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• Are the requirements well defined?

• Does the design meet the requirements?

• Is the design adequately underpinned by analysis and testing?

• Is the shim friction testing sufficient to proceed with procurement 

of coated shims? 

• Is the shim coating spec complete? 

• Are the drawings complete and ready to be released for 

fabrication? 

• Have all relevant chits from previous MC design reviews been 

adequately addressed?

Charge
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This review covers the outboard 
shims for all existing bolted joints 
in the design.

Scope

The inboard shims 
(including the welds 
and added bolts on 
C-C joint) will be 
addressed at a later 
review.
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Requirements are derived from the coil assembly specification and the station 2 

assembly specification.

Electrical 
• Partial Toroidal electrical breaks shall be provided between adjacent 

modular coils within a field period (AA, AB, BC).
• Electrical breaks are required between adjacent modular coils in

adjacent field periods (CC). [Ref. GRD Section 3.2.1.5.2b to be revised] 
• Toroidal electrical breaks must be able to withstand an applied voltage 

of 150 V (ref. GRD Section 3.2.1.5.3.6).

Structural
• Carry compressive loads 
• Maintain a “no slip condition” under the bolts (friction joint)

Assembly
• Position the coils accurately
• Minimize gaps

Requirements
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• 25 tapped holes, most on Type-A
• 1 through hole

Type-A Type-B

Interface A-B
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• 29 tapped holes, most on Type-B

Type-B Type-C

Interface B-C
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• 20 tapped holes

Interface A-A

Type-A Type-A
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• 24 through holes
• 8 tapped holes

Interface C-C

Type-C Type-C
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A1 is special
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A-A
4 plcs

A-B
2 plcs

A-B
3 plcs

A1 Welded Adaptor w/ Tapped Hole
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A1 Photograph
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Inventory of Tapped/Through Holes



Design of Outboard Bolted Joint
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Bolt Configuration
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STUD, A286
1.375-6UNC-2A X 10.5

LOAD WASHER, Ti-6-4

HEX NUT, A286 OR NITR50

SPH WASHER, A286 OR NITR50

SHIM, 316

WASHER, 718

Bolt Configuration

SUPERNUT, NITR50/718
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Bolt Configuration
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Insulating Washer
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Bushing
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Function:
• Maintains Relative Position of Coils 
• Electrical isolation
• Structural support

Qty Required:
• 110 concentric
• 486 eccentric

Flange Bushing
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Shim Design
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Universal Shim (details)
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A

Universal Shim (initial qty)
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Shim Configuration

AB
BC
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Shim Configuration

AA
CC



25

Shim Layout AA
AA      

Hole #
Shim Length 

Hole to Bottom
No Bolt 

Shim
1 2.75
2 5.00
3 5.00
4 5.00
5 2.75
6 2.75
7 5.00
8 5.00
9 5.00
10 5.00
11 5.00
12 5.00
13 5.00
14 5.00
15 5.00
16 5.00
17 5.00
18 5.00
19 5.00
20 5.00
21 5.00
22 5.00
23 2.75
24 2.75
25 5.00
26 5.00
27 5.00
28 2.75

HOLE 1

HOLE 5

HOLE 10

HOLE 15

HOLE 20

HOLE 25

INBOARD SHIMS 
(NOT COMPLETE)

PORT 12 OPENING

NEUTRAL BEAM 
PORT OPENING

PORT 12 OPENING
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Shim Layout AB
AB      

Hole #
Shim Length 

Hole to Bottom
No Bolt 

Shim
1 5.00
2 5.00
3 3.75
4 3.75
5 3.75
6 2.75
7 3.75
8 3.75
9 3.75
10 3.75
11 3.75
12 5.00
13 5.00
14 5.00
15 5.00
16 5.00
17 5.00
18 5.00
19 5.00
20 5.00
21 5.00
22 5.00
23 5.00
24 5.00
25 5.00
26 5.00
27 5.00
28 5.00
29 5.00
30 5.00
31 2.75
32 2.75
33 2.75

