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NSTX-U ENG-33 Calculation Form 
 
Purpose of Calculation:  
 
     The purpose of this  calculation is to validate coil terminal stresses (at lead sections) 
of the inner PFs with the new design of filler blocks, support brackets and bus bar 
structure assembly for all six PF1 coils. 
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Assumptions:  
 
The 3D structural analysis models with conductor spiral winding, coil terminals and new 
bus bar assembly for each of the PF-1a, 1b and 1c coil are developed and used for the 
lead analysis. For the upper inner PF-1a and PF-1b, the worst CS vertical displacement 
of 5 mm relative to the vacuum vessel is used. The end of pulse condition is used where 
the maximum coil temperature of 60 C, 90 C and 50 C for the PF-1a, PF-1b and PF-1c 



 

coils are prescribed in the lead analysis. The body force density cloud data extracted 
from the 3D MAXWELL magnetostatics analysis for the worst case EQ scenarios of 
#51, #33 and #18 for PF-1a, PF-1b and PF-1c coils are mapped onto the spiral wound 
conductors, coil terminals, and the bus bars in the structural analysis models. The pre-
load mechanism were considered in the 3D lead analysis of PF-1a and PF-1b coils via a 
number of springs (set screws) on the pressure plate of the coil sling support structures. 
Linear structural analyses are performed for each inner PF coil where spiral winding of 
conductors is modeled but smeared properties are assumed as coil pack insulations. 
This report is to summarize the stress results from 3D calculation of coil terminal lead 
sections for the new design of the inner PFs.  
 
Calculation:  
 
     Included in the body of the calculation 
 
Conclusion:  
 
Magnetostatic analysis and 3D static structural analyses were performed for the inner 
PF coils PF-1a, -1b and -1c 3D models including conductor spiral winding, terminals 
and bus bars. The structural analysis for all six coil terminals follows consistently a 
procedure developed for 3D lead analysis. The main conclusions include 
 

1. The design of terminal support filler blocks, support brackets as well as clamping 
of the two bus bars to be more effective in reacting Lorentz forces is critically 
important to ensure the peak stress on the conductors in the lead sections can 
be minimized. 
 

2. Although coil terminals will experience large Lorentz forces, with the optimized 
support structure, peak stress under EM load only on coil terminals is well within 
the fatigue design limit. The stress under the thermal loads due to temperature 
gradient at the terminal region, however, can contribute more appreciably.     
 

3. The local peak stress on the inner PF coils for all inner PFs is within the 160 MPa 
fatigue design allowable. 
 

Additional design features such as .25” radius fillets to all the coil terminal flags are 
implemented into the final inner PF1 design so to mitigate risk associated with the 
geometry discontinuity at the conductor and terminal flag interfaces.     
 
Preload mechanism is implemented in the 3D analysis models (PF-1a and PF-1b 
Lower) via the springs (with an adjustable stiffness) to capture motion of the coil pack 
under various different local cases.  
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1. Executive Summary 
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. Detailed drawings of the coils 
and their terminals are listed in [16]   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 validate coil terminal stresses (at 
lead sections) of the inner PFs with the new design of filler blocks, support brackets and 
bus bar structure assembly for all six PF1 coils.  
 

 
Figure 1.0-1 Upper PF Model  - Note: PF1c (at Right) is included in Other 

Calculations [14], [15]  
 
The fatigue stress allowable in the conductor when coils are pulsed shall be below 160 
MPa fatigue stress limit. The PF1 Coils are heated up to the maximum temperatures 



