fields of the 96 and all disruption specs. HTP eddy currents are
worst in time for the P1 to P4 VDE disruption with 1 millisec quench, 10 millisec drift.

Halo loads are based on a halo fraction of .35 and a peaking factor of 2 from Stefans older halo spec, |
think it might slghtly lower now. Halo loads have been updated and treated in a calculation by Han Zhang

T - : 7

]
.4B80E+07

L1
[
|
]
)
|
|
|
(|

1 to P4 Then 2 m=s Quench 2MA 105.0025 = RUN#17

Figure 11.0-2 Heat Transfer Plate Current Density
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I
|
1
1
1
!

®y =1
vy o=l
F ! v =3
. DIST=1.84741 —' Toroidal Current in the Hot Plate I
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Figure 11.0-3 Model Details and Toroidal (Absolute) Current Time History

STEP=5
SUB =20
TIME=105.002

STEP=5
SUB =20
TIME=105.002

P1-P5 current P1-P4 current
8000 20000
6000 -+ 15000 +
4000 -+ =4=P1-P5current 10000 —=P1-P4current

5000 -+

[} 20 25 [} 25
2000 -5000 +
-4000 -10000 -
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STEP=18 ’ STEP=15
SUB =20 j 1 SUB =20

TIME=105.015 TIME=105.011

Figure 11.0-4 Toroidal Currents in the Heat Transfer Plate
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EM Eddy Current Loads on Hot Plate Mounting (No Thermal)

7000

\
=\ A
\ A\

\\-—H i Vertical Load (N) Per Bolt, 24 Bolts |

Radial Load (N) Per Pin, 6 Pins |

I 1 msec Quench |

4000

3000

2000

1000 -

[+] T T T T T T T T d
105.009 105.01 105.011105.012105.013105.014105.015105.016105.017105.018

Radius
in

Halo Bolt Load:

Ip Hf

19 2.00E+06 3.50E-01

RadialHalo

Peak
Fact

Share
Factor

Hot Plate
width

2 0.384615 0.17780036

Num
Bolts

Btor

24 1.936175

Vertical Load

Halo Load Halo Load
perbolt perbolt

N Ibs
7.72E+03 1.74E+03

1740 Lbs Per

Bolt

Toroidal Field

Figure 11.0-5 Radial and Vertical Load Time History

Total number of bolts is 96 for 360 degree 12 shear pins for 360 degree - check the peaking factor. Halo
loads have been re-calculated by Dang Cai and Han Zhang , so this section of the calculation is being
retained only for comparison and checking.

Arts B’s from the Tile Calculation:
Br=-.62 B
Bz=.84
N I
. M
1 I {J |
\‘.‘ | {\_J ‘
S \ |
\‘ i |r \
\ ~ VoA on A . —
\ f VAN A AA A o o NAA Ao ,
b { 5‘]\)\5\;\;"- NAA f\f\.-‘\:\f'\ ) /
| ARY VAYAVAVAWAWAYAARVA /
- WAVVVANNVVAANN A~

Figure 11.0-6 Worst Radial and Vertical Field Magnitudes for the HTP. The plot is from a program
developed in [5] and the field values noted “from Art’s Calculation are from [17]
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12.0 Bellows

Loading on the bellows due to eddy currents induced in the bellows is minimal. The Bdots below the
vessel near the bellows are relatively small. Currents induced in the bellows are toroidal and do not cross

with the toroidal field.
Bdot for VDE and Quench at P4

JUL 31 2017
10:26:25
NODAL SOLUTION
STER=9999

ANSYS| v 31 2010
R15.0/

10:24:26
NODAL SOLUTION
STEP=9999

(RVG) (RVG)
RSYS=0 RSYS=0
SMN =-.224612
SMX =.591441 SMX =.515033

f zv =1
*DIST=. 668249
*XP =.53192

*YF =-1.50975

3|
2-BUFI

®

n00oesoeEm
NOOONBONN §434E

Bradial Difference, For Bdot Divide by .0005 Bvertical Difference, For Bdot Divide by .0005
Figure 12.0-1 Field Transients near the Bellows

I ANSYS

R15.0

MAY 15 2018
17:09:27

VECTOR

STEP=9

SUB =20
TIME=105.01
/EXPANDED

JT

ELEM=8448
MIN=493790
MAX=.208E+07

493790 849122 . 120E+07 .156E+07 .19ZE+07
€7145¢€ .103E+07 .13BE+07 .174E4+07 .209E+07

NSTX Pl to P5 Then 1.E-03 Quench 2MA 105.010125 sec RUN#20.1

Figure 12.0-2 Results from This Calculation of Disruption Loading Using a Full EMAG Model
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ANSYS

R15.0

MAY 15 2018
16:56:20

Bellows Loading from
Induced currents due
toa VDE

NODAL SOLUTION

STEP=9

SUB =20
TIME=105.01
/EXPANDED
FMAGSUM  (AVG)
RSYS=0

SMN =.002306
SMX =.080276

L ST
.002306 019632 036959 .054286 .071613
.010969 .028296 045623 062949 .080276

NSTX Pl to P5 Then 1.E-03 Quench 2MA 105.010125 sec RUN#20.1
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TIME

Results from P.Rogoff’s Calculation of Disruption Loading Using the Vector Potential Transfer Approach

Displacements and VonMises stresses MuUAL J0LUTIUR I\N
sTER =7 =B 15 201
From “struct2PR.db” T step=7 e
Input data “StaticO1.txt” DX =.621805

e = zaaresn

Due to the disruption magnetic forces at the lower bellows.
General input data provided by A. Brooks and P. Titus in
ANSYS Prep7 format.

Maximum displacements and stresses are calculated at

S oy o o W

iteration “step = 8”, i.e., stress = 3.37 MPa (about 500. psi), e ——
therefore, adding small increase to the Inconel bellows. : s

Steps #7 and #9 are shown in order to help verify the maximum
load and reaction conditions.

2 s < 2.84 MPa ~_
Conclusion: Stresses due to the magnetic disruption at the ~
lower bellows are insignificant. —

o ca00ra 125iD107 Lsmver teeDer
nsen 45200 154E407 1T 1E4ET

13.0 PF 4 and 5 Induced Currents and VDE Loads

A DVVR CHIT (M5-6?) was entered that questioned the possibility of different and additional loads on
PF4 and 5 due to a disruption. The results of this assessment shows that the currents in PF 4 and 5 canot be
altered by the VDE motion because the up-down paired coils are in series and the induced currents in the
upper coil would be countered by the lower coil. However loading on PF4 and 5 U&L is increased by the
VDE disruption in a manner similar to the effects on the inner PF coils caused by the plasma center shifting
off the equatorial plane[19]. .

The intent of the DVVVR question was to address the possibility of current changes induced in the coils
from the plasma motion and quench. Mid plane disruption effects have been extensively considered in the
design point spreadsheet (DPSS) and more rigorously by Woolley, considering the effects of passive
structures [18 ]. In Woolley’s simulation, the coil current changes are minor and don’t occur until after the
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vessel currents have decayed. Woolley did not consider a VDE. The coils are designed for post disruption
currents and loads in the DCPS conservatively derived by ignoring passive structures. VDE’s are not
considered in the DCPS. VDE loads have been a part of qualification of vessel internal components (tiles,
passive plates) during the Upgrade project and were only recently included in assessments of coil loads.
In this assessment, the inner PF coils and OH coils were addressed (SEI-2018 03-18PHT/ABO1) [20]. An

assessment of the VDE coil loads is done with static field calculations and an exam

considers the passive structure effects

In the first analysis performed to address effects on PF4 and 5, the PF4 and 5
upper and lower coils are modeled as Type 1 solid 97 elements with AX,AY,and
AZ degrees of freedom. The currents in the PF 4 and 5 coils are calculated rather
than being prescribed by a specific equilibria. In order to make the behavior of PF
4 and 5 optional, a macro was created that makes the conversion to Type 1 97
elements. This is implemented with the command *use,PF45Modify (See right).
This analysis produced opposing currents in the upper and lower pairs of PF4 and
PF5. This is physically impossible because the upper and lower PF4 coils are
connected in series and the upper and lower PF5 coils are connected in series and
must have the same current in them. To simulate this accurately , the external
series connection and circuit through the power supplies need to be modeled. As of
this writing, this hasn’t been done in the EMAG simulation, but it is considered in
the DCPS to some degree as a part of the DCPS post disruption current
estimations. It is expected that the primary effect will be loads on the PF4 and 5
coils similar to the effects considered for the inner PF coils. There are net loads on
PF4 and 5 due to the VDE which can be bounded by the static field calculations
based on the VDE coil positions. This is discussed in memo SEI-2018 03-

ple by A. Brooks that

*create,PF45Modify
! This is used to make PF4
and 5 Driven by Disruption
type,1
mat,17
real,8
esel,type,2
ersel,mat,17
ersel,real,8
emodif,all

type,1
mat,17
real,9
esel,type,2
ersel,mat,17
ersel,real,9
emodif,all
eall

nall

*end

18PHT/ABO1, included in the DCPS Check calculation [5] . Loads on PF4 and 5 U&L are also computed
here with the EMAG disruption model with prescribed currents in the coils. This is shown in Figure 13.0-1.
Figure 13.0-2 shows the results of the EMAG model with the PF4 and 5 coils changed to current regions
with the VOLT degree of freedom turned on. The up-down reversal of current is apparent. Because of the
non physical behavior of this, subsequent analyses went back to the prescribed currents in PF4 and 5, based
on EQ 79 to get loading on the coils during the VDE. For EQ 79 only PF5 U&L are energized. This will

serve as a benchmark for the static field calculations performed.