HOLE 1

HOLE 5
HOLE 10

HOLE 15

HOLE 20

HOLE 25

INBOARD SHIMS

HOLE 30

PORT 7 OPENING

PORT 5 OPENING

PORT 4 OPENING

PORT 9 OPENING
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Shim layout BC
BC      

Hole #
Shim Length 

Hole to Bottom
No Bolt 

Shim
1 5.00
2 5.00
3 5.00
4 5.00
5 5.00
6 5.00
7 3.75
8 3.75
9 3.75
10 5.00
11 5.00
12 5.00
13 5.00
14 5.00
15 5.00
16 3.75
17 3.75
18 5.00
19 5.00
20 5.00
21 5.00
22 5.00
23 3.75
24 3.75
25 3.75
26 5.00
27 5.00
28 5.00
29 5.00
30 3.75
31 3.75
32 2.75
33 2.75

HOLE 1

HOLE 5

HOLE 10

HOLE 15

HOLE 20

HOLE 25

INBOARD SHIMS

HOLE 30

PORT 11 OPENING

PORT 6 OPENING

PORT 10 OPENING

PORT 2 OPENING

PORT 17 OPENING
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CC      
Hole #

Shim Length 
Hole to Bottom

No Bolt 
Shim

1 2.75
2 2.75
3 2.75
4 2.75
5 2.75
6 2.75
7 2.75
8 2.75
9 2.75
10 2.75
11 2.75
12 2.75
13 5.00
14 5.00
15 3.75
16 3.75
17 5.00
18 5.00
19 3.75
20 3.75
21 3.75
22 3.75
23 3.75
24 3.75
25 5.00
26 5.00
27 3.75
28 3.75
29 3.75
30 3.75
31 3.75
32 3.75
33 5.00
34 5.00
35 3.75
36 3.75
37 5.00
38 5.00
39 2.75
40 2.75
41 2.75
42 2.75
43 2.75
44 2.75
45 2.75
46 2.75
47 2.75
48 2.75
49 2.75
50 2.75

HOLE 1

HOLE 5 HOLE 10
HOLE 15

HOLE 20

HOLE 25

INBOARD SHIMS 
(NOT COMPLETE)

HOLE 30

HOLE 35

HOLE 40HOLE 45

HOLE 50

Shim Layout CC

SPACER PORT 
OPENING
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Shim Table – All Flanges

SHIM LENGTH-HOLE TO BOTTOM AA FLANGE AB FLANGE BC FLANGE CC FLANGE TOTAL

2.75 6 4 2 24 36
3.75 8 10 16 34

5.00 (UN-CUT) 22 21 21 10 74

TOTAL PER FLANGE 28 33 33 50

TOTAL PER FIELD PERIOD 28 66 66 160

TOTAL PER MACHINE 84 198 198 150 630
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Assembly Sequence
Proposed modification to Machine Asm Seq Plan R7:

• Place initial set of metal shims on lower coil
• Position upper coil w/o bolting, measure and install bushings
• Install fasteners, torque to 50% preload, measure
• Loosen studs, install final shims, tighten, measure
• Loosen one-by-one, install bushings
• Tighten to full preload



Finite Element Analysis
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Analysis Assumptions

• The non-linear (frictional) analysis of this structure is 
based on the half-field period model with anti-cyclic 
symmetric conditions on the end CC and AA flanges.

• The intent is to determine if the number of bolts is 
sufficient to prevent motion on the outboard side of the 
coils.  Using discrete bolts instead of averages from a 
linear model gives a higher confidence.

• A friction factor of 0.4 used under all bolts and on the 
entire flange surface.  This is derived from the 
approximate 0.6 average value seen in testing and a 1.5 
reduction factor imposed. 

