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

The purpose of this calculation is to summarize the input loads extracted from the worst case EQ scenarios used 
as input for each of the inner PF coil leads and bus bar analysis. The worst EQ scenarios for each coil are 
identified first based on the 2D scan of all 96 EQ scenarios and then the full 3D magnetostatic analyses of these 
worst scenarios are performed using ANSYS MAXWELL for each coil with the detailed spiral winding and 
new bus flags, support brackets and bus bar structures.
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Assumptions (Identify all assumptions made as part of this calculation.)

The global 3D ANSYS MAXWELL models with detailed coil spiral winding, coil terminals and new bus bar 
assembly for each of the PF-1a, 1b and 1c coils are developed for extracting worst case electromagnetic forces 
in terms of elemental body force densities needed for the lead analysis. The MAXWELL magnetostatic analysis 
is then performed for each of the PF1 coils with conductor spiral winding, terminal flags and bus bars for that 
coil (while smeared coil pack was used for all other coils) as a complete conduction path for accurate mapping 
of the coil load distribution. The end of pulse condition is used where maximum coil temperature of 60 C, 90 C 
and 50 C for the PF-1a, PF-1b and PF-1c coils are prescribed for structural analysis of coil leads. The body 
force densities from the worst case EQ scenarios of #51, #33 and #18 for PF-1a, PF-1b and PF-1c coils are 
mapped onto conductors of the coil with spiral winding, coil terminals and bus bars in the subsequent structural 
analysis models. This report is to summarize the resultant input loads from the 3D MAXWELL calculation of 
each PF1 coil under the worst case EQ scenarios with detailed conductor spiral winding for the new design of 
the inner PFs. 

Calculation (Calculation is either documented here or attached)

Please see attached main body of this document.



Conclusion (Specify whether or not the purpose of the calculation was accomplished.)

The main conclusions include

1. A consistent procedure has been developed for the analysis of coil leads and bus bars with the new design 
of bus bar assembly for each inner PFs. The procedure worked effectively in terms of load transfer for 
qualifying the coil design at the terminal support and bus bar interfaces.

2. 2D scan of all 96 EQ scenarios shown the worst case scenarios are #1, 51, #33 and #18 for the inner PF 
1a, 1b and 1c respectively.  

3. The maximum radial and toroidal fields for the inner PFs are ~2-3 T in the coil terminals for the worst 
case EQ scenarios.
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NSTX-U Calculation Form

Purpose of Calculation: The NSTX-U inner PF coils are water-cooled copper solenoids 
fabricated from rectangular or square shaped conductors with embedded central cooling 
channels. The coils, consist of three upper and lower pairs, denoted PF-1a, PF-1b and 
PF-1c, are energized up to 20 kA for about 1-2 seconds during plasma operations and 
then cooled down with 12 0C cold water once every 1200 seconds. During machine 
operation the conductors in coil terminals (lead sections) will experience large Lorentz 
forces (30-50 kN/m) from 2-3 T toroidal magnetic fields as well as differential thermal 
stresses between coil leads and bus bars when coils are pulsed. This calculation is to 
summarize the input loads extracted from the worst case EQ scenarios used as input 
for each of the inner PF coil leads and bus bar analysis. The worst EQ scenarios for 
each coil are identified first based on the 2D scan of all 96 EQ scenarios and then the 
full 3D magnetostatics analyses of these worst scenarios are performed using ANSYS 
MAXWELL for each coil with the detailed spiral winding and new bus flags, support 
brackets and bus bar structures. The body force densities on the coils, coil terminals 
and bus bars are mapped onto the 3D structural analysis models. The summation of the 
Lorentz forces on each coil is compared with the load inventory defined in the DPSS 
and ~5% difference is generally found for the dominating loads. Both positive and 
reverse toroidal field cases under the worst EQ scenarios have been analyzed and 
reaction forces on the coil and the bus bars are extracted following NSTX-U General 
Requirements Document [1] and the System Requirements Document for Magnet 
Systems [2].  
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Assumptions: (Identify all assumptions made as part of this calculation.)

