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Results for PF, TF and OH bus bars show that maximum values of stresses satisfy static structural
design criteria. However in some local small areas maximum stress intensity in copper for PF1A,
PF1B and TF bus bars is higher than fatigue design criteria of 125MPa. For PF bus bars additional
reinforcement measures were proposed which may eliminate this high stresses. This is analyzed in
detail in PF part of center stack analysis report. Maximum stress area for TF bus bar occurs in the
area where conductor connection is assumed bonded. Actual bolted connection may allow more
flexibility and reduce stress in the area.
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Executive Summary

Three-dimensional numerical simulations of PF1, TF, and OH bus bars were performed using
ANSYS coupled solver for simultaneous structural, thermal and electromagnetic analysis. Thermal
and electromagnetic simulations supported structural calculations providing necessary loads and
strains. Simulations were performed during design process to verify structural integrity. Several
major changes were introduced in the design of the bus bars since the initial report was submitted.

Results for PF, TF and OH bus bars show that maximum values of stresses satisfy static structural
design criteria. However in some local small areas maximum stress intensity in copper for PF1A,
PF1B and TF bus bars is higher than fatigue design criteria of 125MPa. For PF bus bars additional
reinforcement measures were proposed which may eliminate this high stresses. This is analyzed in
detail in PF part of center stack analysis report. Maximum stress area for TF bus bar occurs in the
area where conductor connection is assumed bonded. Actual bolted connection may allow more
flexibility and reduce stress in the area.

Introduction

The NSTX Center Stack Upgrade requires new bus bars for PF, TF, and OH coils, these bus bars
are affected by Lorentz force since they are placed in a strong magnetic field and carry currents of
up to 130kA. Thermal strains impose additional load on the bus bars since temperature of the bus
bars is elevated during operation.

Scope of this Report

This report provides assessment of the structural integrity of bus bars based on Finite Element
Analysis (FEA). Simulations were performed for the following for room temperature conditions.

The following parts of the coil assembly are included in the analysis:

PF1A, B, C upper and lower bus bars with flags supports and parts of coil assembly
OH bus bar together with coaxial part

TF bus bars with supports and parts of connecting structure

NSTX PF coils modeled as SOURCE36 elements

NSTX TF coils modeled as SOURCE36 elements within the center stack, and as
SOLID5 elements at the periphery
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Mathematical Model

Geometry
Design geometry

Details of the design model of the CS insert coil are presented on Fig.1. The model was designed
using Pro/Engineer CAD software. Model and mesh of the parts 1,2,3,4 was provided by H. Zhang.

Figl. Design model of the NSTXU coils and bus bars:

1. TF coils 4. Plasma 7. Lower PF bus bars
2. PF coils 5. TF bus bars 8. OH bus bar
3. OH coils 6. Upper PF bus bars 9. Support tower

Page 4 of 33




PF1C upper bus bars

PF1A upper bus bars

PF1B upper bus bars

PF1B lower bus bars

PF1A lower bus bars

PF1C lower bus bars

TF bus bars

OH bus bars

Fig 2.Bus bars

Bus bars analyzed in present investigation are presented on fig.2. PF bus bars were modeled

together with a portion of the coils to insure proper loads on flags.
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Geometry Simplification

Geometry simplification was performed using Pro/Engineer software mostly by deleting
features in the original design model. Initial design geometry was simplified for the purpose
mesh generation by removing some of the fillets from the design. The effect of the fillets is only
to reduce peak stresses (a beneficial trait) and their contribution to the global stiffness of the
structure is negligible. Most of the bolt connections of the bus bar supports were also removed
and bonded connection was assumed.

The model was modified further using ANSYS Workbench Design Modeler software.
Geometry was imported from Pro/Engineer into Design Modeler via IGES file. Modifications
of TF bus bar supports are shown on fig 3.

Bonded connection

Bolts
removed

[
Fig 3 TF bus bar supports modification
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Meshing
Elements used

ANSYS elements used to mesh the model are presented in Table 1. SOLID5 elements were
used for model geometry meshing. SOLID5 elements allow simultaneous solution for coupled
structural, thermal, and static electro-magnetic problem. The volumes that could not be
measured with structural brick elements we meshed with unstructured mesh using SOLID 226
tetrahedral elements

Source elements were used to create external magnetic field.