'PF Coil Data

PF and CS Casing Current

Terminal Current Number ofturns  Aream'2 Coil Real Constant
e . TerCur= -24 Snumumns2 884 SAreaZ= 27TE24T  IOH
Densities during the Quench TerCur3= 62 Snumlurns3= 64 SAread= 0333819 PFlal, 3
TerCurd= 0.0 Snumturnsd= 32 SAread= 00608698 'PF1bU |, 4
Phase of the VDE TerCurS= 0.0 SnumturnsS= 20 SAreaS= 00813269 Pficll | §
TerCuré=-5 555 Snumtumsé= 28 SAreag- 022127185 ®F2U’ | 6

(Because of the thin wall of the
casing, densities are large and
dominate the plot)

TerCur7= 553 Snumturns7= 30 SArea7= .02535049 PF3U , 7

TerCurg= 0.0 Snumturnsg= 17 SAread= 014062411 PF4 ° 8

TerCur3=-30177 Snumturns9= 24 SArea9= 01861829 WF5 , 9

TerCuri0= 553 Snumturns10= 30 SAreal0= 02535048 'PF3L , 10

TerCur11=-5.555 Snumturns11= 28 SAreall1= .022127185 PF2ZL , 11 Max Currentin

PFicL

TerCuri2=-16.0 Snumturns12= 20 SAreal2= 00818268 'PFicL , 12
TerCur13= 0.0 Snumturns13= 32 SAreal3= 00808698 PF1bL , 13
TerCuri4= 62 Snumturnsi14= 64 SAreald= 0333619 'PF1al 14
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Figure 13.0-1 PF Coil Current Data (Upper Right), Plot of Input Current (Lower Right)
And Induced Casing Currents (Left)

ANSYS 15.0
>~ ) MAR 9 2017
> s N 09:43:31
™~ ) :43:
™ e N VECTOR
» S STEP=9
N N SUB =10

LE =
§:\ Step 9 TIME=105.01
ey Not physical JT
§I because PF4 6657.08
\: . U&L are wired in | P
o e series [

\., Bl i j0m+08 586699
\., B0 2ssei08 PR4and 5 UL are 876720
\. E -339E+08 modeled as freely | 117E+07
\I = 4@‘;?:35 conducting regions - :

g- O lsoazios .146E+07
Bimet | & c79s408 ] .175E+07
\‘l B jeaee0s ]

M .204E+07
a.‘ L 2338+07
§: B ocomi07

L
k' I Current perfurn Induced during the VDE I 13kA
\I Haoed vs. 16 kA
\:; 1206008 normal Peak
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i
- soosi0s
y 08008
\ Ig
\ - 2006403
“uy, croesos |

Figure 13.0-2 Results of the Analysis in which Currents are Driven in PF 4 and 5 U&L
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PF5U and L are connected in series. They always attract due to their self loads. PF4 U&L
also are in series and always attract to each other. It can get more complicated if PF4 and 5 are
reversed in current or local interactions between upper coil pairs dominate or local
interactions of the coil pairs dominate.

The Plasma and PF5 U&L have opposed currents and there is a repulsive force between them.
When the plasma is at the mid plane, it pushes on PF5 U and L and increases their hoop
stress and decreases the attractive force between the two coils.

The PF4,5,U&L coil group can be thought of as having a current center at the equatorial
plane. Because of the opposed currents, an upward displaced plasma will push the coil group

down and a downward displaced plasma will push the coil group up.  With the EQ 79
background fields, these forces are +/-176,000 lbs on the coil group based on static field _
influence coefficients (shown in figure 13.0-5). With the plasma at the mid-plane, the  col Group
vertical load on the coil group for EQ 79 is ~zero.

Based on the EMAG analysis of a downward VDE with a 10 millisecond drift, based on
EQ79, with the vessel shielding effects, after the drift and before the quench, the net load is
50,000 Ibs . This is shown in Figure 13.0-6. This result is similar to Art Brooks assessment
of the net load on PFla that showed the vessel currents shielded the loading substantially
with respect to the static field loading.

With a mid plane plasma position the maximum magnitude net load on the PF4/5/U/L coil
group is -82,173 Ibs downward for all 96 EQ. This occurs at EQ50 . This load is what the
coil group vessel connections were qualified for. There are 6 PF4/5 coil support brackets
connected to the vessel vs. 12 columns reacting the upper and lower coil attractions. So to | Figure 13.0-4

include the effect of the VDE we need to add 50,000 Ibs to this.

For Coil Number 7 PF4U Hultiplier 1
PFEU Multiplier: 1
PF4L Hultiplier 1
PFSL Multiplier 1
Res = 967573.98 Newton-Radian

6079460.9 NHewton per Coil Gropup 1366662.8 Lb-Coil Group at EQ 79
gr Coil Group 0 Lbs/Coil Group at EQ 0
71 Newton per Coil Group 220756.01 Lb-Coil Group at EQ 31

Y tical E 34 NHewton per Coil Group -106967.56 Lb-Coil Group at EQ 21
Fr in Hewton-<Radian
Fv in Hewton-Radian
red plots are no plasma values
Enter the EQ number for specific Forces
? 79
Radial forece (Full Coil Group)for EQ 79 £079460 9 1366662 8 Lbh/Coil at EQ 79
Vertical force (Full Coil Grouwp)for EQ 79 785075 35 176484 94 Lb-/Coil at EQ 79
Ho Plasma Radial force (Full Coil Grouplfor EQ 79 5169807 .4 1162172.7 Ib/Coil at EQ 79
Ho Plasma Vertical force (Full Coil Group) for EQ 79 -1.4264537 —.32066678 LbsCoil at EQ 79

Downward Displaced VDE Plasma to P4 Secondary Passive Flate

Figure 13.0-5 Coil Group PF4,5,U,L Max and Min of the 96 and EQ 79 results
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Table 13.0-1 VDE to P4 Loads for (PF4U+PF5U)+(PF4L+PF5L) All 96 EQ Compared with Design Point

Spreadsheet (DPSS) with Plasma

Max Vertical Min Vertical
Upward VDE to P4 0 -261,033
Mid Plane 1774 -81092 (EQ50)
(DPSS Mid Plane 0.0) (DPSS -82,173)
Downward VDE 220,756 -106967
(DPSS 0.0)

Table 13.0-1 VDE to P4 Loads for (PF4AU+PF5U)+(PF4L+PF5L) EQ79 Compared with Design Point

Spreadsheet (DPSS) with Plasma

Max Vertical Min Vertical
Upward VDE EQ79 -176506
MidPlane 1
(DPSS 0.0)
Downward VDE EQ 79 176484
EMAG 50,000 EMAG -20000

60000

50000

40000

30000

20000

10000

104.98 105r 10502 10504 10506 10508 1051  105.12
-10000

-20000 AJ,,

-30000

Figure 13.0-6 Net Loads on Coil Group PF4,5 U&L

The net load on the coil group PF4,5,U&L is transferred to the vessel by the
6 pairs of welded brackets. VDE loads will be increased by 50,000 Ibs. with
vessel shielding based on a 10 millisecond drift. It is important to note that
slower drift times not specified in the GRD[7] but possible during machine
operation, could allow the loading to approach the static field calculated
value. Which would be up to 176506 Ibs for very slow VDE drifts that do
not develop vessel shielding. The GRDJ[7] does not require consideration of
anything but the 10 millisec drift used to calculate the 50,000 Ib increase, but
longer drift times are likely.

