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· Results for PF1 bus bars show that maximum values of stresses occur in flags where flags are connected to coil winding. Brackets connecting flags to coil insulation are proposed to improve strength of the connection. Introducing such brackets and/or extending G10 to the flags will eliminate narrow cross-section and improve stress situation.  However even without flags stress levels in PF1 bus bars are significant. To reduce the level of stresses clamping of the in and out bus bar together will reduce the deformation and corresponding stress levels at the supports.
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Executive Summary
NSTX upgrade scenarios call for increased loads for the coils. Thus bus bars will experience larger thermal and electromagnetic loads, so analysis of this effects is important for proper design. 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.
The following parts of the coil assembly are included in the analysis:

· P1A,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

Remaining NSTX PF coils are modeled as current source elements, NSTX TF coils are modeled as current source elements within the center stack, and as solid elements at the periphery Constant elevated temperatures were imposed according to the analytical heat transfer calculations. Reference temperature of 20 ºC was used for thermal strain calculation, as a temperature during assembly, of the device. Supporting brackets are fixed in places of attachment to other structures. Both ends of the TF and OH bus bars are fixed, as well as outer ends of the PF bus bars. Supporting faces of the PF coils are fixed to provide correct load structure on the flags. Positive vertical displacement of 1 cm is imposed on P1A, and PF1B upper coil boundaries to emulate thermal expansion of the center stack.

Results of the numerical simulations show, that bus bars experience very large values of local stresses due to magnetic forces and thermal expansion

Results for PF1 bus bars show that maximum values of stresses occur in flags where flags are connected to coil winding. With the current design of the flags and increased currents, coil connections experience excessive stresses at the narrowest cross-section. Coil cables have a cooling channel inside, which make them even weaker. Brackets connecting flags to coil insulation are proposed to improve strength of the connection. Introducing such brackets and/or extending insulation to the flags will eliminate narrow cross-section and improve stress situation. However even without flags stress levels in PF bus bars are significant. To reduce the level of stresses clamping of the in and out bus bar together will reduce the deformation and corresponding stress levels at the supports.
Maximum value of stress intensity in the TF bus bar occurs in flag attached to the outer leg. High value of the stress is caused by thermal expansion of the bus bar, fixed between the outer leg and the floor. Compensation measures for thermal expansion are recommended for this portion of the TF bus bar. Prolong unsupported sections of the TF bus bar experience strong deformation due to magnetic forces. Heat transfer analysis showed excessive temperature levels in the section of TF bus bars with a single conductor which is not cooled internally. Increase of the bus bar cross section is recommended in this area.
Maximum value of stress intensity in the OH bus bar occurs at the supporting bracket. Stronger bracket for OH bus bar is recommended
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 129kA. 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 elevated temperature conditions at the bus bars, calculated for ambient temperature of 35 degrees C.
The following parts of the coil assembly are included in the analysis:

· P1A,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
 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.   [image: image2.png]



Fig1. Design model of the NSTXU coils and bus bars:

1. TF coils

2. PF coils

3. OH coils 

4. Plasma

5.  TF bus bars

6. Upper PF bus bars

7.  Lower PF bus bars

8. OH b
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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.
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. G10 insulation blocks were added between TF bus bar supports and TF bus bars, so proper connection between two parts is achieved. Modifications of TF bus bar supports are shown on fig 3.
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Fig 3 TF bus bar supports modification
Meshing

Elements used

ANSYS elements used to mesh the model are presented in Table 1. Only SOLID5 elements were used for model geometry meshing. SOLID5 elements allow simultaneous solution for coupled structural, thermal, and static electro-magnetic problem. 

Source elements were used to create poloidal magnetic field. 

