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Review Charge

• Are the coil assembly models and drawings complete?

• Have post-VPI coil mods and punch-list items been addressed?

• Is the model tree / BOM complete?

• Is the modular coil analysis documentation checked/complete?

• Have prior design review chits been addressed?



Scope

• This review-
modular coil assemblies:

• Upcoming reviews:

SE140-101 (Type-A)
SE140-102 (Type-B)
SE140-103 (Type-C)

AA/AB/BC Interface
PDR 8/2/07
FDR 9/4/07

CC Interface
PDR 8/7/07
FDR 1/7/08



Past Design Reviews

Type-C Coil FDR
Apr-Jun 2005
1. Cladding
2. Lead Blocks
3. Spec, SubAsms

C1 Testing Prep Review
Jun 2006
1. Plumbing
2. Leads & Buswork
3. Instrumentation

Mod Coil Asm Review
Sep 2006
1. Clamps
2. Post-VPI Mods

TC & Strain Gage FDR
Jan 2007
1. Gage Layout
2. Testing, Calibration

Leads (electrical) Review
Apr 2006
1. Joint Fabrication
2. Testing Reqmts

Mod Coil Asm FDR
Jul 2007
1. Top-Level Dwgs
2. Spec (revision)
3. Analysis Docs

Mod Coil Closeout Review
Jan 2008
1. Coil-Coil Interface
2. Dwg Package / BOM
3. Analysis Data Archived



Chits Status(1)



Chits Status(2)



Chits Status(3)

Did Tom Brown’s 
model change to 
reflect taller clamps?

Soft solder should fix 
this concern, but 
current sharing among 
parallel paths still an 
issue

Soft solder should fix 
this concern



Chits Status(4)

Agree – put all the 
strain gages the steel?

Don’t use FBG sensors?



Chits Status(5)

Are we using 
displacement gage?

Are we using FBG 
gages?

Sounds like a good 
idea



Product Specification

• Revision-0 approved for Type-C coil assembly in Nov-2005
• Electrical resistance table, minor wording changes made in Revision-1
• Section-5 tables derived from Pro/INTRALINK bill of materials report
• Some complex models, such as chill plates, are not present in the
coil assembly (model tree), but are listed on the drawing parts list 



Type-A Coil BOM Report



Type-A Coil BOM Report(2)



Type-A Coil BOM Report(3)



Type-C Coil Assembly (SE140-103)



Type-C Coil Assembly (SE140-103)



Type-C Winding Form Mods – Pre-Winding

SE141-121
SE141-122
SE141-123



Type-C Winding Form Mods – Pre-Winding



Type-C Winding Form Mods – Pre-Winding



Type-C Winding Form Mods – Pre-Winding



Type-C Winding Form Mods – Post-Winding

SE141-114G
SE141-115G
SE141-116G



Type-C Coil Assembly (SE140-103)



Type-C Coil Assembly (SE140-103)



Type-C

Type-B

61

63

65

69

67

71

This clamp interferes with 
the Type-B winding

These three clamps are 
shown cut and reflect model 
details as of 7/23/07

There is only .038” clearance 
between these clamps…too close.69

78

75

73

71

I do not see these cables 
on the actual part

B-to-C Fit-up

Tom Brown 7/23/07



Type-C Coil Assembly (SE140-103)



Type-B Coil Assembly (SE140-102)



Type-B Coil Assembly (SE140-102)



Type-B Coil Assembly (SE140-102)



Type-A Coil Assembly (SE140-101)



Type-A Coil Assembly (SE140-101)



Type-A Coil Assembly (SE140-101)



ECN Status



Interfaces Status

• ICDs originally drafted as single document, but figures incomplete
• Model-based interface control adopted within WBS1
• As-built geometry important to PF/TF and other interfaces



• Modular coil asm design basis is defined by 5 analysis reports:

• Additional analysis reports are planned before Design Closeout:

Analysis Documentation

HM Fan, Nonlinear Analysis of Coil and Shell Structure, NCSX-CALC-14-001, APPROVED
HM Fan, Analysis of Integrated Structure, NCSX-CALC-14-003, APPROVED
K Freudenberg, Modular Coil Thermal Analysis, NCSX-CALC-14-002, DRAFT
K Freudenberg, Nonlinear Modular Coil Analysis, NCSX-CALC-14-004, DRAFT
D Williamson, Modular Coil Failure Modes Analysis, NCSX-FMEA-14-002, DRAFT

K Freudenberg, Outboard Bolted Joint Analysis, IN PROGRESS
K Freudenberg, Inboard Welded Shim Analysis, IN PROGRESS
D Williamson, Modular Coil Leads Structural Analysis, PLANNED



Nonlinear Analyses of Modular 
Coils and Shell structure for Coil 

Cool-down and EM Loads

Part 1 – Results of Shell Structure and Modular Coils 

H.M. Fan
PPPL

Sept. 28, 2005



FEA Model
• FEA model simulates one field period.
• Proper cyclically boundary conditions were 
applied as shown in the next slide.
• Geometry imported from Pro/E model, which 
was provided by ORNL
• Small features, such as chamfers and fillers, in 
the geometry were removed to improve meshing
• Model includes shells with tees and wings, 
wing bags, poloidal break spacers, toroidal
flange spacers, modular coils and simplified 
clamp assembly.
• Modular coils are preloaded at side pads and 
top pads of the clamp assembly.
• Contact behavior of modular coil is the 
standard frictionless unilateral contact.