 

almost instantaneously and uniformly when pulsed but Lorentz forces on coil leads and 
bus bars are maximized for the worst EQ scenarios when coils are running at ~20 kA 
full currents. The worst EQ scenarios for each coil are identified first and 3D 
magnetostatics analyses of the worst scenarios are performed using ANSYS 
MAXWELL 3D for each coil with detailed spiral winding and new bus flags and bus bar 
assembly. The body force densities on the coils, coil terminals and bus bars are 
mapped onto the 3D structural analysis models. Previous analyses indicated that the 
maximum lead stress is sensitive to the design of terminal filler blocks and support 
brackets, The new results from both positive and reverse toroidal fields under the worst 
case EQ scenarios show that a good structural design of support brackets at coil 
terminals to effectively react the Lorentz forces on coils and bus bars is the most 
important way to minimize peak stress on coil leads. With the new support brackets for 
coil leads and terminal flags, coil design meets the fatigue stress requirements per 
NSTX-U General Requirements Document [1] and the System Requirements Document 
for Magnet Systems [2].  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 
electromagnetic-structural coupled 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 coil. According to the NSTX-U structural 
design criteria [5], a fatigue strength evaluation is required for structural components 
including conductors and insulations, with undetectable flaws that are either cycled over 
10,000 times during their operational lives or are exposed to cyclic peak stresses 
exceeding its yield stress. A fatigue strength evaluation is performed for the 2D coil 
winding pack. As an important part of the coil design validation process, the fatigue 
strength evaluation includes meeting requirements of either the design Stress-N (S-N) 
fatigue curve derived from material test data, or the crack growth limitation for the 
20,000 cycles.      
 



 

Table 1 – Summary of Peak Stress on Coil Leads from PF1 Upper 
Fatigue 1A 1B 

 Stress Limit (MPa) 160 160 
Peak Stress (MPa) 184 (Tresca) 

150 (Max 
Principal) 

150 (Tresca) 

   
Table 2 – Summary of Peak Stress on Coil Leads from PF1 Lower 

Fatigue 1A 1B 
 Stress Limit (MPa) 160 160  
Peak Stress (MPa) 159 160 to 190 

Tresca 
 
 Stresses that are compared with fracture mechanics derived allowables, should be max 
principal stresses. Or stresses perpendicular to a crack front  Modeling of the flag to 
conductor includes a 90 degree intersection that is modeled in Workbench with bonded 
interface elements. To improve the stress concentration factor at this corner. And to 
move the peak stress away from the braze joint,  The flags will be machined with .25 
inch radius.  

 
Figure 1.1-2 Flag Details from [16] for the 1a Coil 

2. Inner PF Coil Design 
Final drawings of the coils are listed in Reference [16].  The analysis was performed 
along with preparation of the drawings and includes pertinent details important for the 
stress evaluation.  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. The updated physics requirements for inner PFs are 
listed in Table 1.    
 

Table 3 – 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 analysis models for 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 4 – Inner PF Coil Design Parameters 

 
 
 

Table 5 – Inner PF Conductor Dimension 

 
 
 
 
 



 

   
 

Figure 2.0-1  Structural Analysis Models for PF1a & 1b upper (top) and lower 
(bottom) 

3. Structural Design Limits 
According to [5], fatigue S-N fatigue curves shall be obtained based on the uniaxial 
strain cycling tests at service temperatures and at various R ratios. S-N fatigue curves 
shall be developed for both the base metal and for braze joints in the coil lead region.  
 

a. The conductor static stress design limit is derived from the minimum yield 
strength given in the specifications for the inner PF conductors  

b. The fatigue limit for copper is derived from the copper fatigue S-N curve 
 
Figure 2 presents the copper conductor fatigue S-N curve from test data available from 
a number of references. For S-N fatigue evaluation, the more strict criteria of 2 on stress 
and 20 on life must be met. For the fracture mechanics evaluation, a factor of 2 on 
minimum detectable flaw size, 1.5 on fracture toughness, and 2 on life must be met.  
The measured NSTX OH conductor braze joint fatigue life is also included in the 
evaluation, along with the published S-N data for comparison. The conductor design 
limit for the OH coil design is 125 MPa [9]. The revised fatigue limit for the PF1 coil 
leads is summarized in the calculation [10] and shown in Figure 3.  
 
A new procedure [11] 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 new design of the filler blocks at coil terminals, bus 
flags and bus bars.  