These results raise the concern that the welds of the six support brackets
could possibly be over-stressed. The net load is 1.6 times larger with
shielding, and 3.18 times larger, without shielding, than the DPSS net load
that was used to qualify the bracket weld. Note that the mid-plane vertical
loads for both the DPSS and the force influence coefficients from [5] agree.
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I Select of PF4,5,U,L Coil Group
esel,mat,17

nelem

ersel,real,8,9

nelem

foutput,nlist,lis

nlist

/output,elist,lis

elist

set,1
/output,PF45flist01,lis
PRNSOL,FMAG,COMP
set,2
/output,PF45flist02,lis
PRNSOL,FMAG,COMP

I Select of PF5Upper
esel,mat,17

nelem

ersel,real,9

nelem

nrsel,y,0,1000
enode,1

/output,nlist,lis

nlist

/output,elist,lis

elist

set,1
/output,PF5flist01,lis
PRNSOL,FMAG,COMP
set,2
/output,PF5flist02,lis

PRNSOL,FMAG,COMP
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The next couple of figures are copied from the PF 4 and 5 support calculation[ ]. The “hand calculation”
results are shown because the finite element calculations shows peak stresses in the corners that are not a
static stress concern, and are unlikely to be a fatigue concern because of the low number of cycles the VDE
load will be combined with the worst of the 96 EQ loads. The weld corners are included in the inspection
regimen planned for the machine.

Weld Stresses Calculated From Weld Section Properties

Worst Net Moment Sum for 6 Supports (12
PF4,5UL U&L), 10.5" Lever Section Modulus (in*3)  Bending Stress (psi)
psi Type Aor B ‘
Bracket 81953 -71708.875 13.22 -7672.237534
Type A Pad ‘ -81953 -71708.875 47.87 -2118.800505
Type B Pad ‘ 81953 -71708.875 36.7 -2763.677935
Conservatively
| Fz(Ibf) (PF4U+PF5U)+(PF4L+PF5L) uses PF5moment
Min w/ o Plasma -81947 armand 707
From Charlie's Min w/ Plasma 81953 factoron ¥ in weld
Design Paint Min Post-Di i 58992
Spreadsheet |Vin Fost-Lisrup .
Min -81953
| Worst Case Min -513255
Max w/o Plasma 0
Max w/Plasma 17
| Max Post-Disrupt 15
Max 17
513255

10.51in

| Worst Case Max

Figure 13.0-7 Bracket Weld Summary

Type B bracket

—— ) et 38

T
|
i

.
St L

SEE NOTES
TYP 4 PLACES

| |
|
| e

- 2.38

I —y 1

Figure 13.0-8 Weld Section Calculation from [1]
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A likely operating scenario is running an up-down symmetric scenario, then having a VDE with a 10
millisec drift. This will produce a 50,000 Ib load on the PF4 and 5 U&L coil group, which is less than the
DPSS max load magnitude of 81953 Ibs (81092 Ibs from my influence coefficients)

A more troublesome situation occurs when running an up-down asymmetric scenario that has a slow drift
and approaches the static field solution. The net VDE loads could go from -82173 Ibs to -261,033 Ibs for
the upward VDE. This is an increase of 3.18 times larger vertical load . The bracket stress will be 7672*3.1
= 23783.2psi and the pad stresses go up to 6566 psi and 8565.3psi. These are still acceptable for static
loading, but will aggravate fatigue life at local weld details and sharp geometries, further justifying the
planned inspection regimen.

The net loads on the PF4 and 5 support hardware go up substantially. The individual coil loads also go up
but less so — but still significantly. The magnitude of the vertical load (+ or -) on PF4 is -203,125Ibs for the
mid plane plasma position which increases in magnitude to -313,031 for the VDE Up position, or a 51%
increase. For PF5 -239984 becomes -338,261 or a 41% increase.

Determining Net Loads on PF5U and L
A structural pass is don on the coil or coil group and
reaction force sums are tabulated
Computing PF4/5 Upper Force Sums
(EQ 79 Only has PF5 Currents)
esel,mat,17

ersel,real,8,9

nelem
nrsel,y,0,100
enode,1
d,all,all,0.0
Computing PF4/5 Lower Force Sums
(EQ 79 Only has PF5 Currents)
esel,mat,17
ersel,real,8,9
nelem
nrsel,y,-100,0
enode,1
d,all,all,0.0
150000
100000 /
50000
R A . . . —e—ersy PF 5 U & L Reaction sums for EQ 79
104,995 J.#s 105.005 10501 105.015 105.02 ==PF5L {Negate for the load on the C0i|)
oo PFSUL P1 to P5
-100000 10 millisecdrift and 1 millisec quench
-150000
-200000

The vertical load on PF5U for EQ79 is -89004 Ibs with a centered plasma and the load on PF5L is 89004
Ibs. The scenario is symmetric. The EMAG solution does not have the 10% headroom in it — so we should
compare the net load with 80,000 In the EMAG simulation, during the disruption, the PF5U coil load goes
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from ~85,000 Ibs to 125,0001bs, or 40000 Ibs extra and the PF5L coil load goes from ~ -65000 to -145 000

or about 80,000 Ibs extra

Table 13.0-2 Upward VDE to P4 Loads Compared with Design Point Spreadsheet (DPSS) with Plasma

for all 96 EQ

Max Radial (Ibs) Min Radial (Ibs) Max Vert (Ibs) Min Vert (lbs)
PF4U 286,123 33,388 123,731 -313,031

(DPSS 260,144) (DPSS -105,829) (DPSS 63,458) (DPSS -203,125)
PF5U 683332 0 3218 -338,261

(DPSS 625,160) (DPSS 153489) (DPSS 145,158) (DPSS -239,984)
PF5L 683329 0 338,244 -3,227

(DPSS 625,247) (DPSS 153522) (DPSS 150,401) (DPSS -49,657)
PF4L 286173 -8384 96,165 -40,018

(DPSS 289,442) (DPSS -152,181) (DPSS 148,418) (DPSS -78008)

Table 13.0-2 Mid Plane With Plasma Loads Compared with Design Point Spreadsheet (DPSS)
, for all 96 EQ

Max Radial (Ibs) Min Radial (Ibs) Max Vert (lbs) Min Vert (lbs)
PF4U 286173 23626 (96) 90991 (31) -230115 (49)

(DPSS 260,144) (DPSS -105,829) (DPSS 63,458) (DPSS -203,125)
PF5U 637621 0 143337 -89004

581086 (No Ip) -167925 (No Ip) 60766 (no Ip) -233009 (No Ip)

(DPSS 625,160) (DPSS 153491) (DPSS 145,158) (DPSS -150401)
PF5L 683329 0 89005 -143282 (19)

581086 -58055 233009 -60767

(DPSS 625,247) (DPSS 153522) (DPSS 150,401) (DPSS -145159)
PF4L 286173 -84371 215583 -91236

(DPSS 289,442) (DPSS -152,181) (DPSS 148,418) (DPSS -78008)

Table 13.0-3 Downward VDE to P4 Loads Compared with Design Point Spreadsheet (DPSS) with Plasma

for all 96 EQ

Max Radial (Ibs) Min Radial (Ibs) Max Vert (Ibs) Min Vert (lbs)
PF4U 286,173 28030 105,781 -262465

(DPSS 260,144) (DPSS -105,829) (DPSS 63,458) (DPSS -203,125)
PF5U 683332 0 100,277 -161759

(DPSS 625,160) (DPSS 153489) 145000(EMAG) -125,000 (EMAG)

(DPSS 145,158) (DPSS -150401)

PF5L 683329 0 338,244 -3,227

(DPSS 625,247) (DPSS 153522) (DPSS 150,401) (DPSS -145,159)
PF4L 286173 -8384 96,165 -40,018

(DPSS 289,442) (DPSS -152,181) (DPSS 148,418) (DPSS -78008)

The coils were qualified for combinations of their max currents. The PF4 coil was qualified for a load of
174,000 N *2 = 348000n or 70,000 Ibs

PF5 is qualified for 348749N*2=697500 N or 156797 Ibs
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smal
ENTER ngrp numbexr