Upper shell C

Upper shell B

Upper shell A

Lower shell A

Lower shell B

Lower shell C

• The wings that extend  
beyond the shell edges are 
supported by wing bags on 
the adjacent shells. 



Boundary Conditions and Constraints
• Cyclic symmetry between toroidal spacers at  
-60° and +60° (see Fig.A)

• Cyclic symmetry for wing bags outside the 
120° range and their rotational images (see 
Fig.B)

• Vertical and toroidal displacement constraints 
at the bottom shell stiffeners in a four-degree 
regions of the shell type C.

Figure A Figure B



Material Properties and Loadings

• Magnetic loads are based on 2T high beta current scenario at 0.0 seconds.

• Initial cooling shrinkage of coil strain is 0.0004 m/m that is equivalent to a temperature 
reduction of 23.2558 °C.

• Clamp preloads are generated by the thermal expansions of the side pads and top pads.

• A temperature increase of 20 °C  in the side pad provides a thermal strain of 2.5% that 
produces an initial preload of 556 N or 125 lbs.

• A temperature increase of 4 °C  in the top pad provides thermal strain of 0.5% that 
produces an initial preload of 92.6 N or 20.8 lbs.

• The following material properties are used:

0.001.25E-036.96Side pad

0.001.25E-0321.28Top pad

0.311.70E-05193,000.00Clamp

0.323.00E-05689.00Wing bag image

0.323.00E-0513,750.00Wing bag

0.311.70E-05193,000.00poloidal spacer

0.271.70E-05150,000.00Toroidal spacer

0.201.72E-0563,000.00Modular coil

0.311.70E-05145,000.00Tee/shell

Poisson's RatioCTE (m/m/°C)E (MPa)



Coil Currents and Model Assumptions

Component Current Turn
(A/turn)

M1 40908 20
M2 41561 20
M3 40598 18
PF1 -15274 72
PF2 -15274 72
PF3 -5857 72
PF4 -9362 80
PF5 1080 24
PF6 -24 14
TF -1301 12
Plasma 0 1

• Col currents used in the electro-magnetic analysis are:

• Isotropic smeared property is assumed for the modular coil winding.
• Modular coil is allowed to slide along tee and clamp assembly without friction 
force – geometry nonlinear. 
• No bolt preload are provided and the bolt joints are assumed to be bonded.
• Large-deflection effects are ignored in the nonlinear analysis



Total Displacements of Shell - Usum

Max. Usum.

The maximum displacement, 2.336 mm, occurs on tee in shell 
type B due to lateral deformation of web caused by the lateral force 
of the modular coil.

Because of net vertical forces are equal and opposite with respect 
to the mid-span, the deformation at bottom of the mid-span is small.

The smaller deformation at the inboard than the outboard is the 
result of higher shell stiffness in the inboard.

The unit of the displacement is in meter



Vertical Displacements of Shell  - Uz
Maximum Uz occurs on tee in shell type B about the same 

location as the maximum displacement

The magnitude of maximum Uz is 1.24 mm, which is about half 
of the maximum displacement 2.336 mm

The positive and negative displacements are shown at the  
opposite side of the mid-span due to the net vertical forces are equal 
and opposite with respect to the mid-span

The unit of the displacement is in meter Max. Uz



Von Mises Stress of Shell Structure

Unit of stress in pascal

The maximum local von Mises stress, Seqv, occurs  at the 
corner of lead opening in shell type B.  

The model was built without chamfers at the lead openings.  
With chamfer, the local stress will be greatly reduced.

The next slides will display some high stress areas

Upper shell type B

Max. Seqv



Unit of stress 
in Pascal

Von Mises Stresses of Shell Type A and B
For shell type A, the maximum Seqv is 161 MPa, occurred on tee 

For shell type B, the peak stress come about the root of the wing 
cantilever, near the location of the maximum displacement.  The 
flange of tee is thin and the maximum Seqv is about 210 MPa.

Upper shell type A Upper shell type B

Max. Seqv



Upper shell type C

Von Mises Stresses of Shell Type C
The maximum local von Mises stress, Seqv, occurs  at the 

corner of lead opening in shell type C.  