Table 1 Elements used in the FE Model

Element Type Nodes Name Used in the Mesh of
3-D Coupled Solid 8 SOLID5 Majority of parts
3-D Structural Solid 4 SOLID226 | Parts with unstructured mesh
Source 2 SOURCE36 | External Magnetic Field

Geometry split into blocks

SOLID5 ANSYS elements require using sweep method for meshing. Thus, the model has to be
split into blocks that can be swept. The model was split within ANSYS Classic. Splitting of the
model into blocks does not introduce any additional geometrical simplifications into model, and
was used exclusively for meshing simplification Example of the geometry split into multiple
blocks is presented on Fig 4.

=

Fig 4 Splitting of TF bus bar model allowing hexahedral sweep meshing
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Meshing

Meshing was performed within standalone version of ANSY'S. Final mesh containing 378981
elements is presented on Fig 6, 7, and 8.

Unsweepable volume

Unsweepable
volume

Fig 6 Mesh for TF bus bars
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PF1A upper bus bars PF1B upper bus bars

PF1C upper bus bars

PF1A lower bus bars

PF1B lower bus bars

PF1C lower bus bars

Fig 7 Mesh for PF bus bars
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OH bus bars

Support Tower

TF bus bars

Fig 8 Mesh for TF and OH bus bars with support tower

Boundary Conditions and Loads

Structural boundary conditions

The model is fixed in all directions as shown on fig 9. Supporting brackets are fixed in places of
attachment to other structures. Both ends of the OH bus bars are fixed, as well as outer ends of
the TF bus bars. Inner TF bus bar directly connected to outer portion of the TF coil (see fig 9).
The other TF bus bar is fixed at center stack connection. Most of PF bus bars are fixed at the
flags with no displacement. Positive vertical displacement of 1 cm is imposed on PF1A, and
PF1B flags. Analysis of center stack thermal expansion was provided by A. Brooks. Outer ends
of PF bus bars are not fixed since they are attached to flexible connectors.
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Connected directly to
TF coil model

c d

Fig 9 Structural boundary conditions a) TF bus bars; b) Upper PF bus bars c) OH bus
bar; d) Lower PF bus bar

Thermal Load

Constant temperature boundary conditions are summarized in table 2. Cooling channels of TF
and OH buses are presented on fig 10.

Table 2 Constant temperature boundary conditions

Part Side Temperature
outer 40°C
OH bus bars center stack 40°C
cooling channels 20°C
outer 50°C
outer TF coil 50°C
TF bus bars center stack 40°C
cooling channels 20 °C
outer 40°C
PF bus bars center stack 100 °C
Bus Bar supports fixed points 35°C

Reference temperature of 20 °C was used for thermal strain calculation, as a temperature during
assembly, of the device. Heat transfer conditions were imposed on the all external walls with
film coefficient of 7 and ambient temperature of 35 °C
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Fig 10 Cooling channel walls at 20 °C or OH and TF bus bars

With this boundary conditions heat transfer problem was resolved including Joule heat on the
conductor parts. However resistivity of copper was assumed 150 times lower to model 8s pulse
every 20 minutes.

Electric Boundary Conditions

Electrical boundary conditions were imposed on the opposing ends of the each bus bar cable, to
simulate constant electrical current flow. At one end constant voltage level of zero was
imposed, while on the other end constant current level corresponding to the coil and scenario is
imposed. The current direction in bus bars is chosen in consistence with correspondent coil
current direction. Scenario 72 was chosen to obtain current values. In this scenario all PF1 coils
are charged at maximum values, and higher values are also imposed on PF4 and PF5 coils
creating strong magnetic field. Currents used to charge coils and corresponding bus bars are
presented in table 3:

Table 3
Coil PF1AU PF1BU PF1CU PF2U PF3U PF4 PF5 PF3L PF2L PF1CL PF1BL PF1AL OH TF
C‘[’i:z““]"t 183 13 159 15 -16 -16 -34 -16 15 159 13 183 -24 130
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External magnetic Field

External to bus bars magnetic field was generated using SOURC36 elements for PF and OH
coils and inner parts of TF coil, outer legs of TF coils were meshed using SOLID5 elements as
shown fig. 12. The model was provided by Han Zhang. The values of the parameters used for
source elements are summarized in the table 4. They correspond to the Scenario 72 and create
external field presented on fig. 12. Axial field of more than one Tesla is assumed conservative

approximation of all the scenario effects on the bus bars.