FHMIN=
FYMIN=

O FEHMIN=
PFTHIN= Lo ] OE+00D AT HNODE

PF 4 Net Load (180 Degree Sector), PF4 16kA, PF5 31.84kA
Net Vertical Load=-176176N for half or 79108lbs per coil

ngrp numbex

node group for Force S

FXMIN=

EFYMIN=

FZHMI
EFTHMIN=

PF5 Net Load (180 Degree Sector) PF4 16kA, PF5 31.84kA
Net Vertical Load=-348749 N for half or 156,797 Ibs per coil

14.0 Disruption and VDE loads on the Centerstack Casing

Disruption loading on the casing was addressed in [1] The disruption calculation and [16], the casing loading
calculation. The analysis approach was to use vector potential transfer from Ron Hatcher’s axisymmetric OPERA
analysis. In this calculation, the disruption is simulated in ANSYS EMAG and the loads are passed to a structural
analysis that selects the casing elements from the EMAG model .
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CQuench at P1

Quench at P5
VP Transfer

Peak Stress

P1 Osec 002sec 9 MPa [1] ovector

Potential Transfer)
P1 0 001 Not Run
P1-P2 01 001 108 TBD 2] = —
P1-P4 01 002 Not Run .
P1-P4 01 001 ~50 MPa 2]
P1-P5 01 002 8. MPa 8,000 Ibs [1] (Vector

Potential Transfer)
P1-P5 01 001 10.8MPa [1] EMAG)
P1-P6 01 001 86 50,000Lbs  [2]

[1]NSTXU-CALC-133-03-01 Rev 0: Feb 102012 Rev 1,

2016

[2] NSTXU-CALC-10-07-0 Global Disruption Simulations
and Lorentz Force Data for Passive Plates, PF support

“Slings”, Bellows, Heat Transfer Plates, TF and OH

Coils.
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Quench
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Figure 14.0-1Casing Stress from [16] for the mid-plane disruption — Based on Vector Potential Transfer
Ref [16] Figure 11.1-1 CS Casing Stresses for Translation and Quench (2 Millisecond Quench)

14.1 Mid-Plane P1-P2 Disruption Loads on the Centerstack Casing

P1-P2 disruption loads are based on 10 Millisec radial drift to a circular P2 and a 1 millisec quench

P1-P2 .001 Quench Tresca Stress

P1P2 Cur
Dens Step17

Peak Stressin

the Shell is 90

Mpa. At the Vertical Loads
flange weld it are Near Zero
is higher Compared

with P1-P6

TINETEIE
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Filenames of “cloud” data are: P2Cloud04 through P2Cloud18

14.2 VDE P1 to P5 loads on the Centerstack Casing

In the VDE disruption, the plasma first shifts down (or up) toward the divertor without losing plasma
current — then at the lower extremity of the chamber the currents collapse. Eddy currents are induced in the
walls of neighboring structures such as the passive plates and centerstack casing. Currents develop in the
centerstack casing in a non-up-down symmetric manner . These interact with the (mainly) the Up-Down
symmetric poloidal field and produce net vertical loads on the casing. This analysis is also presented in [16]

Appendix | of reference [10] introduces another disruption simulation. Simulation of the passive plate
disruptions also includes other structures including the centerstack casing.
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Step 7

O[]

L Il

Stepd
Step8

NSTXUVDE
Current Densities

Mesh, Including Air ~ Materials  Solid 97 Type
Figure 14.2-1 Appendix | of Reference 10 Electromagnetic model

Step 11 :
T=105.015 s

Step 12
T=105.012

10000

8000

4000 f/ \‘ Total Vertical Force in
Lbs on Centerstack

Step 13

| .
aiB T=105.012 2000 \
0 J S N S W

Max reaction force of 8000 Ibs total occurs at step
8, which is the end of the vertical translation and
not during the large current densities induced

Y during the subsequent quench. What appears to
happen is that the reversed currents above and
\ below the equatorial plane both react to the
L background PF field adding net forces vertically.
Figure 14.2-2
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Figure 14.2-2 Tresca Stress, P1-P5, 10ms VDE (ends at step 8) and Quench at P5
This disruption simulation produces nothing more than 8.08 MPa.

14.3 Casing P1-P4 VDE and “Cloud” Data
14.3.1 P1-P4 EMAG Solution

The sling disruption analysis for P1 to P4 was postprocessed. This is for a 1 millisec quench, and 10 millisec drift.
Load files for the case were extracted. There are 24 load files which represent the disruption electromagnetic loads
at:  P:\public\Snap-srv\Titus\NSTX\CSU\emag\Casing P1 P4. Deformed shapes look dramatic below because of
the multiplier, The shell stresses are ~50 MPa. Step 10 is during the drift, 13 and 14 are during the quench.
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Figure 14.3.1-1
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Figure 14.3-4

14.3.2 P1-P4 Static Stress Analysis
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Step 10 Step 12 Step 13

Step 14

105.01025 sec 105.0105 sec 105.010625 sec 105.01075 sec

14.6 Casing P1-P6 Disruption and “Cloud” Data
14.6.1 EMAG Simulation

P6 was added to the GRD disruption spec. It has the potential of loading the centerstack differently that the P1 to
P4 or P5 disruptions — those were intended to load the passive plates more severely. The definition of the P6 plasma
was taken from the Recovery GRD The P1-P6 Eddy current (not Halo) Cloud data was transmitted to Mark Smith
and Doug Bishop, after the pictures. This is P1-P6 down. The data is from a 30 degree cyclic symmetry model and
needs to be repeated and rotated 12 times. The P1-P6 Up will be almost identical but flipped vertically.

P1-P6 Current Density During Quench, Step 12

Lorentz
Forces
P1-P6
VDE,
Quench
Step 12
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Figure 14.6.1-3 Comparison of Cloud load Step 6 Nodal Data and force Density Data

Casing 30 Degree Sector Force and Moment Sums
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14.6.2 Static Stress Analysis
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14.6.3 Disruption Dynamic Load Factor
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8 tep1
Dynamic Load Factor for the 2 e Stept Step1s Step1?

casing responsetoa P1-P6 10
millisec drift then 1 millisec
quench.

ANTYPE,TRANS rerun of the static
loads from the EMAG disruption
simulation

.5% Damping No Tile Inertia
*. " POST26 Plots of 3 points near
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15.0 TF Eddy Current Loads VDE Loading

The TF developed eddy currents when we investigated use of OH AC excitation for the bake out. The TF eddy
current assessment for P1-P5 VDE disruption loading uses a model developed to investigate OH AC excitation for
bake out. As of August 2018, these analyses are included in the directory e:\nstx\csu\emag\tfeddy. The latest run is
tfeddy03.txt

Model Used in TF Eddy Current Assessment
For OH AC Excitation

Figure 15.0-1
The plasma current transients are further away than the OH transients. But still, the 36 eddys in the outer radius of
TF conductors sum to a net toroidal current that crosses with the vertical field of the OH to produce hoop loads and
the radial fields of the OH and plasma to produce vertical loads.

15.1 Current Densities
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Figure 15.1-2 Load Step 14, Later in the Quench

15.2 Net Loads on the TF

The net vertical load is 40,000 Ibs on the TF inner leg. This load does not involve the casing and skirt, but does
involve loads on the pedestal and the TF flag extension bolting to the pedestal.
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—] TF Vertical Load—Static Response, 36 Turns
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Figure 15.2-1 Comparison of Static and Dynamic Response of the TF Caoil
(Passive Plate Currents are Plotted in Lower Left for Comparison)

A dynamic simulation did not reduce this. The TF inner leg sees torsion and hoop tension and compressive loads
resulting from the toroidal current. The net toroidal current is about 100kA at the outer radius of the TF or 5% of the
Ip- Art estimated this from the areas. Currents are higher locally. The tensile hoop stress may be a problem. | am
still evaluating this. The problem is that the toroidal TF current crosses with the +/- 7 T field in the OH bore.
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ANSYS 15.0
JUL 11 2018
23:59:09
NODAL SOLUTTION
STEP=9

5UB =10
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BY (BTG
RSYS=0

SMN =-1.65851
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N3THU Start-Up Simulation zZMA 100 sec RUN#6

Figure 15.2-2 Vertical Field in the TF Coil Due to the OH Predominantly
It potentially can offset the compressive self wedge pressure in the TF. | started this work to investigate the net
vertical load on the OH due to the VDE, but in this simulation not much load was obtained. It may be a
consequence of the reaction to the TF toroidal current. This is going to take more work. OH hoop stress can be
affected too. There can be an effect on the start-up but I didn't see much in my startup simulation,