The global 3D ANSYS MAXWELL models with detailed coil spiral winding, coil terminals 
and new bus bar assembly for each of the PF-1a, 1b and 1c coils are developed for 
extracting worst case electromagnetic forces in terms of elemental body force densities 
needed for the lead analysis. The MAXWELL magnetostatics analysis is then performed 
for each of the PF1 coils with conductor spiral winding, terminal flags and bus bars for 
that coil (while smeared coil pack was used for all other coils) as a complete conduction 
path for accurate mapping of the coil load distribution. The end of pulse condition is 
used where maximum coil temperature of 60 C, 90 C and 50 C for the PF-1a, PF-1b
and PF-1c coils are prescribed for structural analysis of coil leads. The body force 
densities from the worst case EQ scenarios of #51, #33 and #18 for PF-1a, PF-1b and 
PF-1c coils are mapped onto conductors of the coil with spiral winding, coil terminals 
and bus bars in the subsequent structural analysis models. This report is to summarize 
the resultant input loads from the 3D MAXWELL calculation of each PF1 coil under the
worst case EQ scenarios with detailed conductor spiral winding for the new design of 
the inner PFs. 

Calculation: (Calculation is either documented here or attached)
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1. Executive Summary
The inner PF coils for NSTX-U are installed to provide the poloidal field shaping and 
better controlling of plasma in the diverter region during machine operations. The inner 
PFs, fabricated from rectangular or square shape copper conductors with embedded 
central cooling channels, are designed to have 20,000 pulse cycles over the lifetime of 
machine operation as defined in the latest General Requirement Document [4]. The key 
design requirements include 1) all coil designs shall allow for operation of the toroidal 
field in either direction, and of the plasma current in either direction, 2) static EM loads 
are defined in the Design Point Spreadsheet which disruption loads are derived from the 
NSTX-U disruption analysis requirements 3) the maximum temperature for operations 
shall be below 100 0C. To this end, 3D magnetostatics analyses were performed based 
on the worst EQ scenarios selected from the 2D axis-symmetric models of PF-1a, PF-
1b and PF-1c maximum fields, Lorentz forces and coil stresses. The 2D results show 
that maximum temperatures on the conductor when pulsed are 58, 90 and 48 0C for PF-
1a, -1b and -1c coils respectively and the maximum radial fields on the inner PFs are ~2 
T from the worst case EQ scenarios for each inner PF coils. The global 3D ANSYS 
MAXWELL models with detailed coil spiral winding, coil terminals and new bus bar 
assembly for each of the PF-1a, 1b and 1c coils are developed for extracting worst case 
electromagnetic forces in terms of elemental body force densities needed for the lead 
analysis. The MAXWELL magnetostatics analysis is then performed for each of the PF1 
coil (with detailed spiral winding along with bus bar assembly as complete conduction 
path while a smeared coil pack was used for all other coils) for accurate mapping of the 
coil load distribution. The body force densities from the worst case EQ scenarios of #51, 
#33 and #18 for PF-1a, PF-1b and PF-1c coils are mapped onto conductors of the coil 
with spiral winding and bus bar assembly in the subsequent structural analysis models. 
Both positive toroidal field and reverse toroidal field cases of the worst EQ scenarios 
have been analyzed. This report is to summarize the resultant input loads extracted 
from 3D MAXWELL calculation of each PF1 coil with detailed conductor spiral winding 
for the lead analysis of the inner PFs. 

2. Inner PF Coil Design
The coil geometry and conductor dimension of the global EM analysis models are taken 
from the latest Kalish Coil Design Parameter data sheet [3]. To ensure a self-consistent 
coil alignment with consideration of assembly and positional tolerances of components, 
the PF-1a conductor width was reduced by 1 mm since inner PF PDR so to increase the 
inner bore size by 8 mm (4 mm on each side), and cooling hole size is reduced from 
0.225” to 0.185” accordingly so to maintain the same width from the hole edge to the 
conductor outer side edge for fatigue crack propagation of 1mm minimum detectable 
flaws. The Equivalent Square Wave (ESW) for PF-1a is reduced accordingly from 2.1s 



to 1.9s so to maintain the same maximum temperature with the conductor modification
as shown in Table 1.   