Fig 11 External magnetic field creating elements

Table 4 Magnetic field source element properties

Cail R (center) | dR Z (center) dz nR nZ | Turns
(cm) (cm) (cm) (cm)
OH (half-plane) | 24.2083 6.9340 | 106.0400 212.0800 |4.0 110 | 442
PFla 32.4434 6.2454 | 159.0600 46.3296 4.0 16 64
PFlb 40.0380 3.3600 | 180.4200 18.1167 2.0 16 32
PFlc 55.0520 3.7258 | 181.3600 16.6379 2.0 10 20
PF2a 79.9998 16.2712 | 193.3473 6.7970 7.0 2 14
PF2b 79.9998 16.2712 | 185.2600 6.7970 7.0 2 14
PF3a 149.4460 | 18.6436 | 163.3474 6.7970 7.5 2 15
PF3b 149.4460 | 18.6436 | 155.2600 6.7970 7.5 2 15
PF4b 179.4612 | 9.1542 | 80.7212 6.7970 2.0 4 8
PF4c 180.6473 | 11.5265 | 88.8086 6.7970 4.5 2 9
PF5a 201.2798 | 13.5331 | 65.2069 6.8580 6.0 2 12
PF5b 201.2798 | 13.5331 | 57.8002 6.8580 6.0 2 12
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lJJ ~
LB
-.607738 —.193643 L220453 .634548 1.04864
—.40069 .013405 L4275 .841595 1.25569

Fig 12.a Axial component of external magnetic field

066556 .959025 1.85149 2.74396 3.63645
512791 1.40526 2.29713 3.1902 4.08267

Fig 12.b Toroidal component of external magnetic field
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Material properties for bus bar analysis model

Conductors

Material: copper.

Material is isotropic with elastic modulus of 120GPa and Poisson ratio of 0.33.

Thermal conductivity is 385[W/(mK)].

Thermal expansion coefficient is 1.64-10°[1/K] at 293K.
Temperature dependent electrical resistivity is presented in table 5. Value used in analysis was
150 times less assuming 8s pulse in 20 min interval

Table 5 Copper conductor electrical resistivity

Temeprature®C 273 293 393
e [QOmM] 1.49E-08 1.62E-08 2.28E-08
e [Qm] used in analysis 9.91E-11 1.08E-10 1.52E-10

Fig 13 Copper conductors
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Insulation
Material: G10.

Material is isotropic with elastic modulus of 20GPa and Poisson ratio of 0.33.

Thermal conductivity is 0.288 [W/(mK)].
Thermal expansion coefficient is 0.99-10"°[1/K] at 293K.
Electrical resistivity is 1.673-10*® [Ohm-m]
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Fig 14 Insulation

Support Hardware

Material: steel.

Material is isotropic with elastic modulus of 190GPa and Poisson ratio of 0.33.

Thermal conductivity is 25[W/(mK)].
Thermal expansion coefficient is 1.60-10"°[1/K] at 293K.
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Fig 15 Supporting Hardware
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Insulating Inserts

Material: insulating plastic.
Material is isotropic with elastic modulus of 20GPa and Poisson ratio of 0.

Thermal conductivity is 0.288 [W/(mK)].
Thermal expansion coefficient is 1.6-10°[1/K] at 293K.
Electrical resistivity is 1.673-10"° [Ohm-m]

Fig 16 Insulating inserts

Compressible Insertsor PE1A upper and PE1B upper supports

Material: insulating plastic.

Material is isotropic with elastic modulus of 150MPa and Poisson ratio of 0.49
Thermal conductivity is 0.288 [W/(mK)].

Thermal expansion coefficient is 0.99-10°[1/K] at 293K.

Electrical resistivity is 1.673-10"° [Ohm-m]

Fig 17 Compressible inserts
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Support Tower

Material: Aluminum 6061

Material is isotropic with elastic modulus of 68.9GPa and Poisson ratio of 0.33.
Thermal conductivity is 167 [W/(mK)].