15.3 TF Frequency Response
QOH 200 Amp AC Bake-Out Induction Heating — Distribution of Centerstack Power
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Figure 15.3-1 TF Frequency Response Due to an OH Excitation
A 1 millisec disruption corresponds to a frequency of 250 to 500 hz
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ANSYS (Titus Model, Brooks Post Process) Measured (A. Ga0)
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Figure 15.3-1Frequency Response Due to an OH AC Excitation
15.4 TF Toroidal Net Current due to VDE

The net eddy currents are effectively resolved to a toroidal current at the outer radius of the TF inner leg column,

15.4 TF Hoop Stress

The net eddy currents are effectively resolve to a toroidal current at the outer radius of the TF inner leg column,
and an opposed current at the inner radius. This will cross with the OH field, and depending on the direction of the
OH field and current, the resulting loading will either add to the TF centering force or add a radially outward load on
the TF central column. In the disruption emag model, the -24 kA OH current produced an addition to the centering
load and the +13kA EQ 81 produced outward loads. The effect in the structural pass was small.
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Figure 15.4-1 Loads on the TF
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Figure 15.4-2 TF “Slice” Model with eddy currents Shown
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Hoop Stress
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Figure 15.4-2 TF “Slice” Model with Lorentz Forces Shown

The results of the simplified “slice” model show only a 1.6 MPa hoop tensile stress

16.0 VDE Imposed Loads on the OH and Inner PF Coils
16.1 VDE Imposed Loads on the Inner PF Coils

From [21]: Tile background fields and Bdots have been computed for the VDE cases.
We are catching up with estimates of additional vertical loads on the inner PF coils
with the plasma at the end of a VDE drift phase or P4 position for a downward drift
and an equivalent negated position for an upward drift. ~So far we have only
investigated the vertical loading. Max Loads on PFlaU, PF1bU&L,PF1cU&L are
about 50% higher than nominal based on a static field calculation, mitigated by the
vessel shielding . PF1aL remains about the same. This is a consequence of EQ 51 not
being up-down symmetric with respect to PFla currents. The increased loads will
have an impact on the polar region design. Net loads on the OH and Centerstack
components will change. Radial load effects also need to be included — especially if
there is a hoop stress effect on the OH. The inner PFs have a large margin in hoop
stress but the extra vertical loads will challenge the slings and polar region flanges
and bolting. As the plasma approaches the divertor the inner PF coils that have
currents in the same direction as the plasma are being attracted to the plasma, coils
with reversed currents will be repulsed. The vessel shields the coils, but the slow drift
and Inconel 625 structures reduce the shielding effect. Art ran a disruption simulation
with EQ 16, and the 10ms drift adds 122 kN to the loads. Based on a static field
analysis the difference for EQ16, is 61850N (VDE Down) — (-214999) N =276849N
So for EQ 16 the static field prediction is about twice the prediction from an
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electromagnetic transient simulation. Only one transient simulation has been done but all the EQ’s can be evaluated
for static field effects with updates of the influence coefficients. The vertical load influence coefficient corrections
for VDEUp and Down are included at the end of memo SEI-2018 03-18PHT/ABO1

PFla Coil and Bus
P4 VDE Up Plasma Position

EQ51

Max Loads for VDE vs. Nominal (Static Field)

Cail Coil VDE Up
Number Duwn

PFlaU -728528 -426023

9 PFlal 424044 426023
3 PF1bU -426384 -218327
10 PF1bL 417043 218327
4 PFlcU -365785 -145062
11 PFlcL 365916 145062

16.2 VDE Imposed Loads on the OH

40477N 376285 N 183218 N
9099 Lb (8489 from the DPSS) 84,588 Lb 41187Lb
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OH Hoop Stress During a VDE

The OH hoop stress is primarily determined from the self field of the coil, but there is an interaction with the
plasma and other coils, principally PFla [13]

Like the vertical loading, the hoop stress depends on the magnitude of the current in the OH and the direction of
the current with respect to the plasma. In the case where the OH current is in the opposite direction from the plasma
current, the loading resulting from the plasma is inward and reduces the hoop stress.

OH Current = -24 kA, Ip=2 MA
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In the case where the current in the OH is in the same direction as the plasma, the coil is attracted to the plasma and
the hoop stress is increased. In the results shown below, the hoop stress maximum is 125 MPa, smeared. With

OH Current = 13.02 kA, Ip=2 MA

Step 20

Step2  steps Step 6 Step 7 i Step17 Step 18
(+13kA) 721050075 T=10501  T=105.0101 T=105.0103

I

Uil

Quench

.275E+08 .307E+08 .306E+08

~EISEI00 .307E408 .307E408 -307E+08 I = .306E408
= .303E408 = L411E+08 [ [pensbes = .400E+08 [ 'ggzgigg- -ig;:zgg B oo = o
4365400 e B e aemvey BB las3zsos B sropuce gy 205508 R dstoae
B spsg+08 . — B+ [ I .5126+08 E .669E+08 . .
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From the Design Point Spreadsheet:

NSTX NSTXU

OH Packing fraction | 0.7455 0.7012

NSTX-U Disruption Simulations 99



ANSTX—

200
180
160
140
120
100

= -2dkA Tresca

== -24kA Hoop
sy 13kA Tresca

13kA Hoop

NSTX-U Disruption Simulations

100



101

NSTX-U Disruption Simulations



ANSTX—

NSTX-U Disruption Simulations 102



17.0 Disruption Loads on the Casing Cooling Tubes.

One of the major failures in the Upgrade project was the near failure of the copper cooling tubes on the
inboard vertical divertor section of the centerstack casing. These picked up induced currents
Helix Angle = 1.5/(14.7*2*pi)

2 ,22,123e-8 1| 1625 lingtub
mp,rsvx,22,123e nconel 625 coolingtubes =1.5/14.7/2/3.1416 = .01624

e be cerewisii Bt=1*.93/(14.7/39
37) = 2.49T

INERTIA

ension

ANSYS

R15.0

Current density=7.35e6 Amps/m~2

Area=2.4383e-2 in2
=1.5/31e-5 m"2

EM Tube Loads
Toroidal Field: 4.6N/m
Poloidal Field: 115*.913T=105 N/m

Current = 7.e35e6*1.5731e-5 = 115 )ps

Figure 17.0-1 Loads on the Inconel 625 Tubes
In checking the results, A. Brooks found higher currents in the tubes furthest from the divertor plate. The
model used in this analysis does not have these tubes modeled. The casing current density was found to be
very close to the tube density so to get an indication of the upper tubes, the casing current density

ANSYS| o7 2 2 /J T ANSYS
R19.2 1 R19.2|
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|~
/y | Density
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Case

I0CCEEDEN

NSTX Pl to Pa Then 1. Quench 2MA 10 25 sec RUN#20.1

I
200 | Tube Forces N/m |
=#—Lower Tube Cur
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Figure 17.0-2 Current Density and Loads on the Inconel 625 Tubes P1-P4 (\emag\facet\run)
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There are no Eddy Current Forces of any consequence on the new 625 cooling tubes. Art used larger values
more consistent with the upper tube values in the above plot in his analysis of the tube retainers.

gesn | |
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Dis Care cy1
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¥  -63.71040 4.8818841F-10 rad 32.602037432301816E-008 dag
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£y  0.0000000E+00 ”
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t ©0.0000000E+00 |
b, bx, by, be . ° C o, 0.

]

Figure 17.0-3 Coordinate Location of the tubes for Poloidal Field Calculation
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18.0 Bay L Moly Shield
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The objective of this analysis is to estimate and assess the stresses in a Moly shield being applied to the

Bay L reinforcements caused by the plasma disruption.

19.0 Non Circular Coils (NCC)
Job #1151****N110

19.1 Mission

The need for the non-axisymmetric control coils (NCC) is
discussed in the 5 year plan [3] in section 1.4.2.2 “Utilization of non-
axisymmetric (3D) magnetic fields “A small non-axisymmetric (3D)
field almost always exists in tokamaks, due to imperfect primary
magnets and surrounding conductors and machine components.
Tokamaks are highly sensitive to 3D fields, which can cause
unnecessary transport and instability and even lead to a disruption if
not properly compensated. On the other hand, 3D fields can be greatly
beneficial if properly controlled, by timely inducing new neoclassical
process with non-ambipolar transport and by consequently modifying
equilibrium profiles and macroscopic stability, as well known by edge
localized mode (ELM) control using resonant magnetic fields and
resistive wall mode (RWM) and tearing mode (TM) control using
non-resonant magnetic fields. Therefore, it will be critical to achieve
the controllability as well as the predictability of these 3D field
applications, in order to improve plasma stability and performance in
the next-step devices such as FNSF, ST Pilot, and ITER. To
implement and augment NTSX-U capability to control 3D fields, (in
vacuum) Non-Circular Coils (NCC) are being added to existing
(external to the vacuum vessel) RWM coils. The new coils will be
mounted on the plasma facing surface of the primary passive plates.