Table 1 – Inner PF Physics Requirements

PF-1a PF-1b PF-1c
No. of turns 61 20 16

Max current (kA) 19.67 20 20.25
ESW time (s) 1.9 1.0 1.4

Tables 2-3 listed the coil design parameters and the inner PF conductor dimensions [3], 
used as the input to establish the 2D axis-symmetric thermal analysis models.  Figure 1 
presents the typical structural analysis models of inner PF-1a and PF-1b upper and
lower assembly in the polar region of NSTX-U. The structural models are used for the 3-
D lead analysis.  

Table 2 – Inner PF Coil Design Parameters

Table 3 – Inner PF Conductor Dimension



Figure 1 Structural Analysis Models for PF1a & 1b upper (top) and lower (bottom)

3. Procedure for Coil Lead Analysis
A procedure has been developed for coil leads and bus bar analysis, which includes the 
following steps  

Setup structural environment in 3D models with coil spiral winding for the leads to 
be analyzed. Implement the new design of the filler blocks at coil terminals, bus 
flags and bus bars. 

Import Lorentz forces in the form of body force densities from the worst case 
scenarios and prescribe maximum conductor temperatures on coil packs, leads 
and bus bars for static structural analysis

  Perform 3D EM and structural analysis for both positive and reverse toroidal field 
cases for the selected scenarios for each PF1 coils

Check consistency throughout all lead analysis for each inner PFs

4. Worst Case EQ Scenarios  
Three-dimensional magneto-static analysis models were developed for each of the
upper and lower PF1-a, PF1-b and PF1-c coils as shown in Figure 2 below. The 3D EM
models include conductors of spiral winding, coil leads, bus flags and bus bar assembly.
Figure 2 also showed the static magnetic field distribution in the vertical plane, as well 
as the detailed coil spiral winding used for the lead analysis. 



Figure 2 Global Magneto-static Analysis Models for upper inner PFs (left) and 
Magnetic Field Distribution for EQ #51 (right)  

Table 4 – Maximum Total Magnetic Fields for Inner PFs
PF-1a PF-1b PF-1c

EQ scenarios 1, 51 1, 33 18, 33
Maximum current (kA) 20 20 20
Local max B Fields (T) 2.5 3.3 3.2



The worst case EQ scenarios are selected based on the 2D scan of all 96 scenarios 
defined in DPSS for inner-PF coil current requirements [7]. The equilibrium scenarios of 
#51, #33 #18 define the maximum magnetic fields on the coil leads and full currents on 
coils and bus bars. Figures 3-5 present the radial field distribution on the upper inner 
PFs for the selected EQ scenarios. Both positive and reverse toroidal field cases are 
analyzed using 3D ANSYS MAXWELL and detailed structural models for leads and bus 
bars. Other assumptions used for lead analysis include 1) insulations are bonded to the 
conductors without delamination and linear elastic behavior is used for copper without 
yielding, 2) coil packs in 3D structural analysis have no thermal conduction with coil 
support structure, 3) maximum temperature of conductors at end of pulses is prescribed 
as defined in the 2D thermal analysis.    

Figure 3 Radial field from EQ #51 (2 MA circular plasma) – worst for PF-1a Leads



Figure 4 Radial field from EQ #33 (2 MA circular) – worst for PF-1b Leads

Figure 5 Radial field from EQ #18 (2 MA circular) – worst for PF-1c Leads



5. EM Results  
When the inner PFs are energized, the conductor will be pulsed up to ~20 kA for about 
1-2 seconds. The conductor and insulation will experience fatigue stress and strain, but 
thermal stress during cool down dominates the fatigue evaluation for the conductor and 
stress due to Lorentz loads dominates fatigue evaluation for coil leads. During normal 
operation, the equivalent square wave (ESW) time of PF-1a, -1b and -1c coils is 1.9, 1.0 
and 1.4 seconds respectively. The net forces on inner PF coils extracted from the 3D 
MAXWELL models are comparable with the DPSS as shown in Table 5 below.

Table 5 – Maximum Total Magnetic Fields for Inner PFs

Magnetic Fields and Body Forces

The magnetic field distribution on the PF-1a upper and PF-1b lower conductors and bus 
bars are shown in Figure 6 below for the worst case EQ scenarios (EQ #51 and #33).
Figure 7 presents the detailed volume force density on the conductors and bus bars of 
PF-1a upper. The plot clearly indicated conductor in the solenoid is under clamping 
force and bulged out in the mid-plane, which is the typical behavior of solenoid magnets 
when energized.