	Element Type
	Nodes
	Name
	Used in the Mesh of

	3-D Structural Solid
	8
	SOLID5
	All parts

	Source
	2
	SOURCE36
	External Magnetic Field


Table 1 Elements used in the FE Model

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 using ANSYS Workbench Design Modeler software. Geometry was imported from Pro/Engineer into Design Modeler via IGES file. 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.
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Fig 4 Splitting of TF bus bar model allowing hexahedral sweep meshing

Meshing

Meshing was performed within standalone version of ANSYS. Final mesh containing 766211 elements are presented on Fig 6, 7, and 8.
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Fig 6 Mesh for TF bus bars
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Fig 7 Mesh for PF bus bars
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Fig 8 Mesh for OH bus bars

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 TF and OH bus bars are fixed, as well as outer ends of the PF bus bars. Supporting faces of the PF coils are fixed to provide correct load structure on the flags. Positive vertical displacement of 1 cm is imposed on P1A, and PF1B coil boundaries to emulate thermal expansion of the center stack. Analysis of center stack thermal expansion was provided by A. Brooks.
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Fig 9 Boundary conditions a) TF bus bars; b) Upper PF bus bars c) OH bus bar; d) Lower PF bus bar
Thermal Load

Constant temperature was imposed on the model conductors. Elevated temperatures were imposed according to the analytical heat transfer calculations. Reference temperature of 20 ºC was used for thermal strain calculation, as a temperature during assembly, of the device. Ambient temperature of 35 ºC was imposed at the fixed points of bar supports. 
For temperature assessment of bus bar conductors unsteady zero-dimension heat transfer model was used. The model takes into account natural convection and radiation heat transfer from the conductor surface. Energy balance of the small volume of the conductor portion can be written as follows:


[image: image16.wmf]S

q

S

q

V

q

V

t

T

c

rad

conv

¶

-

¶

-

¶

=

¶

¶

¶

&

r


where:

density of the conductor [kg/m3] 
c – heat capacity of the conductor [J/(kgK)]

T – temperature of the conductor [K]

t– time [s]
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- Joule heating source density of the conductor [W/m3]
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Introducing the formulae for Joule heating, convective and radiation heat transfer, and taking into account that volume of the conductor can be defined by cross-section area A[m2]:  
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and external surface area can be expressed through external perimeter P[m]: 
[image: image23.wmf]l

P

S

¶

=

¶

the following expression for conductor heat transfer can be obtained:
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where:

j -current density in the conductor [A/m2]

r0 – electric resistivity of the conductor at temperature T0[m]

 – resistivity temperature coefficient of the conductor [1/K]
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- convective heat transfer coefficient [W/(m2K)]
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- Stefan-Boltzmann constant 5.669E-8 [W/(m2T4)]
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- relative emissivity of the conductor
Convective heat transfer coefficient was determined using the following formula:
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where 

– thermal conductivity of air [W/(mK)]

D – characteristic length of the conduit [m]
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- Grashof number
g – gravity acceleration 9.807 [m/s2]
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- volumetric expansion coefficient for air[1/K]

 – kinematic viscosity of air [m2/s]

Pr = aircair/ - Prandtl number

C=0.47 for laminar regime GrPr<109
C=0.1 for turbulent regime GrPr>109
n=1/4 for laminar regime GrPr<109
n=1/3 for turbulent regime GrPr>109
For convenience heat transfer equation was reformulated in terms of thermal resistance:
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where:
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 - radiation thermal resistance [mK/W]
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 - bus bar insulation thermal resistance is applicable [mK/W]
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 - bus bar insulation thickness [m]
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The following values for ambient air properties were used:
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T

- ambient temperature 35 ºC  308K

– thermal conductivity of air 0.026[W/(mK)]

 – kinematic viscosity of air 1.5E-5[m2/s]

Pr - Prandtl number for air 0.7

The following values for conductor properties were used:
r0- copper electrical resistivity 1.73E-6 at T0=20 ºC  
c– heat capacity of copper 386[W/(mK)]

– resistivity temperature coefficient of copper 0.0041 [1/K]

 - relative emissivity 0.5
D- hydraulic diameter of the bus bar D=4A/P
Insulation of 1/16 inch thickness with thermal conductivity of 0.1 [W/(mK)] was assumed around OH and PF bus bars. No insulation was considered around TF bus bar. Resulting ordinary differential equation for conductor temperature was sold numerically in Microsoft Excel spreadsheet, current pulses with 1200 sec intervals. Maximum current values for all scenarios were used for each particular bus bar. Current values and pulse durations are summarized in Table 2. Total area of a bus bars assume all conductors with current in the same direction: two conductors for the TF bus bars; one conductor for all other bus bars. Exposed perimeter take into account that one side of OH and PF bus bars is insulated (adiabatic), perimeter for TF bus bars includes combined exposed areas for both conductors. Resulting maximum temperatures during 10 hour run are also presented.
Table 2