The objective of this calculation is to provide guidance on initial
design and qualify the final design of the Non-Axisymmetric Control
Coils (NCC).

NSTX-U Disruption Simulations

Existing
Midplane coils

Figure 4.1-1 Resistive Wall
Mode (RWM) coils

NCC Options
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For the normal Lorentz force calculation the currents in the conductor are prescribed as
3KA total by implementing uniform currents in each element in the cross section. In this
method the current density is not uniform. This is a reasonable approximation for
determing Lorents loads on the conductor, but not Joule heat.

19.2.1 All Coils Operating at 3kA 60 Hz

AC operations have the potential of developing resonances.
/solu
antype,transient
outres,all,1 ! writes results every sub step. Use smaller # for more resolution
nsubst,10 I For more finer results use larger #.
psi=.005 ! Critical Damping
dfreq =150 ! Frequency at which the damping is computed
betad,2*psi/(dfreq*2*3.1416)  !'beta Damping
alphd,2*psi*dfreq*2*3.1416  lalpha dampingDamping
kbc,0
fdele,all,all

tref,292

tunif,292

pi=3.1416

frequency=60
Period=1/frequency
dt=period/20

tottime=0

*do,ld,1,500
tottime=tottime+dt

ftitle,Max PF and TF on the NCC Coil %frequency% Hz %psi*100% pct damping
time,tottime

/input,forc,mod
fscale,sin(2*pi*tottime/period)
solve

save

*enddo

fini

[exit
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For a single DOF Oscillator with a 60 (x10%-4)
Hz Forcing Function and 150 Hz 8 Dynamic AnalysisResult
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Figure 19.2 -2 Dynamic Response with 60, 120,and 150 Hz Forcing Functions, Lower Right Corner
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192.1 Alternating Coils Operating with 3kA 60Hz

19.2 Static Disruption Simulation Based on the Global EMAG Model

19.3 Leads and Feedthroughs
NCC Coil Feedthru — In Vessel

Proposed NCC Coil Run in Chamber Primary Passivation Plate

» Minimum coil bend
radius

» Minimum distance
between bends

» Horizontal feedthru port
or perpendicular port

# About 10 feet coil run as
shown

» 5” port as shown

» Toremove coil inside
vessel, secondary
passivation plate and
tiles and primary tiles
need to be removed

» Other potential
interferences

NCC Coil

10.2.1 Moly Shield

Again, no shield is being installed at initial start-up of the Upgrade. The following calculations are being
included for future reference.

19.0 Cryo-Divertor
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Coils are Modeled
as Short Circuited
Loops Mounted
on the Passive
Plates

LR

.119E+09

Figure 16.1-1.
19.1 Disruption Induced Currents and Voltages

An estimate of the current induced in the NCC coils in a disruption is 23 kA. This is for a self consistent
full global EMAG model with the coils modeled as loops. The vector potential boundary condition sub
model typically produces larger values. This was used as a basis for scaling the vector potential results. The
NC coils power supplies are modeled as a short circuit. The consequences of the voltage applied to the
power supplies has not been qualified. The 23KA is quite a bit larger than the 3kA nominal current.
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Conductor Cross Section
as modeled =.0001866mA"2

.119e9*.0083*.02333=
23,043 amps

8.3mm

23.33mm

Figure 13.1-2 Induced Coil Current during a Disruption.
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17.5 NCC Coil Frequency and Dynamic Load Factors

The NCC coils are excited with alternating currents as well as direct current. It is important that resonances
are avoided. In the passive plate dynamic analysis, a natural frequency can be inferred from the vibrations
induced by the disruption, after the disruption loading ceases.

atyped | Use & for dynamic pnalyis

fantype.0 | Use Ofor static analysis

outres sl Dwrites resuhts everysub ste. Use smaller o for
mare resehation

AUbILSO | For Fnerrasits ute (Beger .

betad 8 De-6
Mphd 1256  li%Damping

1Camging

54 cycles in .3 seconds
Or 180 Hz
Beat Frequency= "5 Hz

105.03

105,06 105,12
105,05

105,18 105,24 1053
1w0s.21 108,27

TIME

Disruption analysis produced a frequency of 180 hz
The mode frequency calculation with correct graphite density produced about 178 Hzs

Figure 16.0-1 Transient Response to a Disruption

The natural frequency of the free vibration of the passive plates after being hit with a disruption, is 180 Hz.
This is compared with a mode-frequency analysis of a similar model that produced 178 Hz. The March
2016 model produces a first mode natural frequency of 102 Hz. For a mode shape unlike the Disruption
loading displaced shape. The first mode from the March 2016 model that would have a significant
participation factor with respect to the disruption load vector is mode 4 which has a frequency of 150 Hz.

*#* FREQUENCIES FROM BLOCK LANCZOS ITERATION **

MODE FREQUENCY (HERTZ)

102.2992177716
125.3377113582
149.2941074407
150.1831224353
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231.6380656735
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287.9451990936
311.1288475549
312.8238362314
319.5156399463
320.0148979155
327.7343734282
333.5832284982
335.5831695279
340.5953642824
379.2453436331
387.5423176890
400.6831177791
413.0217146923

Figure 16.0-2 Mode-Frequency Analysis of the NCC coils
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Looking at the mode shapes in Figure 14.0-2, mode 3 would have some significant coupling with the

normal operating loads and deflected shapes. The frequency of mode 3 is 149 Hz, well away from the 66

Hz

| erroneously input steel density for graphite and got
83 hz natural frequency. Graphiteis assumed to add

Mass but not stiffness

This frequency has a mode shape similar to the static

deformation from the NCC current Loading

Figure 16.0-3 Mode-Frequency Analysis of the NCC coils witgh Steel Density for the Tiles

FREQUENCIES AT CURRENT LANCZOS CYCLE
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17 0.23831496E+03
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23 0.29720028E+03
26 0.34168377E+03
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41 0.48362872E+03
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3 0.75414819E+02
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114



ANSTX—

NCC 83 Hz forcing function, .5% damping

(210%*%-5)

Radial Displacement (m)

.025 .075 .125 .175 225
TIME

With the wrong naturalfrequency | got amplification
Figure 16.0-4 Transient Analysis of the NCC coils with a 83 Hz Forcing Function

With graphite density corrected | got No Resonance

SR

i

.025 075 .125 .175 .225
TIME

Max PF and TF on the NCC Coil]| 83 |Hz 5 pct damping

Figure 14.0-5 Transient Analysis with Proper Graphite Tile Density, at 83 Hz Forcing Function
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20.0 Cryo-Divertor Analysis
Preliminary NSTX Cryopump Disruption Analysis, Oct 20 2015

Infinite
Boundary
Elements

Figure 20.0-1

Boundary
Elements
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Figure 20.2 More of the Cryopump Electromagnetic Model

Figure 20.0-2 Displacement Compatibility at the Termination

N\

LN2
Mat, 55 o Shield

Need to add RT Baffle/Shield
He Tube

Figure 17.0-3 Bake-Out Stress at the Termination
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Pl

Added Baffle

to PS5 Then 2 ms Quench 2MA 105.011 sec RUN#13

NSTX-U Disruption Simulations

OCT 20 2015
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0 .400E+07 .800E+07 .120E+08 -160E+08
-200E+07 -600E+07 -100E+08 -140E+08 -180E+08

NSTX Pl to P5 Then 2 ms Quench 2MA 105.3 sec RUN#12

o g

| Reaction Forces in N/36 degree sector

500 -+

Stresses with rigid mid span support
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1

VECTOR AN%IYS%
STEP=12 ocT 12 2015
SUB =10 082t
TIME=105.012

JT
ELEM=271729
MIN=,12%E+07
MAX=.103E+09

Shelfis —

insulated
toroidally =/
Shelfisnota
good shield of
the cryopump
| Bl I
.129E+07 .240E+08B .46TE+DE .694E+08 .920E+08
-126E408 .353E408 .580E408 .BOTE408 .103E+09