• 2T high-β Magnetic loads, TF coil loads also applied. 
• Preload compressive force of roughly 75 Kips applied to 

all bolts.
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Bolt Modeling

At one particular interface, pipe elements with appropriate section properties are used 
to represent the characteristics of a bolted interface. Contact elements at this 
interface are allowed sliding contact (no separation).
The other bolted interfaces are modeled with "Bonded Contact.“

**Any deflection of the top flange face (that connects to the bolt) relative to the bottom 
flange face or distortion of the hole itself could result in some minimal (usually less 
than 2 kips) shear in the bolt.
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AA Bolt loadings (outboard)

A-A Bolt Preload & EM-Driven Bolt Shear Load
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Tension (Pre), kip

Shear with pucks (Pre+EM-Pre), kip

This model has inner leg bolts and friction of 0.4 over the entire surface.  The inner leg is 
now welded and thus, the conditions on the outboard can be no worse than the condition 
presented. This is Conservative.

Bolts 21-26 are no longer in the design and are not presented.
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AA Joint

The Joint is stuck (red) under every outboard bolt.
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AB joint

This model has inner leg bolts and friction of 0.4 over the entire surface.  The inner leg is 
now welded and thus, the conditions on the outboard can be no worse than the condition 
presented. This is Conservative.

Bolts 27-29 are no longer in the design and are not presented in the table.

A-B Bolt Preload & EM-Driven Bolt Shear Load
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AB Joint

The Joint is stuck (red) under every outboard bolt.
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BC Joint

B-C Bolt Preload & EM-Driven Bolt Shear Load
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Tension (Pre), kip

Shear (mu = .4 everywhere) (Pre+EM-Pre), Kip 

This model has inner leg bolts and friction of 0.4 over the entire surface.  The inner leg is 
now welded and thus, the conditions on the outboard can be no worse than the condition 
presented. This is Conservative.

Bolts 30-33 are no longer in the design and are not presented in this table.
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BC Joint

The Joint is stuck under every outboard bolt.
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CC-Joint
C-C Bolt Preload & EM-Driven Bolt Shear Load

0

25

50

75

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Bolt #

Te
ns

io
n,

 k
-lb

0

1

2

3

Sh
ea

r L
oa

d,
 k

ip

Tension (Pre), kip
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• This joint has no weld on the inboard leg or any 
inboard bolts  

• Model assumes 0.4 friction over the entire 
inboard leg. (non-conservative pending 
outcome of inner leg fix…next slides.)

• The last bolts (#1 and #32 are just beginning to 
slip a bit and pick up some shear)
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Options to restrain movement of 
inboard leg.

Options include adding 6 to 
12 bolts on the inner leg 
(model on right has 12 bolts 
added north and south of the 
midplane.)
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Option 1 for inner leg: Add 6 
Inner bolts (3 top and 3 bottom)

Friction = 0.04 on Inner-leg region,                         
mu = 0.4 everywhere else

Outer Bolts #1 and #32 are now completely stuck 

Inner most added bolts (#35 and #36) still slip and 
may need to be enlarged to 1.5” for increased 
preload.  These are not considered as “outboard 
bolts” and are outside the scope.

Inches

Bolt 1

Bolt 32X
X

X

X
X

X

Bolt 33

Bolt 38

Contact Contact 
slippage plotslippage plot

C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 added in-
board bolts and perfect fitup
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Tension with mu = 0.04 on inner leg (Pre), kip

Shear with mu = 0.04 on inner unbolted leg (Pre+EM-Pre), kip

Outboard BoltsOutboard Bolts
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Option 2 for inner leg: Add 12 
Inner bolts (6 top and 6 bottom)

Bolt 1

Bolt 32

Bolt 33

Bolt 44

Friction = 0.04 on Inner-leg region,                         
mu = 0.4 everywhere else

Outer Bolts #1 and #32 are now completely stuck.  
Inner leg slippage has been essentially eliminated.

Innermost inboard bolts (#38 - #39) are stuck.   