	Bus bar
	Total Area [inch2]
	Exposed

Perimeter

[inch]
	Insulation Thickness

[inch]
	Pulse Current [kA]
	Pulse duration [s]
	Max Bus Bar Temperature [ºC] 
	Max Coil Temperature [ºC]

	OH
	1.00
	3.00
	1/16
	24
	1.5
	78
	100

	PF1A
	2.00
	4.24
	1/16
	18.3
	5.5
	68
	85

	PF1B
	2.00
	4.24
	1/16
	13
	2.1
	43
	100

	PF1C
	2.00
	4.24
	1/16
	15.9
	4.1
	55
	79

	TF
	12.00
	28.00
	no
	129
	7.6
	65
	60

	TF
	6
	14.00
	no
	129
	7.6
	215
	60


Maximum temperature values during pulse runs, which are presented in Table 2, were used as a bus bar temperature values during numerical simulation. Small section of the TF bus bar close to the TF outer leg flag has a single conductor and is not internally cooled. Analysis shows that this section can reach excessive temperature of up to 215ºC. Value of 65ºC was used for TF bus bar in the calculations. Fig 10 shows plot of the temperatures imposed on the bus bars. Fig 11 shows temperature change in a bus bar during pulse runs. 
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Fig 10 Bus bar temperatures
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Fig 11,a PF and OH  Bus bar thermal response
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Fig 11,b TF Bus bar thermal response with a) 2 conductors b) 1 conductor
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
	Current (kA)

	PF1AU
	18.3

	PF1BU
	13.0

	PF1CU
	15.9

	PF2U
	15.0

	PF3U
	-16.0

	PF4
	-16.0

	PF5
	-34.0

	PF3L
	-16.0

	PF2L
	15.0

	PF1CL
	15.9

	PF1BL
	13.0

	PF1AL
	18.3

	OH
	-24.0


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
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Fig 12 External magnetic field creating elements

	Coil
	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

	PF1a
	32.4434
	6.2454
	159.0600
	46.3296
	4.0
	16
	64

	PF1b
	40.0380
	3.3600
	180.4200
	18.1167
	2.0
	16
	32

	PF1c
	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

	Coil    
	R[m]   
	Z[m]  
	DR[m]  
	DZ[m]  
	nx    
	ny
	I[MA]


Table 4 Magnetic field source element properties

Material properties for bus bar model

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

Thermal expansion coefficient is 1.64·10-5[1/K] at 293K. 

Electrical resistivity is 1.673·10-8 [Ohm·m]
[image: image48.emf]1

X

Y

Z



Fig 13 Copper conductors
Insulation
Material: G10. 

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

Thermal expansion coefficient is 0.99·10-5[1/K] at 293K. 

Electrical resistivity is 1.673·10+6 [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 expansion coefficient is 1.60·10-5[1/K] at 293K. 
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Fig 15 Supporting Hardware
Compressible Inserts

Material: rubber. 

Material is isotropic with elastic modulus of 20MPa and Poisson ratio of 0. 

Thermal expansion coefficient is 0.99·10-5[1/K] at 293K. 
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Fig 16 Compressible inserts shown in blue
Simulation Results
PF Upper Bus Bars
PF1A Upper Bus Bar
Stress intensity and displacements on PF1A upper bus bar are presented on Fig. 17
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Fig 17.a Stress intensity
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Fig 17.b Stress intensity in bus bar conductor without flags
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Fig 17.c Vertical Displacement
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Fig 17.d Total Displacement

PF1B Upper Bus Bar

Stress intensity and displacements on PF1B upper bus bar are presented on Fig. 18
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Fig 18.a Stress intensity

[image: image58.png]ELEMENT SOLUTICGT PFIB upper Bus Bar Tresca oStress [Pa]