 Import Lorentz forces from the worst case scenarios and 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 coils 

 Check consistency throughout all lead analysis for each inner PFs 



 

 

 
Figure 3.0-1 Static Design Criteria 

 
Figure 3.0-2   Structural Design Criteria and Conductor Static and Fatigue Limits 

 



 

 
Figure 3.0-3  Revised Conductor Fatigue Crack Growth Limits – Stress vs. Cycles 

for PF1a conductor with Crack Growth Length of 2 mm (black) and 3.75 mm 
(gray). The modified 1a conductor maintained 3.75 mm crack growth path.[17]   

 

4. Coil Lead and Bus bar Analysis  
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 4 below.  The 3D EM 
models include conductor spiral winding, coil leads, bus flags and bus bar assembly. 
Figure 4 also showed the magnetic field distribution in the vertical plane, as well as the 
detailed coil spiral winding used for the lead analysis.  
 



 

 
 

Figure 1.0-1  Global Magneto-static Analysis Models for upper inner PFs (left) and 
Magnetic Field Distribution for EQ #51 (right)  

 
 

Table 6 – 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 [2]. 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 5-7 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 [12].    
 

 
 

Figure 4.0-2  Radial field from EQ #51 (2 MA circular plasma) – worst for PF-1a 
Leads 

 



 

 
 

Figure 4.0-3  Radial field from EQ #33 (2 MA circular) – worst for PF-1b Leads 

 
 

Figure 4.0-4  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 7 – 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 8 below for the worst case EQ scenarios (EQ #51 and #33). 
Figure 9 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 5.0-1  Total magnetic fields on PF-1a upper and PF-1b lower conductors 
 

 
Figure 5.0-2  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 10. 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 10, 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 2  PF-1b lower body force distribution on conductor and bus bars EQ#33. 

 
 

Table 8 – 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 
 
For the analysis of PF1a,b,Upper and lower forces were mapped directly from Maxwell 
to Workbench. For PF1cU and L intermediate “Cloud Data” files were generated . This 
is also explained in reference [18].  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 11 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 11 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. 
Table 7 presents the typical volumetric force density extracted from the 3D MAXWELL 
run (PF1CL EQ18).  

Table 9 – Typical Volumetric Force Density Extracted from MAXWELL  

 
 

 
Figure 5.0-4 PF1bU Force Density Plot 



 

  
 

Figure 3  PF-1b Lower - Mapped Force Density on Coils 

 

 
Figure 5.0-6  PF-1b Lower - Mapped Force Density on Coils 

 



 

 
Figure 5.0-7 Force Density Plot  

 
Figure 5.0-8 Force Density Plot  Upper Bus 

 



 

 
Figure 5.0-9 Coil Force Density Plot 

Figure 5.0-10   PF-1c upper and lower conductor and bus bar mapped force 
density 



 

 

6. Structural Analysis Results  

 
Figure 6.0-1 

When the inner PFs are energized, the conductor will be pulsed up to ~20 kA for about 
1-2 seconds. The conductor at coil terminals will experience thermal as well as EM 
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. Structural analysis of the coil leads is divided into 3 groups 1) 
PF-1a and PF-1b upper structural assembly; 2) PF-1a and PF-1b lower structural 
assembly; 3) PF-1c upper and lower lead and bus bar analysis. Figure 13 below shows 
the typical finite element meshes used in the structural analysis model for the PF-1a 
and PF-1b upper lead analysis.  
 



 

 
Figure 4  Detailed Mesh used for the PF-1a and PF-1b lead analysis 

 

 
Figure 6.0-3  Upper Polar Region Solid Model Part Color 



 

 

 
Figure 6.0-4  PF-1A, PF-1B, PF-1C  Conduction Paths 

 

 
Figure 6.0-5 Upper Polar Region Solid Model Part Color Contact Modeling 

 



 

 
Figure 6.0-6  Upper Polar Region Solid Model, Material Color 

 
Figure 6.0-7  Upper Polar Region Solid Model, Bus Bar Interface Elements 



 

 

 
Figure 6.0-8 Winding Pack Modeling 

 



 

Figure 5  PF-1b Lower coil, coil terminal and bus bar assembly 
Previous analysis indicates that structural support of the conductor at coil terminals is 
critical to ensure stress level at terminals is within the fatigue design limit. To this end, 
support structures such as the G10 filler blocks, support brackets as well as bus bars 
are redesigned for all six coil leads based on the in-field measurements to meet space 
constraint. Figure 6.0-9  presents the PF-1b lower coil terminal and bus bar assembly 
for the lead analysis.  
 