C-C Bolt Preload & EM-Driven Bolt Shear Load with 12 added in-board 
bolts and perfect fitup 
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Outboard BoltsOutboard Bolts

Contact Contact 
slippage plotslippage plot
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CC Summary

• In either option for restraining the inboard 
leg, the outboard bolts (#1- #32) of CC do 
not slip.

• The innermost added inboard bolt and 
perhaps all of the added inboard bolts 
should be increased from 1.375” to 1.5” to 
provide additional preload to the joint on 
the inner leg. 
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AA, AB, BC Summary

• The analysis performed shows that the outboard 
bolts do not slip when 0.4 friction is applied 
everywhere with the previously added inboard 
bolts. This is consistent with the linear analysis 
which tabulated Average COF’s (Fan and 
Brooks appendix slide).

• By welding the inboard region, the conditions 
studied are conservative as the welds will be 
stiffer and react more load than the previously 
added inboard bolts. The end bolts will not see 
increased load.



Confirmatory Experimental 
Testing
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Measurement of preload
• Fiber optic gages (which can be calibrated before 

installation!!) can be installed in a number of bolts to 
monitor preload during life.

• The gages would indicate when to re-torque when and if 
the preload lessons.

• Largest obstacle (drilling a 0.02” hole through a 9” long 
stud has been achieved.)

• Gages have been shown to give highly repeatable data.
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Shear Testing at ORNL
• Minimum friction condition (mu=0.4) does work for all 

outboard bolts and both analyses indicate that the friction 
coefficient seen in testing is more than adequate

• Tests of bolted joint mockups in LN2 (static and cyclic) are 
planned and will use the strain gage in a bolt concept to 
monitor preload.

• Status: All Load-train and LN2 tank parts manufactured, 
awaiting bolts and shims (mid July)

LVDT
rods

Test
joints

Friction Shims are hard 
to see

Total: 
50 Kip 
Load



Alumina Friction Testing

• μ ≈ 0.4 observed without binder in a few cases.

• μ > 0.6 observed with binder (design adaptation)

• Mu is also dependent on surface roughness of the alumina. A minimum 
surface roughness will be added to the already-signed Rev. 0 spec

• Previous analysis based on shear averages has shown that the outboard 
shims can live with μ < 0.4 down to 0.2.   A μ of .4 was chosen due to the end 
bolt effects when the inner leg was not welded. 



50

Friction Testing Setup 

• A traditional 
tension/compression 
testing machine has 
been configure to pull 
“double shear”
combinations.

• Side rams allow the 
application of normal 
(transverse) loads 
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Typical Test Combination

• A 0.38” thick x 1.00” wide 
center element receives the 
application of friction-
encouraging medium 
(alumina, in these cases)

• Wider (1.50”) side plates  are 
added to each side of the 
center element with an axial 
overlap of 1.0”

• The normal/transverse load 
(10 kip max) is added at the 
center of the overlap areas 
(2 in**2 total area)
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2nd Design Test Combination

• The original design called 
for a maximum loading of 
10 kip over the available 
area

• A choice was made to 
reduce the test area rather 
than upgrade the test rig 
after analysts began 
predicting 17 ksi loading 
needs. 

• The lessened area results 
in 10 kip max applied on 
two series ½ in**2 areas (1 
in**2 total)
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Observations

• Ellis and Gettelfinger procured two families 
of alumina on side-plates
– With and without bondcoat

• The 3 least desirable friction results were in the “no 
bondcoat” population admidst desirable results

• Is the “no bondcoat” correlation a red herring?
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Alumina, 2 Constant Pressures, 
Variable SS Finish 

.82N25019

.81N12519

.72N6019

.59B3219

.70B2509.5
.74B**1259.5
.41N*609.5
.64B32 microinch9.5 ksi

Apparent MuFinish
Contact 
Pressure

*Pre-test cleaning in question

**Machine shutdown on software trip
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Alumina, Constant SS Finish,
Variable Pressure