STEP=2

SUB =1

TIME=2

SINT (NORVG)
MY =.021874
SMV =25482.6
SMX =.549E+10

. 200EH .400E+09 . 600E+09 .800E+09
.100E+09 9 .S00E+09 .700E+09





Fig 18.a Stress intensity
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Fig 18.b Stress intensity in bus bar conductor without flags
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Fig 18.c Vertical Displacement
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Fig 18.d Total Displacement

PF1C Upper Bus Bar

Stress intensity and displacements on PF1C upper bus bar are presented on Fig. 19
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Fig 19.a Stress intensity
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Fig 19.b Stress intensity in bus bar conductor without flags
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Fig 19.c Vertical Displacement
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Fig 19.d Total Displacement

PF Lower Bus Bars
PF1A Lower Bus Bar

Stress intensity and displacements on PF1A lower bus bar are presented on Fig. 20
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Fig 20.a Stress intensity
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Fig 20.a Stress intensity
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Fig 20.b Stress intensity in bus bar conductor without flags
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Fig 20.c Total Displacement

PF1B Lower Bus Bar

Stress intensity and displacements on PF1B lower bus bar are presented on Fig. 21
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Fig 21.a Stress intensity

[image: image72.png]ELEMENT SOLUTION PFIB lower Bus Bar Tresca oStress [Pa]

STEP=2
SUB =1
TIME=2
SINT (NORVG)
IMX =,018752

SMN =91469.4

SMX =, 963E+09

200E+09 800E+09
300E+09

00E+09




Fig 21.a Stress intensity
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Fig 21.b Stress intensity in bus bar conductor without flags
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Fig 21.c Total Displacement

PF1C Lower Bus Bar

Stress intensity and displacements on PF1C lower bus bar are presented on Fig. 22
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Fig 22.a Stress intensity
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Fig 22.a Stress intensity
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Fig 22.b Stress intensity in bus bar conductor without flags
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Fig 22.c Total Displacement

TF Bus Bars
Stress intensity and displacements on TF bus bars are presented on Fig. 23
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Fig 23.a Stress intensity

[image: image80.png]N [csca Stress [Pal

ZTEP=2

SUB =1

TIME=2

SINT (NOAS
X =.010627
SMN =103540
SMX =.111E+10

-




Fig 23.a Stress intensity
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Fig 23.b Total Displacement

OH Bus Bars
Stress intensity and displacements on OH bus bars are presented on Fig. 24
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Fig 24.a Stress intensity
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Fig 24.b Total Displacement

Summary
The results presented here show: 

Bus bars experience very large values of local stresses due to magnetic forces and thermal expansion

Results for PF1 bus bars are presented in Table 5 show that maximum values of stresses occur in flags where flags are connected to coil winding. Brackets connecting flags to coil insulation are proposed to improve strength of the connection. Introducing such brackets and/or extending G10 to the flags will eliminate narrow cross-section and improve stress situation. 

However even without flags stress levels in PF1 bus bars are significant. To reduce the level of stresses clamping of the in and out bus bar together will reduce the deformation and corresponding stress levels at the supports.
	Coil connected to BusBar
	Max Stress Intensity [MPA]
	Max Stress Intensity without Flags [MPa]

	PF1A upper
	830
	203

	PF1B upper
	5490
	422

	PF1C upper
	874
	132

	PF1A lower
	2760
	359

	PF1B lower
	963
	456

	PF1C lower
	1050
	262


Maximum value of stress intensity in the TF bus bar occurs in flag attached to the outer leg. High value of the stress is caused by thermal expansion of the bus bar, fixed between the outer leg and the floor. Compensation measures for thermal expansion are recommended for this portion of the TF bus bar. Peak stress intensity value is 1111MPa. Prolong unsupported sections of the TF bus bar experience strong deformation due to magnetic forces. Peak value of deformation is 0.0106m

Heat transfer analysis showed excessive temperature levels of 215ºC in the section of TF bus bars with a single conductor which is not cooled internally. Increase of the bus bar cross section is recommended in this area
Maximum value of stress intensity in the OH bus bar occurs at the supporting bracket. Peak stress intensity value is 960MPa. Stronger bracket for OH bus bar is recommended
PF1B upper bus bar
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