NSTX Pl to P5 Then 2 m= Quench 2ZMA 105.012 sec RUN#12

B I
395722 .847E+07 .165E+08 .246E+08 .327E+08
.443E+07 .125E+08 .206E+08 .287E+08 .367E+08

NSTX Pl to P5 Then 2 ms Quench 2MA 105.3 sec RUN#12

21.0 Copper Divertor Tubes (Pre-Recovery)

In the vintage of the Cryo-Divertor studies, the copper tubes in the divertor flange were also modeled.
These tubes will be replaced with Inconel tubes, so the induced eddy currents will be much less than

calculated here
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/EXP
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.154E+08 .459E+08 .764E+08 .107E+09 .137E+09
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22.0 PF1c Case Disruption Currents (Pre Recovery)

Prior to the deletion of the CHI capability in NSTXU, there was a potential for plasma to enter the CHI gap and heat
the PF1c case. This overheated the case. Various shields were investigated including a moly shield. This would have
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the potential of picking up significant eddy currents. Disruption loads on the PF1c case were calculated with an
analysis and model developed for the passive plate simulation, [ref 3 Appendix I]. Only the lower PF1lc case was
modeled (See section 7.0) A downward VDE was modeled, so the lower case needed to be detailed, but the results
are representative for an upper PF1c and VDE. The molybdenum thermal shield might have been interesting in
terms of disruption response. The disruption model was re-run with only the stainless steel casing. The peak stress
was about one MPa

Figure 22.0-4 Results for a stainless steel PF1c Case

The thermal performance of the PF1c case and thermal shield is analyzed using a True Basic code that is
included in appendix E. Results of this program are tabulated below:

Figure 22-1 Results with the Thermal Shield
Appendix E is set up to produce the upper plot in figure 10.0-1

Figure 22-2
Figure 22-3

22.2 With Thermal Shield

Len Myatt recommended an 1/8 inch outer shell. — This leaves the design with 1/8th of an inch for a
thermal shield. The first option investigated was a 1/16 inch of moly and a few layers of SST shim stock
like was used on the C-Mod outer divertor. This is geometrically tight. The shield is also the electrode for
the CHI so the shield design may be challenging. It is not needed early in the operation of the machine, but
may be needed later.

Figure 10.2-1 Thermal Shield Concept
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Appendix A
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Appendix B
Appendix C
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True Basic Program to Compute Force Densities from Nodal Forces

dim d$(20),dd(20)
dim nn(350000),nx(350000),ny(350000),nz(350000)

dim n1(350000),n2(350000),n3(350000),n4(350000),n5(350000),n6(350000),n7(350000),n8(350000)

dim fx(350000),fy(350000),fz(350000)

for iload=1to 9
let innfile$="nlist.lis"
let inefile$="elist.lis"

let inffile$="q1flist0" &str$(iload)&" lis"
let outfile$="f10"&str$(iload)&" txt"
let cloudfile$="c10"&str$(iload)&" txt"
OPEN #1: name innfile$, create old
OPEN #2: name inefile$, create old
OPEN #3: name inffile$, create old
when error in

unsave outfile$

use

end when

when error in

unsave cloudfile$

use

end when

OPEN #4: name outfile$, create new
OPEN #5: name cloudfile$, create new
Iwhen error in

do while more #1

line input #1: line$

Iprint line$

CALL comint(" " ,line$,d$(),dd())

if dd(1)>0 then

let n=n+1

print dd(1);",";dd(2);",";dd(3);",";dd(4)
print#4: "n"

print#4: dd(1);",";dd(2);",";dd(3);",";dd(4)
let nn(dd(1))=dd(1)

let nx(dd(1))=dd(2)

let ny(dd(1))=dd(3)

let nz(dd(1))=dd(4)

end if

loop

do while more #2

line input #2: line$

Iprint line$

CALL comint(" ",line$,d$(),dd())

if dd(1)>0 then

let e=e+1

Iprint dd(7);",";dd(8);",";dd(9);",";dd(10)
print#4: "mat"
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print#4: dd(2)
print#4: "e"

DONSTX—

print#4: dd(7);",";dd(8);",";dd(9);",";dd(10);",";dd(11);",";dd(12);",";dd(13);",";dd(14)

let n1(e)=dd(7)
let n2(e)=dd(8)
let n3(e)=dd(9)
let n4(e)=dd(10)
let n5(e)=dd(11)
let n6(e)=dd(12)
let n7(e)=dd(13)
let n8(e)=dd(14)

end if
loop

do while more #3

line input #3: line$

Iprint line$

CALL comint(" " ,line$,d$(),dd())
if dd(1)>0 then

print#4: "f"

print#4: dd(1);",";dd(2);",";dd(3);",";dd(4)
llet nn(dd(1))=dd(1)

let fx(dd(1))=dd(2)

let fy(dd(1))=dd(3)

let fz(dd(1))=dd(4)

end if

loop

et line$=ucase$(trim$(line$))

let b$=line$

I DO !loop which splits up input by $
I LET pcs=pos(b$,"$")

I IF pcs=0 then LET a$=b$

I IF pcs>0 then LET a$=b$[1:pcs-1]

I IF pcs>0 then LET b$=b$[pcs+1:80]
I CALL comint(",",a$,d$(),dd())

|

|

Iprint line$

let I=len(a$)

lif d$(1)="N" then

Iprint "n"

Iprint a$[3:1]

Iprint#1: "n"

Iprint#1: a$[3:1]

Iprint#l: dd(2);",";dd(3);",";dd(4);",";dd(5)

lend if

lif d$(1)="F"then

IF, 1,FX, -.28809E+07 $F, 1,FY, .18805E-01 $F, 1,FZ, .25462E+06
Iprint#1: "fa "

lif d$(3)="FX" then print#1: dd(2);",";dd(4);",0,0"
lif d$(3)="FY" then print#1: dd(2);",0,";dd(4);",0"
lif d$(3)="FZ" then print#1: dd(2);",0,0,";dd(4)
lend if
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lif d$(1)="E"then
Iprint#1: "e"

Iprint#1: dd(2);",";dd(3);",";dd(4);",";dd(5);",";dd(6);",";dd(7);",";dd(8);",";dd(9)
Iprint a$[3:1]&",0,0,0,0,0,0"
lend if

I

lif d$(1)="MAT" then
Iprint#1; "mat"

Iprint#1: dd(2)

lend if

I

lif d$(1)="REAL" then
Iprint#1: "real”

Iprint#1: dd(2)

lend if

I

lif d$(1)="TYPE" then
Iprint#1: "type"

Iprint#1: dd(2)

lend if

lif pcs=0 then exit do

fori=1toe

call evol(i,n1(),n2(),n3(),n4(),n5(),n6(),n7(),n8(),nx(),ny(),nz(),vol)

let xave=(nx(n1(i))+nx(n2(i))+nx(n3(i))+nx(n4(i)) +nx(n5(i))+nx(n6(i))+nx(n7(i))+nx(n8(i)))/8
let yave=(ny(n1(i))+ny(n2(i))+ny(n3(i))+ny(n4(i))+ny(n5(i))+ny(n6(i))+ny(n7(i))+ny(nd(i)))/8
let zave=(nz(n1(i))+nz(n2(i))+nz(n3(i))+nz(n4(i))+nz(n5(i))+nz(n6(i))+nz(n7(i))+nz(n8(i)))/8
let fxave=(fx(n1(i))+fx(n2(i))+fx(n3(i))+fx(n4(i))+fx(n5(i)) +fx(n6(i)) +fx(n7(i)) +fx(n8(i)))/8/vol
let fyave=(fy(n1(i))+fy(n2(i)) +fy(n3(i))+fy(n4(i)) +fy(n5(i))+fy(n6(i)) +fy(n7(i))+fy(n8(i)))/8/vol
let fzave=(fz(n1(i))+fz(n2(i))+fz(n3(i))+fz(n4(i))+fz(n5(i))+fz(n6(i))+fz(n7(i))+fz(n8(i)))/8/vol