Thermal expansion coefficient is 2.36-10°[1/K] at 293K.

Electrical resistivity is 3.99-10® [Ohm-m]

Fig 18 Supporting Tower
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Simulation Results

PF Upper Bus Bars
PFE1A Upper Bus Bar

Stress intensity and displacements on PF1A upper bus bar are presented on Fig. 19

e I I
50838 L450E+08 L912E+08 L13TE+09 L182E+09
L2Z28E408 . 684AE+08 L114E+09 . 160E+09 L205E+09

Fig 19.a Stress intensity

LB _
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Fig 19.b Vertical Displacement
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. I
307.993 322.439 336.885 351.331 365.777
315.216 329.662 344.108 358.554 373

Fig 19.c Temperature

PF1B Upper Bus Bar

Stress intensity and displacements on PF1B upper bus bar are presented on Fig. 20

L ____ B _ I—
32711 . 384E+08 LT68E+08 L115E+09 L 154E+09
L192E+08 LOTOE+08 . 960E+08 L 134E+09 LL73E+F09

Fig 20.a Stress intensity
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e I
32711 . 349E+08 .O98E+08 . 105E+09 . 140E+09
L1T5E408 L523E408 LBT2E+08 L122E+09 L15TE+09

Fig 20.d Stress intensity in copper conductor

L ____ B _
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Fig 20.b Vertical Displacement

L I
307.997 322.455 336.913 351.371 365.829
315.226 329.684 344.142 358.6 373.057

Fig 20.c Temperature
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PF1C Upper Bus Bar

Stress intensity and displacements on PF1C upper bus bar are presented on Fig. 21

B I
48968.1 L247TE+08 L493E+08 LT40E+08 .986E+08
L124E408 L3TOE+08 LO1TE+08 .863E+08 L111E+09

Fig 21.a Stress intensity

. I— e
48968.1 . 157E+08 .314E+08 ATIE+0S . 628E+08
LT89E+DT L23BE+08 . 393E+08 .550E+08 JT07E+08

Fig 21.d Stress intensity in copper conductor

253E-03 975E-04 578E-04 213E-03 368E-03
RIS gsp oy TIPE _ggngn 7T A36R-03 P 291R—03 OO . A46E-03

Fig 21.b Vertical Displacement

Page 22 of 33




e I I
307.981 322.433 336.885 351.337 365.789
315.207 329.659 344.111 358.563 373.015

Fig 21.c Temperature

PF Lower Bus Bars
PF1A Lower Bus Bar

Stress intensity and displacements on PF1A lower bus bar are presented on Fig. 22

|
41812.3 S1E+0 .502E+08 52E+08 . 100E+09
.879E+08 L113E+09

.2 8 T
L126E+08 L3TIEHDS . 628E+08

Fig 22.a Stress intensity

B I
41812.3 L211E+08 LAZZEF08 LO3ZE+08 L843E+08
.106E+08 .316E+08 LH2TE+08 L13TEF08 .948F+08

Fig 22.d Stress intensity in copper conductor
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0 .249E-03 L498E-03 JT4TE-03 L997E-03
L1Z25E-03 L3T4E-03 LOZ23E-03 LET2E-03 001121

Fig 22.b Displacement

307.997 322.442 336.887 351.332 365.777
315.219 329.6604 344,11 358.555 373

Fig 22.c Temperature

PE1B Lower Bus Bar

Stress intensity and displacements on PF1B lower bus bar are presented on Fig. 23

B I I—
615.825 .238E+08 LAT5E+08 LT13E+08 L951E+08
L119E+08 L 35EE+08 LS94E+08 L832E+08 .107TE+09

Fig 23.a Stress intensity
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615.825 L217E+08 L434E+08 LO01E+08 .868E+08
L109E+08 . 326E+08 LSA3E+08 LT60E+08 L9TTE+0S

Fig 23.d Stress intensity in copper conductor

I
0 L3TEE-03 LT52E-03 .001128 .001503
.188E-03 .564E-03 . 940E-03 .001315 .001691

Fig 23.b Displacement

307.996 322.442 336.887 351.332 365777
315.219 329.6604 344,109 358.555 373

Fig 23.c Temperature
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PF1C Lower Bus Bar