.65N12519 (Half Width)

.82B12516 (Half Width)

.45N12514 (Half Width)

.59B12512 (Half Width)

.45N12510. (Half Width)

.73B1259.5 (Full Width)

.83N1258.0 (Full Width)

.62B125 microinch6.0 ksi (Full Width)
Apparent MuFinishPressure
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Trimmable Shim Feasibility

• Machining checks show that 
slowly turning carbide tools 
may be used without chipping 
the alumina

• The slitting saw (used on lower 
specimen) may be appropriate 
for trimmable shims
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Shall We Radius?

• The Rev. X shim 
pictured was provided 
with a 1/16 radius on 
all edges to possibly 
avoid alumina fracture 
at line contact areas.

• A cost-saving proposal 
has only hand 
chamfering to about 
0.040”.



58

First Rough Inquiry

• This alumina-with-bondcoat
sideplate was supported in a cast 
iron welder's vee block (45 degree 
style) and had a 1" dia platen 
loaded onto its 1" uppermost edge.  
The sideplate had edges broken to 
some arbitrary and probably 
inconsistent value.

• The edge survived a 1 kip load 
without obvious damage. A 2.3 kip 
(caught by the "instantaneous 
peak" meter) load resulted in the 
fracture pictured.

• Next up – Investigation at small 
angles: ~0.2 degrees rather than 
45.
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Alumina Spec, Rev.0

• Thickness 0.012”
+0.003/-0.002

• Roughness >100 
microinch RMS

• Vacuum Bake to 
300 C (by PPPL)

• Dunk check in LN2 
(by PPPL)

• Initial Test 
Population required 
by spec
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Conversation with Incumbent 
Supplier

• Robert Rigney of A&A asserts that normal 
alumina coatings have surface shear 
strength of 2-3 ksi.

• The nickel aluminide bondcoat increases 
this to 6-7 ksi.

• Roughness is a controllable parameter
– Rigney suggests that NCSX considers a larger 

particle size to achieve the desired rougher 
surface.

– Also suggests that the larger particle would 
have better “bite in” capability.
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Recap

• Decision Point:
– Larger alumina particle size
Or
– Use current size

• Investigate edge loading at flat angles
• Go to cycle testing
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• Are the requirements well defined?
Yes. Mod coil B-spec needs revision, Station 2 spec to be issued

• Does the design meet the requirements?
Yes. Outboard shim details unaffected by remaining inb work.

• Is the design adequately underpinned by analysis and testing
Yes. Final analysis w/ inb, checking to be done. Tests confirmatory.

• Are the drawings complete and ready to be released for fabrication?
Yes. Drawing comments have been incorporated and checked

• Have chits from previous MC design reviews been addressed?
Yes. Chits from Feb-07 PDR follow:

Conclusion
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Back-up Slides / APPENDIX
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MATERIALS-

Bolted Joint Parameters (1)



69

Bolted Joint Parameters (2)
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• Nominal preload of 75-kips based on 85% of A286 yield strength
• Cool-down relaxation is -4% with Inconel load washer, +2% with Titanium
• Preload uncertainty for hydraulically tensioned studs w/ ultrasonic inspection

Bolt Preload
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Bolt Tightening (2)

Table B-C based on CAD Layout

Supernut

Dw=2.5-in
D= 2.46-in
L=1.93-in
T= 1.75-in
A286
(4340 is std)
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Joint Stiffness
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Individual Joint Analysis
– If friction fails.