Preload is required for PF-1a and PF-1b coils to maintain coil structural integrity when 
local insulation delamination occurs during the cool down period. Figure 15 presents the 
Preload mechanism implemented into the coil support structure design for the PF-1a 
and PF-1b coils to minimize the insulation tensile strain during cool down. The Belleville 
washer stack is used to ensure constant pre-load on coils. During operations when coils 
are energized, there will be some vertical movement as result of the lunching or 
centering forces on coils. To take into account this effect, springs that connected to the 
pressure plate are implements into the lower PF-1a and PF-1b lead analysis models. A 
stiffness of 2.5 x 108 N/m and length of 15 mm springs were defined in the model setup 
for structural analysis of the leads. The lead in and lead out sections are bonded to the 
copper terminal flags, as well as the G10 filler blocks in the lead support tower / bracket 
structures. A temperature of 30 C on the bus bars, 50 C on the terminal flags and 60 
and 90 C on the PF-1a and PF-1b coils are prescribed as thermal conditions in the 
structural analysis of the leads. Results from the latest structural analysis of the coil 
sling supports indicate a potential 0.4 mm vertical motion of coils inside the sling that 
may affect the lead stress. Pending on a clearer definition of the motion under what load 
case, the spring constant can be adjust accordingly to take into this effect accurately.   
 



 

 
Figure 6  PF-1b Lower coil, coil terminal and bus bar assembly 

 

 
Figure 7  PF-1b Lower coil, coil terminal and bus bar assembly 

 
 



 

6.1 PF-1a and -1b Upper Leads and Bus Bars 
 
The PF-1a and PF-1b upper coil assembly will move 5 mm relatively to the vacuum 
vessel as results of center stack casing displacement during bake out [?]. Figure 17 
presents the typical displacement from the PF-1a and -1b structural model assembly. 
Figure 18 presents the typical stresses from the PF-1a and -1b structural assembly. The 
coil terminals are bonded to the filler blocks but the coil pack is assembled to be able to 
move radially due to thermal growth. A temperature of 60 and 90 C are prescribed for 
PF-1a and PF-1b coils respectively. The bus bars are supported on the brackets but 
with possible sliding within the clamp holder.  
 

 
Figure 8  Displacement from PF-1a-1b structural model assembly  20 Shot Full 

Power Day .203 inches, 5 mm 

 
Figure 9  Vertical Displacement PF-1a-1b structural model assembly  .31 in 

7.87 mm 



 

 
Figure 10  Stresses from PF-1a and PF-1b structural model assembly (Willard) 

 
Figure 6.1-4  Y (Vertical) Displacement in inches Due to a 20 Full Power Shot Day 



 

 
Figure 6.1-5  Stresses from PF-1a upper conductors – Peak at ~148 MPa (Willard) 

 

 
Figure 6.1-6 Stress in Full Mode 



 

 
Figure 6.1-7 Lead Tresca Stress 

 
Figure 6.1-8 PF1a Upper  –Lead Principal Stress 



 

 
 

 
Figure 6.1-9  PF1b Upper  – Entrant Block and Lead Stress 

The lead stress for PF1bU is 150 MPa, or less than the 160 MPa limit 
 

 
Figure 11 PF1b Upper  – Entrant Block and Lead Principal Stress, Reverse TF 

Current 



 

 

6.2 PF-1a and -1b Lower Leads and Bus Bars 
 
As in the upper coil analyses the Maxwell loads were transferred to the Workbench 
model directly.  