Stress intensity and displacements on PF1C lower bus bar are presented on Fig. 24

I I
65463.2 L28TE+08 LOT3E+08 .S60E+08 L115E+09
.144E4+08 LA30E+08 LT16E+08 . 100E+09 L129E+09

Fig 24.a Stress intensity

B I
65463.2 L220E+08 L440E+08 .660E+08 .B80E+08
L111E+08 L330E+08 LooUE+08 LITOE+0S L990E+08

Fig 24.d Stress intensity in copper conductor

| I—
0 L203E-03 L418E-03 LOZTE-03 L836E-03
.105E-03 .314E-03 .523E-03 JI3ZE-03 L941E-03

Fig 24.b Displacement
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. I
307.999 322.446 336.893 351.34 365.787
315.223 329.67 344.116 358.563 373.01

Fig 24.c Temperature

TF Bus Bars

Stress intensity and displacements on TF bus bars are presented on Fig. 25. Figures 25.b
and 25c. show additional measures proposed to reduce stress intensity and displacement.

B I—
0 . 382E+08 LT65E+08 L115E+09 .153E+09
L191E+08 LOTAE+08 . 900E+08 L 134E+09 LLTZ2E+A09

Fig 25.a Stress intensity
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Insulating connector added Bracket position shifted

I I
0 L382EH08 JTO5E+08 L115E+09 L153E+09
L191E+08 LST74E+08 L956E+08 L134F+09 L1T72E+09

Fig 25.b Stress intensity

Connecting insulating spacers added
to reduce displacement

0 .381E-03 . 763E-03 .001144
.191E-03 DY 2E-03 .953E-03 001335

Fig 25.c Displacement
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Thickness of this span doubled to
balance current and reduce
temperature

I I |
293 306.415 319.831 333.246 346.661
299.708 313.123 326.538 339.954 353.369

Fig 25.c Temperature

OH Bus Bars
Stress intensity and displacements on OH bus bars are presented on fig. 26

e I I
28014 . J68E+08 JI30E+08 L110E+09 L147E+09
.184E4+08 LS5ZE+08 .920E+08 L129E+09 . 166E+09

Fig 26.a Stress intensity
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65039.7 L204E+08 LA0TEHOS L610E+08 L814E+08
L10ZE+D8 . J06E+08 LSO0ZE+08 JI1Z2E+08 L913E+08

Fig 26.b Stress intensity in copper conductor

0 .218E-03 L436E-03 . 654E-03 L8T1IE-03
L109E-03 L32TE-03 .545E-03 JT6ZE-03 L980E-03

Fig 26.c Displacement
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292,987 306.417 319.866 333.315 346.764
299,692 313.141 326.59 340.039

Fig 26.d Temperature

353.488
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Conclusions

Results for PF, TF and OH bus bars are presented in Table 5 show that maximum values
of stresses satisfy static structural design criteria.

However maximum stress intensity in copper for PF1A, PF1B and TF bus bars is higher
than fatigue design criteria of 125MPa. The areas of elevated stress are very small.
Table 5 Stress intensity in bus bars

Coil connected to BusBar Max Stress Intensity Max Stress Intensity in

[MPA] copper conductor [MPa]
PF1A upper 205 205
PF1B upper 173 157
PF1C upper 111 71
PF1A lower 113 95
PF1B lower 107 98
PF1C lower 129 99
TF 172 172
OH 166 92

For PF bus bars additional reinforcement measures were proposed which may eliminate
this high stresses. This is analyzed in detail in PF part of center stack analysis report [3].

Maximum stress area for TF bus bar occurs in the area where conductor connection is
assumed bonded. Actual bolted connection may allow more flexibility and reduce stress
in the area.

Based on initial calculations insulated connectors are added between TF bus bars to
reduce deflection.

Ground support of the TF bus bars was shifted to
The thickness of the strait section of one of the TF bus bars was doubled to balance the
electric current between two parallel bus bars, and correspondingly reduce maximum

temperature.

Reactions on bolts and brazing joints will be analyzed in the next version of the report.
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