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Outline
Charge to reviewers:

• Does the twisted racetrack coil represent the desired features of the prototype
and production modular coils?

• Does it meet requirements for measurement, diagnostics, testing?

• Are models/drawings of the clamps and chill plates ready for fabrication?

• Is the design consistent with coil winding and VPI plans?

Outline of presentation:

• Requirements and test objectives

• Overview of design

• Performance evaluation

• Work to be done



Purpose

• Twisted racetrack coil is one of four test articles (incl UT coil)

• First to demonstrate prototypical winding assembly and clamp design 

Coil Electrical Parameters



Goals for winding form fabrication

Objective Metric



Goals for coil winding process



Goals for coil testing



Stainless Steel
Weight = 723-lb

Winding form geometry
• Winding path is composite of production coil “worst” regions
• Machined features identical to prototype modular coil
• Currently being machined, delivery by end of April



Winding form in turning fixture

140-in



Features to be added
• 3/8-dia x 1.5-in stud, located within spherical seat
• Alignment by fixture mounted to tee web
• Typical 100 places for winding, perm clamps



Stud alignment varies
• In severely twisted regions, studs 

aligned to winding law fall outside 
spherical seat

• Accommodated by clamp design Stud aligned to
winding law



Bracket to be added
• Bracket needed to mount prototypical terminal block
• In production coils, part of casting

Weld

Bracket

Leads
arrangement



First layer – electrical insulation

0.0035 kapton
w/ adhesive, 
half-lapped

(0.007-in total)



Second layer – copper cladding

Right Side
View

• Copper sheet, 0.040-in thick
• Approx dims = 1.4 x 6.1-in
• Qty = 200 parts



Drawings based on 3-in segmentation

Drawings are being revised for 
double segmentation, easier 
to form.



Developed shapes for 3-in segmentation



Third layer – ground insulation



Winding pack
• 4-in-hand, 9 turns / winding pack as in prototype
• Conductor is OFHC copper, 34-ga, 12x5/54/34, 3240 strands
• Conductor dims = 0.372w x 0.413h, incl insulation
• Insulation = 0.004-in nylon serve, 2 x 0.0055-in S-2 glass
• Total length = 432-ft, weight = 573-lb per winding pack

0.035-in
nom shim
between
layers

0.014-in
nom shim

Sensor wire
0.061-dia



Outer chill plate and cooling
• Copper sheet, 0.040-in thick
• Approx dims = 3 x 6-in
• Qty = 100 parts
• Attached to inner plate

at tee base

Spot weld 
2 x 0.040-in
~0.4-in tab

Braided
copper?



Cooling tubes
• 3/8-dia copper tube, 4 circuits, ~25-ft ea
• Models / drawings not complete



Outer chill plate (2)

Insulation layer 
between chill 
plates

• Copper sheet, 0.040-in thick
• Approx dims = 2 x 3-in
• Qty = 100 parts
• Attached to inner plate 

at tee web

Spot weld 
2 x 0.040-in
~0.3-in tab



VPI bag mold
• VPI mold composed of epoxy impregnated felt and silicon rubber tape
• Located between winding pack and clamps, sealed by base groove
• Bleed holes at “top” position

VPI groove

“French
Toast”



Clamp assemblies
• 25 clamps, ~6-in spacing
• Material = 316SS, weight = 4.4-lb
• Hard spacer between chill plate 

and clamp not shown 



Clamp exploded view

Spherical
washer

Belleville
washer

Stud

Nut

Horizontal
bar

Flat
washer

Belleville
washer

Set
screw

Spherical
piston

Vertical
bar

Spherical
washer

Button
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Set
screw



Assembly positions

Stud aligned to
winding law

Preferred
location































Thermal Performance
• Transient conduction/convection model has been updated for four-in-hand winding

S.S. Tee

Winding 
Cable

Cu Cooling Plates

Insulation

Convective 
Cu/Kapton
Boundary Layer 
(0.04” thick)

Temp at End of PulseAnalysis Model



3 minutes 7 minutes 15 minutes

Temperature During Cooldown



Same Scale as above cases at 15 mins Automatic Scale at 15 mins

Temperature At 15-Min



Temperature After 10 Cycles

Temperature 
profile at this 
node

130.7129.4



Summary of Twisted 
Racetrack / Clamp 

Analysis

44--1616--0404
K. D. FreudenbergK. D. Freudenberg



Twisted Racetrack FEA Mechanica ModelTwisted Racetrack FEA Mechanica Model

“real” clamp 
added to the 
model

Geometry restrictions unique 
to the twisted racetrack coil 
prevent the use of 1/8” shim 
plates at “severe” turn/twist 
areas.  Pseudo clamps left off 
at these locations

EastWest



• Winding is broken into regions (between 
blue lines) on which the magnetic pressure 
loads are applied, pressures correspond to 
I=42I=42--kA/electrical turnkA/electrical turn. 