The model was built without chamfers at the lead openings.  
With chamfer, the local stress will be greatly reduced.

The Figure on the left displays three high stress regions.  The 
magnitude of stress is below 180 MPa.

Max. Seqv



Stress Plots of Modular Coils
The maximum Displacement, Dmx, of 2.707 mm is larger than the maximum 

displacement of shell structure, which is 2.336 mm, duo to separation of tee and coil

The maximum von Mises stress, Seqv, and maximum axial stress, Sz,  come about the 
same values and happen at the same place in the coil type A.  This indicates the axial stress 
is the primary stress in the coil.



Axial Stress of Modular Coil Type A 
Peak axial stress, Sz, locates at where radius of 

curvature is small and bending due to winding extend 
beyond shell

Because of bending, the compression occurs at the 
other side of the cross section where maximum tension 
exists

Coil  type A has the highest axial stress among all coils.

More uniform tensile stresses take place at the coil 
where radius of curvature is large

Unit of stress in 
Pascal

Top viewMax. Sz

Side view

Max. Sz



Axial Stress of Modular Coil Type B 

The maximum axial stress and the minimum axial 
stress locates at the wing as shown in the top view.

More uniform tensile stresses take place at the coil 
where radius of curvature is large

Unit of stress in 
PascalSide view

Max. Sz Top view

Max. Sz

Min. Sz

Min. Sz



Axial Stress of Modular Coil Type C
Maximum axial stress locates at where radius of curvature 

is small and bending due to extend beyond shell.

Because of bending, the compression occurs at the other 
side of the cross section where maximum tension exists.

Coil type C has the largest displacement among all coils.

Unit of stress in 
Pascal

Top view

Max. Sz

Side view

Max. Sz



Displacement of Modular Coils 

scale displacements by 0

scale displacements by 50

Top view

Maximum displacement is 2.707 mm in the coil type C.



Gap Distance Between  Modular Coils and Tees 

Top view

Unit of gap 
distance in meter 

The gap distances are in general very small (red 
in CONTGAP plot) except at where the radius of 
curvatures are small

Because of cooldown shrinkage, when one side 
of winding at tee develops gap, the other side of 
winding is in contact (see example below for coil 
type C.

The gap shown below in coil type A is caused 
by geometry errors.  However, the small areas 
should have negligible effects on the results.

Coil Type ACoil Type C



Modular Coil Contact Pressure and Contact Status
The tees and modular coils are general in 

sliding contact or near contact status

Higher contact pressure locations are found in 
the inboard regions.

Unit of contact 
pressure in Pa 

Top view

View from center



The gap and sliding between the modular coil and tee are the results of 
cooldown of winding to 80°K

On the base of the selected material properties, the assumed contact 
properties, and the designated base support locations, the stresses and 
displacements of the modular coils and the shell structure are as follow:

E      Max Displacement    Max von Mises stress   Max axial stress
(GPa) (mm) (MPa) (MPa)

Shell Type A 145 1.124 161
Shell Type B 145 2.336 210*
Shell Type C 145 1.395 180*

Coil Type A 63 1.589 253
Coil Type B 63 2.493 144
Coil Type C 63 2.707 156

* Note – By neglecting the local peak stress at the corner of the lead opening

As the magnitude of the material properties has a direct effects on the results, it 
is recommended that the further analyses shall be performed using the more 
accurate material properties, such as the test data for the modular coil and the 
shell casting material.

The thermal effects of the modular coil during operation shall also be 
considered.

Summary and Further Work



Total Displacements of shell

PPPL Analyses

Max Displacement of both non-linear 
models occurs on the tee of shell B.   

ORNL model: 2.63 mm max defl.

PPPL model: 2.34 mm max defl.

ORNL Analysis

Comparison of PPPL and ORNL Analysis Results – K Freudenberg, 7/26/07



Radial shear Stress Vertical shear stressNormal stress

Normal Stresses and Shear Stresses for the Flange Spacer 
Elements at 20° [Comparison]

ORNLORNL

PPPLPPPL













Conclusion

• Are the coil assembly models and drawings complete?
Yes. Drawings include clamp mods, fittings, TCs, strain gages

• Have post-VPI coil mods and punch-list items been addressed?
Yes. Notes added to subassemblies or top-level drawings

• Is the model tree / BOM complete?
Yes. Need to promote catalog items, clean up “description”
attribute, finish check and promote of open ECNs (by 11/07)

• Is the modular coil analysis documentation checked/complete?
Yes. Kevin and HM’s analysis in agreement, documented

• Have prior design review chits been addressed?
Most can be closed, except leads analysis, final specification
of strain gages for last field period, possible addition of brackets 
to support power cable routing (by 11/07)