 
Figure 6.2-1 PF1bL Force Density Plot, At Right Bus Force Density 

 
For the lower coils a thermal case was included for which the PF 1 a coil was set at 60 

C,the PF1b coil was set at 90 C and Bus Bars were set at 30C 

 
Figure 6.2-2 Load Transfer Summation –Maxwell to Workbench 

 
     Unlike the upper assembly, the PF-1a and PF-1b lower coil assembly is fixed on the 
bottom flange. The coil packs can move radially at the lower flange interface but are 
bonded onto the sling structures at the sling interface. Figure 20 presents the typical 
displacement from the PF-1b structural model assembly for the EQ #33 reverse field 
case. The two bus-bars are tied together (bonded contact) at the “L” corner location as 
shown in Figure 20 to react Lorentz forces on the bus bars and thus minimize its impact 
to coil leads. The bus bars are fixed at the far end of the coil terminals for the lead 
analysis. 
 



 

 
Figure 6.2-2 PF1bL Interconnection Between Bus Implemented with Coupling 

 

 
Figure 6.2-3 Constrained Surfaces in the PF1bL Model 

 

  
Figure 6.2-4 PF1bL SRSS Displacemt  Figure 6.2-4SRSS Displacement Rev TF 



 

 
Figure 6.2-5 PF1b Lower – UY Displacement of the coil and bus bar assembly 

 

 
Figure 6.2-6 X Displacement  For a Thermal + Lorentz Load Case 

  
Figure 6.2-6 shows the functioning of the sling supports to allow thermal growth of the 
PF1bl Coil  



 

 
Figure 6.2-7 Peak Stress PF1bL Flag to Conductor joint 

 
    Modeling of this intersection is not good. There is a discontinuity in the stress 
contour, and it does not appear bonded across the width of the joint. This is anothger 
place where the fillet reinforcement will be important to move the stress away from the 
coolant hole and reduce the stress concentration.  
 



 

 
Figure 6.2-13 Peak Stress PF1bL Flag to Conductor joint – 160 MPa  

 

 
Figure 6.2-14 Drawing Detail of  PF1b Flag to Conductor joint 

 
The conductor stress at coil terminals for the case under EM loads (Lorentz forces) is 
well under control with the new design of the G10 filler blocks and terminal support 
tower brackets. Figure 21 presents the conductor stress at coil and coil terminals for the 
worst EQ case Lorentz loads.  The peak stress of 87 and 120 MPa for both positive and 
reverse TF field case (EQ #33) is well within the 160 MPa design limits. Similarly, Figure 
22 presents the conductor stress on PF-1a lower terminals for the worst EQ case. The 
peak stresses of 120 and 145 MPa are also under the 160 MPa fatigue stress limit.     
 



 

  
 
Figure 6.2-5  PF1b Lower – Conductors stress at coil terminals under worst case 

Lorentz loads 
 

 
  

Figure 6.2-6 PF1a - Insulation normal tensile strain during transient cool down 
Thermal stresses due to temperature gradient at the terminal regions may contribution 
noticeably to the total peak stress of the conductors in the lead section. Figures 23 and 
24 present the conductor stresses at coil terminals for the worst load case EM loads 
plus thermal loads (temperature gradients).  The coil temperature is prescribed at 60 
and 90 C for PF-1a and PF-1c respectively.  Figure 25 presents the displacement and 
stress distribution on the PF-1a lower assembly. 
 



 

 
 

Figure 6.2.7 PF1b – Conductor stress at coil terminals for worst case EM loads 
and Thermal Loads  

 
 

 
Figure 12 PF1a – Terminal Reinforcements  

 
 



 

 

 
Figure 13 PF1a – Conductor stress at coil terminals for worst case EM loads and 

Thermal Loads 
 
 



 

  
Figure 6.2-10 PF1a Lower – Typical SRSS displacement  

 

 
Figure 6.2-11  PF1a Lower – Typical UY  displacement 

 
Note that in this analysis the leads crossing the TF field  are not interconnected as in 
leads for other inner PF coils. This is possible because of the much wider reinforcement 
designed for the Recovery Project than used in the Upgrade design. One flag was  bent 
during the 2016 run and the bent flag that needed to be accommodated in the FCPC 
tests .  



 

 
Figure 14PF1a Lower – Typical  stress (lower) distribution from PF-1a lower 

assembly  
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