• Max EM Running Loads:  
Radial:   1819 lb/in.Radial:   1819 lb/in.
Lateral:  3946 lb/in.Lateral:  3946 lb/in.

• Pseudo clamps are restrained in their 
respective normal directions to simulate 
real clamp behavior.

• Contact surfaces are used 
between the clamp winding and 
the tee.

• Thermal growth is imposed on 
the winding by utilizing the cte
property and by applying a 
known strain over a given 
temperature change. 

Example: strain = -800µε , arbitrary temp 
difference = 72 F.  Therefore, 

Winging cte = -800µε /72 F = = 1.11E-5 /F

Tee cte = 0

The latest data indicates essentially no 
cure shrinkage of the winding. 
Therefore, the -800µε used in this 
analysis should be tailored down to -
400µε to account only for the cool-
down shrinkage between the tee and 
winding (4-10-2004).

Restraints and loadsRestraints and loads



Clamp modelingClamp modeling

Contact Surfaces are used between 
the clamp and the winding.

Contact Surfaces

Fixed to tee

Backside of washer is 
fixed to tee bolt

-Modulus of washers is tailored to 
represent the spring constant of 
the belleville washers. Example: k = 
26,000 lb/in, Awasher = 0.81in2, Depthwasher = 
0.15 in2.  Therefore: E= k*depth/A = 4814 psi

- The cte of the washer is used to 
impose a preload on the clamp 
and winding.  Assume 0.1 in/in strain 
Therefore: cte = 0.1 / -72 F = -0.00138 /F 
and preload for “hard” springs is 2600 lbs, 
and 1000 for “soft” springs

- All washers have the same 
spring constant but have different 
modulus values. 

-The clamp is fixed                       
to the tee by a stud                       
at the top of the clamp                
and a representative                    
bolt head on the lower               
end.

Wave spring in clamp pocket



Clamp Design IterationsClamp Design Iterations

Multiple case have been run to determine what the correct design parameters 
should be for the clamps and corresponding Belleville washers. Cases 1–7 have 
one “real clamp” on board at west location and the rest are pseudo clamps.

Case 0: 
No clamps 
on the coil

Case 00: 
Faux 

clamps 
everywhere

Case 000: 
No Pressure 

loading 
aplied

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Washer k        
(lb/in) - 10,000 10,000 10,000 5,000 20,000 2,500 10,000 10,000 10,000

Washer Preload 
(in) - 0.025 0.025 0.025 0.025 0.025 0.025 0.05 0.01 0

Washer Preload 
(lb) - 250 250 250 125 500 62.5 500 100 0

Winding E       
(psi) 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06 9.50E+06

Approximate 
Winding 

Dissplacement off 
Tee [west] (in)

0.081 0.026 0.025 0.023 0.023 0.022 0.021 0.02 0.025 0.026

Winding 
Dissplacement 

[East]  (in)
0 0.042 0.016 0.042 0.047 0.032 0.054 0.038 0.045 0.046

Max Von Mises 
Stress in winding 

(psi)
22,000 10,700 3,500 11,500 10,200 12,200 9,500 11,500 10,500 10,500

Max Von Mises 
Stress Clamp 

(psi)
- - 63,000 (39,000) 48,000 (28,000) 29,000 (15,000) 78,000 (46,800) 6,600 (4,200) 91,000 (54,000) 31,800 (11,400) 24,000 (3,800)



Displacement ComparisonDisplacement Comparison
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twisted racet rack 
sketch

West location 

The intention here is  to show the 
displacement of two locations  (East and 
West) on the coil while rem oving and 
interchanging the analys is  parameters .

For cases  shown in this  plot:
k = 10,000 lb/in and preload 
displacement = 0.025 in for the pseudo 
and "real clam ps".



How are Displacements from Tee MeasuredHow are Displacements from Tee Measured

Gap ≈ 0.0285

K = 26,000 lb/in

Preload = 650 lbs

K = 10,000 lb/in

Preload = 250 lbs

K = 26,000 lb/in

Preload = 975 lbs

K = 10,000 lb/in

Preload = 125 lbs

Gap ≈ 0.0339

Gap ≈ 0.0347

Gap ≈ 0.022



Clamp StressesClamp Stresses

K = 26,000 lb/in

Preload = 650 lbs

Peak Stress = 
81,000 psi

K = 10,000 lb/in

Preload = 250 lbs

Peak Stress = 
46,000 psi

K = 10,000 lb/in

Preload = 125 lbs

Peak Stress = 
26,000 psi

K = 26,000 lb/in

Preload = 975 lbs

Peak Stress = 
130,000 psi



Winding Modulus Comparison DeformationWinding Modulus Comparison Deformation

Points:

• The modulus of the 
winding is a big player 
in determining the 
deflection of the coil.

• The deformation 
decreases with the 
lower modulus coil.