Type 1 Bolted Connection Type 2 Bolted Connection Type 2a Bolted Connection, 
Extended Metallic Bushing 
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Individual Joint analysis (Type 1)

• Load Step 1 (time=1.0): Bolt Preload ~72 kip, 0.0 kip Shear Load

• Load Step 2 (time=2.0): Bolt Preload plus 20 kip Shear Load

1st Principal Stress Range in Type 1 Bolt 
from 20 kip Shear Load

G-10 Bushing 

Stress Intensity of bushing

• Max bushing stress is 50-ksi
• Compare to bushing material:

• Compressive strength = 60-ksi
• Min bearing strength = 30-ksi

• Max shear load = ~12-kip Static
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Individual Joint analysis 
(Type 2 and 2a)
• Load Step 1 (time=1.0): Bolt Preload ~72 kip, 0.0 kip Shear Load
• Load Step 2 (time=2.0): Bolt Preload plus 20 kip Shear Load

1st Principal Stress Range in Type 2 Bolt 
from 20 kip Shear Load

G-10 Bushing 

Stress Intensity of bushing (type 2)

1st Principal Stress 
Range in Type 2a 
Bolt from 20 kip 
Shear Load
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Joint Type Type 1 Type 2 Type 2a 
Bushing Material G-11CR SS G-11CR SS SS 

Un-Intensified Stress Range 
per 20 kip Shear Load (∆S1), 

ksi 
30.4 17.9 50.4 42.9 35.4 

Thread Stress Intensification 
Factor 4 4 4 4 4 

Peak Stress Range per 20 kip 
Shear Load, ksi 0.3 0.0 47.4 41.5 26.3 

Total Intensified Stress Range 
per 20 kip Shear Load, ksi 122 72 249 213 168 

 

Tabular Results                 
from Individual bolt Study

Keep in mind that these values are based on a 20 kip unit shear load.

• The stress profile indicates a predominantly Bending component (no surprise)
• The MEM+BEND stress and TOTAL stress are essentially the same for the Type-1 joint
• There is a significant PEAK stress component {TOTAL-(MEM+BEND)} in the Type-2 & 2a 

joints based on the bolt-hole geometric discontinuity.
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Fatigue

• We need to amplify a particular stress 
component by the thread SIF.
Amplifying SY is a logical choice since the thread 
concentration is normal to this stress component. 
However, amplifying S1 (max tensile stress) is also 
appropriate and conservative, if not essentially the 
same as SY. In addition, it would be difficult to ignore 
the Peak stress component that the model is able to 
capture, which also contributes to the total stress at this 
max stress location. Therefore, the total stress range 
which is used to evaluate the fatigue life of the bolts is 
defined as follows:

∆Stot = (kthread)(∆S1) + PEAK

• Design basis fatigue Curve for A286 at 77K
(Reference: N. Suzuki, "Low-Cycle Fatigue Characteristics of 
Precipitation-Hardened Superalloys at Cryogenic 
Temperatures," Journal of Testing and Evaluation, JTEVA, Vol. 
28, No. 4, July 2000. pp. 257-266.). 

ASME Code Base Thread Stress 
Intensification Factor (NB-3232.3 (c))



78

Fatigue Curves for outboard bolts: 
should slippage occur

Allowable Cycles, A286 Bolts at 77K v. Bolt Shear Load
Type 1 & 2 Joints with G-11 & SS Bushings, Thread SIF=4
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Maximum fatigue loading of type 2 with G11 = 5 kips

Maximum fatigue loading of type 1 with G11 = 10 kips
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Linear Analysis for Friction coef. 
- AVERAGES

Coefficent of Friction Needed to Prevent Slip
NonLinear, Baseline w/Gaps at Wings - No Slip Inner Leg (hm10)
Inner Leg for AA, AB and BC not Shown since they are welded)
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No Added Inboard Bolts
Inner most bolts see 3.3 Kips
Sliding is more than 19 mils

Imperfect Fit-Up Run (CC)

C-C Bolt Preload & EM-Driven Bolt Shear Load
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0.005” gap on inboard leg Friction = 
0.04 on Inner-leg region, mu = 0.4 
everywhere else
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Slides from Imperfect Fit-Up Run
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Slides from Imperfect Fit-Up Run

Gap Plot (Pa)Stress intensity Plot (Pa)