The volumetric force densities for each 3D magnetostatics analysis of the worst case 
EQ scenarios (both positive and reverse toroidal field cases) for the inner PFs have 
been extracted from MAXWELL calculators and saved as the database for inputs to the 
static structural analysis of the coil leads and bus bars. The data are saved in a typical 
format of (x, y, z, Fx, Fy, Fz) and can be directly imported in ANSYS external data for 
structural analysis.

Coil/CS# 18 33 51
PF1A -4.449E+04 1.016E+04 -4.948E+04
PF1B 1.760E+04 -4.159E+04 0.000E+00
PF1C -3.891E+03 -2.613E+04 0.000E+00

With Plasma
PF1U Coil Vertical Force (lbf) vs Current Scenario



Figure 6 Magnetic fields on PF-1a upper (#51) and PF-1b lower (#33) conductors

Figure 7 The body force density in PF-1a coil winding and bus bars

The volumetric body force density on the conductor and bus bars for the PF-1b lower is 
shown in Figure 8. The force density distribution shows very similar behavior of solenoid 
magnets when energized.  The force density on the coil terminals is also clearly shown 
in Figure 8, where higher force density is expected from interaction with the significant 
toroidal fields. Table 6 presents the maximum local radial, vertical as well as the toroidal 
fields on each of the inner PF coils and coil terminals. Note that the toroidal fields can 
switch sign and both positive and reverse toroidal field cases are analyzed for the coil 
leads for each inner PFs.   



Figure 8 Volume body force on conductor and bus bars of PF-1b lower - EQ #33. 

Table 6 – Maximum Fields on Inner PF Coils
PF-1a PF-1b PF-1c

Worst EQ # 51 18, 33 18
Radial Br (T) 2 2.1 1.7

Vertical Bz (T) 2.5 2.2 1.1
Toroidal Bt (T) 2.9 2.4 1.7

Mapping of Elemental Body Force Density

A typical format of the body force density as input to the structural analysis is shown 
below. All input files are assembled and stored on the google drive folder. Figure 8 
presents the body force densities mapped onto the structural models for the PF-1a and
PF-1b upper assembly and the PF1b lower assembly. Figure 8 clearly shows the higher 
force density on the coil terminals as result of the impact from the toroidal field which is 
quite significant for the coil terminals. 



Figure 9 Mapped force densities for PF-1a, 1b upper assembly and PF-1b lower





Table 7 – Typical Ratio of Total Load Mapped from EM to Structural 

Ratio of Total Load Mapped PF-1a Pf-1b PF-1c
1.05 1.07 1.005

As part of the validation of load mapping, the typical ratio of total load mapped from 
MAXWELL EM solver to the ANSYS static structural model is shown in Table 7, where 
a close to 100% of volumetric body forces has been mapped onto the structural models.   

Conclusion: (Specify whether or not the purpose of the calculation was accomplished) 

3D magnetoststic analyses have been performed for the inner PF coils PF-1a, -1b and -
1c using ANSYS MAXWELL models with detailed spiral winding of each PF1 coils, coil 
terminals as well as bus bars as a full conduction path, but smeared coil pack for other 
coils. The analyses performed based on the worst case EQ scenarios selected from a 
2D scan of all 96 scenarios defined in the DPSS. The maximum local magnetic fields for 
each of the inner PFs have been extracted and worst case EQ scenarios for the coil 
lead and bus bar analysis are identified. Both positive and reverse toroidal field cases 
have been performed for each of the worst case scenarios to ensure we capture the 
worst loading and resultant stress for the coil leads in the structural analysis.  

The main conclusions include

1. A consistent procedure has been developed for the analysis of coil leads and bus 
bars with the new design of bus bar assembly for each inner PFs. The procedure 
worked effectively in terms of load transfer for qualifying the coil design at the 
terminal support and bus bar interfaces.

2. 2D scan of all 96 EQ scenarios shown the worst case scenarios are #51, #33 
and #18 for the inner PF 1a, 1b and 1c respectively.  

3. The maximum radial and toroidal fields for the inner PFs are ~2-3 T in the coil 
terminals for the worst case EQ scenarios.
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