" -zave;"";-fxave;",";fyave;",";-fzave ! This was to rotate 180Deg
next i

luse
print#4:"exit"
print#4:"exit"
close #1
close #2
close #3
close #4
close #5

next iload

for iload=10 to 20
let innfile$="nlist.lis"
let inefile$="elist.lis"

let inffile$="q1flist" &str$(iload)&" lis"
let outfile$="f1"&str$(iload)&" . txt"

let cloudfile$="c1"&str$(iload)&" txt"
OPEN #1: name innfile$, create old
OPEN #2: name inefile$, create old
OPEN #3: name inffile$, create old
when error in

unsave outfile$
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use

end when

when error in

unsave cloudfile$

use

end when

OPEN #4: name outfile$, create new
OPEN #5: name cloudfile$, create new
Iwhen error in

do while more #1

line input #1: line$

Iprint line$

CALL comint(" ",line$,d$(),dd())

if dd(1)>0 then

let n=n+1

print dd(1);",";dd(2);",";dd(3);",";dd(4)
print#4: "n"

print#4: dd(1);",";dd(2);",";dd(3);",";dd(4)
let nn(dd(1))=dd(1)

let nx(dd(1))=dd(2)

let ny(dd(1))=dd(3)

let nz(dd(1))=dd(4)

end if

loop

do while more #2

line input #2: line$

Iprint line$

CALL comint(" ",line$,d$(),dd())

if dd(1)>0 then

let e=e+1

Iprint dd(7);",";dd(8);",";dd(9);",";dd(10)
print#4: "mat"

print#4: dd(2)

print#4: "e"

print#4: dd(7);",";dd(8);",";dd(9);",";dd(10);",";dd(11);",";dd(12);",";dd(13);",";dd(14)
let n1(e)=dd(7)

let n2(e)=dd(8)

let n3(e)=dd(9)

let n4(e)=dd(10)

let n5(e)=dd(11)

let n6(e)=dd(12)

let n7(e)=dd(13)

let n8(e)=dd(14)

end if
loop

do while more #3

line input #3: line$

Iprint line$

CALL comint(" ",line$,d$(),dd())

if dd(1)>0 then

print#4: "f"

print#4: dd(1);",";dd(2);",";dd(3);",";dd(4)
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llet nn(dd(1))=dd(1)
let fx(dd(1))=dd(2)
let fy(dd(1))=dd(3)
let fz(dd(1))=dd(4)
end if

loop

et line$=ucase$(trim$(line$))

let b$=line$

I DO !loop which splits up input by $
I LET pcs=pos(b$,"$")

I IF pcs=0 then LET a$=b$

I IF pcs>0 then LET a$=b$[1:pcs-1]

I IF pcs>0 then LET b$=b$[pcs+1:80]
I CALL comint(",",a$,d$(),dd())

|

|

Iprint line$

let I=len(a$)

lif d$(1)="N" then

Iprint "n"

Iprint a$[3:1]

Iprint#1: "n"

Iprint#1: a$[3:1]

Iprint#l: dd(2);",";dd(3);",";dd(4);",";dd(5)

lend if

lif d$(1)="F"then

IF, 1,FX, -.28809E+07 $F, 1,FY, .18805E-01 $F, 1,FZ, .25462E+06
Iprint#1: "fa "

lif d$(3)="FX" then print#1: dd(2);",";dd(4);",0,0"
lif d$(3)="FY" then print#1: dd(2);",0,";dd(4);",0"
lif d$(3)="FZ" then print#1: dd(2);",0,0,";dd(4)
lend if

lif d$(1)="E"then

Iprint#1: "e"

Iprint#1: a$[3:1]&",0,0,0,0,0,0"

Iprint#1: dd(2);",";dd(3);",";dd(4);",";dd(5);",";dd(6);",";dd(7);",";dd(8);",";dd(9)
Iprint a$[3:1]&",0,0,0,0,0,0"

lend if

I

lif d$(1)="MAT" then

Iprint#1: "mat”

Iprint#1: dd(2)

lend if

|

lif d$(1)="REAL" then

Iprint#1: "real"

Iprint#1: dd(2)

lend if

I

lif d$(1)="TYPE" then

Iprint#1: "type"

Iprint#1: dd(2)

lend if

lif pcs=0 then exit do
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fori=1toe

call evol(i,n1(),n2(),n3(),n4(),n5(),n6(),n7(),n8(),nx(),ny(),nz(),vol)

let xave=(nx(n1(i))+nx(n2(i))+nx(n3(i))+nx(n4(i))+nx(n5(i) ) +nx(n6(i))+nx(n7(i))+nx(n8(i)))/8
let yave=(ny(n1(i))+ny(n2(i))+ny(n3(i))+ny(n4(i))+ny(n5(i)) +ny(n6(i))+ny(n7(i)) +ny(nd(i)))/8
let zave=(nz(n1(i))+nz(n2(i))+nz(n3(i))+nz(n4(i))+nz(n5(i))+nz(n6(i))+nz(n7(i))+nz(n8(i)))/8
let fxave=(fx(n1(i))+x(n2(i))+fx(n3(i))+fx(n4(i))+fx(n5(i))+x(n6(i))+fx(n7(i)) +fx(n8(i)))/8/vol
let fyave=(fy(n1(i))+fy(n2(i)) +fy(n3(i)) +fy(n4(i)) +fy(n5(1)) +fy(n6(i)) +fy(n7 (i)) +fy(n8(i)))/8/vol
let fzave=(fz(n1(i))+fz(n2(i))+fz(n3(i))+fz(n4(i))+fz(n5(i))+fz(n6(i)) +fz(n7(i))+fz(n8(i)))/8/vol
print#5: -xave;",";yave;",";-zave;",";-fxave;" " fyave;",";-fzave I This was to rotate 180Deg
next i

luse

print#4:"exit"

print#4:"exit"

close #1

close #2

close #3

close #4

close #5

next iload

Iprint#1:"exit"
Iclose #1
Iclose #2

lend when
END

SUB comint(del$,a$,d$(),dd())
FORQg=1TO 12
LET D$(Q)=""
LET dd(q)=0
NEXT Q
LET a$=ucase$(a$)
IF del$="" then
DO
LET Ibs=len(a$)
LET pob=pos(a$," ")
IF pob>0 then LET a$=a$[1:pob]&a$[pob+2:1bs]
LOOP while pob>0
LET Ibs=len(a$)
IF a$[1:1]=""then LET a$=a$[2:lbs]
END IF
LET i=0
DO
LET i=i+1
IF pos(a$,del$)=0 then EXIT DO
LET pc=pos(a$,del$)
LET d$(i)=a$[1:pc-1]
LET a$=a$[pc+1:100)
LOOP
LET d$(i)=a$
Let t=i
fori=ltot
let d$(i)=trim$(d$(i))
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when error in

let dd(i)=val(d$(i))
use

let dd(i)=0
end when

next i

I End of data parsing
END SUB

sub evol(i,n1(),n2(),n3(),n4(),n5(),n6(),n7(),n8(),nx(),ny(),nz(),vol)
call tetvol(n2(i),n4(i),n5(i),n1(i),nx(),ny(),nz(),vol1)

call tetvol(n2(i),n5(i),n7(i),n6(i),nx(),ny(),nz(),vol2)

call tetvol(n4(i),n7(i),n5(i),n8(i),nx(),ny(),nz(),vol3)

call tetvol(n4(i),n2(i),n7(i),n3(i),nx(),ny(),nz(),vol4)

call tetvol(n5(i),n2(i),n7(i),n4(i),nx(),ny(),nz(),vol5)

let vol=voll+vol2+vol3+vol4+vol5

end sub

sub tetvol(p1,p2,p3,p4,nx(),ny(),nz(),vol)
let ax=nx(p2)-nx(p1)

let ay=ny(p2)-ny(p1)

let az=nz(p2)-nz(p1)

let BQX=nx(p3)-nx(p1)

let bay=ny(p3)-ny(p1)

let bgz=nz(p3)-nz(pl)

let cx=nx(p4)-nx(p1)

let cy=ny(p4)-ny(p1)

let cz=nz(p4)-nz(pl)

call cross(ax,ay,az,BQX,bqy,bqgz,dx,dy,dz)
call mag(magd,dx,dy,dz)

call dotp(dx,dy,dz,cx,cy,cz,dp)

llet vol=abs(dp/6/magd)

let vol=abs(dp/6)

end sub

sub dotp(ax,ay,az,BQX,bqy,bqz,dp)
let dp=ax*BQX+ay*bqy+az*bqz
end sub

sub cross(ax,ay,az,BQX,bqy,bgz,cx,cy,cz)
let cx=ay*bqz-az*bqy

let cy=az*BQX-ax*bqz

let cz=ax*bqy-ay*BQX

end sub

sub mag(magv,ax,ay,az)

let magv=(ax"2+ay"2+az"2)".5
end sub
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Appendix D
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