Parameter CASE A CASE B
Spring stiffness (lb/in) 10,000 10,000
Winding Modulous (psi) 9.50E+06 1.00E+06
Pre-load deflection (in) 0.1 0.1Case B

Case A



Case A

Case B

Parameter CASE A CASE B
Spring stiffness (lb/in) 10,000 10,000
Winding Modulous (psi) 9.50E+06 1.00E+06
Pre-load deflection (in) 0.1 0.1

Points:

• Stress in tee is higher 
for the less stiff 
winding.  

• Winding stress 
decreases as winding 
modulus is lowered.

• Clamp Stress is 
relatively the same.  
Clamp is dominated by 
preloaded springs

Winding Modulus Comparison StressWinding Modulus Comparison Stress



Case 2 (Revisited 4Case 2 (Revisited 4--1010--2004)2004)

• Case 2 produced the 
best fit in terms of 
gap deflection, 
winding stress and 
clamp stress. 

• Rerunning the case 
with the new cure 
shrinkage data 
produces the 
following results.

Overall Deformation Overall Stress

Approximate 
Dissplacement  

Off Tee (in)

Faux Clamp 
Dissplacment 

(in)

Max Von 
Mises Stress 
in Winding 

(psi)

Max Von 
Mises Stress 
Clamp (psi)

0.04 % cure 
shrinkage     
(1-10-2004)

0.023 0.047 10,200 29,000 (15,000)

No Cure 
Shrinkage    
(4-12-2004)

0.007 0.019 8,400 25,000 (14,000)

Obviously, the new 
data, if genuine, is 
encouraging.

Case 2:
K = 5,000 lb/in
Preload = 125 lbs



Considering the 4 Operating States Considering the 4 Operating States 
(Case 2, No Cure Shrinkage)(Case 2, No Cure Shrinkage)

1. Immediately after cool down. -0.04 % relative strain between winding 
and tee due to thermal expansion.

2. Beginning of Pulse. Magnetic loading applied with thermal expansion.
3. End of pulse. Magnetic loading applied without thermal expansion, 

heating of coil has resulted in a relative +0.04 % strain difference  
between the winding and tee.  (strain value is only coincidentally equal to 
the cool down strain difference).

4. Post Pulse. No magnetic loading, no thermal expansion (at rest state, 
coil will then cool back to state 1)

Operating 
State

Approximate 
Dissplacement 

Off Tee (in)

Faux Clamp 
Dissplacment 

(in)

Max Von Mises 
Stress in 

Winding (psi)

Max Von Mises 
Stress in Tee 

(psi)

Max Von Mises 
Stress Clamp 

(psi)

1 0.014 0.008 4,000 14,000 23,000 (12,000)

2 0.007 0.019 8,400 22,800 24,000 (14,000)

3 0 0.0002 7,350 35,285 23,000 (11,000)

4 - - - - 24,000 (12,000)



Is Mechanica Accurate, Can It Be Trusted For Is Mechanica Accurate, Can It Be Trusted For 
NonNon--Linear Contact Analysis ?Linear Contact Analysis ?

No Preload on clamp pads 
in Ansys version

Clamp is locked 
in Ansys model 
here Mechanica

A comparison study has been 
worked in Ansys for modular coil 2.



Comparison Between Mechanica and Ansys 
(Von Mises Stress)

The high stress is in the pin 
connecting the clamp which 
the Ansys model does not 
have.

Mechanica

Is Mechanica Accurate? Yes, Is Mechanica Accurate? Yes, 
It agrees well with AnsysIt agrees well with Ansys



Summary

• Iterations show that Belleville washers  should be 
designed with a stiffness of 5,000 - 10,000 lb/in and a 
preload of 100 – 125 lbs.  This corresponds to case 2 
and case 6. 

• Clamp Stresses depends mostly on preload.
• Soft windings stick to the tee better, but do raise stress 

in the tee. 
• Using no clamps, results in larger displacements and 

gaps, but this effect is less for the stiff winding pack.
• Mechanica and Ansys give the same answers for non-

linear contact analysis.



Future Work
• Modify Winding Stiffness based on results of ongoing tension 

and compression tests at PPPL.
• Provide a table for predicted strain values at experimental strain 

gage locations for the four loading states.
• Perform a detailed analysis of the actual clamp                 

design (with all features) based on the max                     
deflections measured in this analysis.

“Actual” clamp design

Strain Gauge Locations 
(ends and middle of 
winding form) ?

Coil Leads



Work to be done

Begin winding 
prototype coil

Design tasks -
• Complete pattern drawings for inner plate (cladding)
• Issue clamp detail drawings for fabrication
• Finalize patterns for chill plate and cooling tubes, develop drawings

Schedule -



The twisted racetrack coil is prototypical
• complex winding surface
• actual conductor and insulation
• prototypical clamps and chill plates
• utilizes production winding facility

Test objectives have been defined

All models / drawings are not final, but should 
be released in stages asap to improve schedule

Summary


