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Review Charge
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 Are the requirements defined? What is the proposed design?
 What is the status of mockup / access studies?

* Is the analysis consistent with proposed design?

» Have prior design review chits been addressed?

» Have all technical, cost, schedule, and safety risks been addressed?



Scope
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BOLTED JOINT ASM
PDR 2/22, FDR 7/30
~. complete

OUTBOARD SHIMS
PDR 2/22, FDR 6/29
complete

CC INBOARD SHIMS — AA/AB/BC INBOARD SHIMS
PDR 8/7, FDR 1/08 PDR 8/2, FDR 9/4



Requirements
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Requirements are derived from the Modular Coil Asm Specification
(NCSX-CSPEC-14-05-01) and the Station-2 Asm Specification (in progress).

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
o Carry loads up to 15-ksi compression, 4-kip/in shear
* Maintain a “no slip condition” under the bolts (friction joint)

Assembly
» Position the coils accurately
 Minimize gaps



Interface C-C
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Winding Form Modification

Y=
WNational Compact Stediarato Em
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Winding Form Modification
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APFLY ADHESIVE, F/N 16, AS REG'D
TO SECURE SLEEVE, F/N 6, TO MOD COIL

FLANGES ORF WASHER, F/N 7

Bolted Joint Asm (SE140-190-R2)
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Bolted Joint Asm (SE140-190-R2)
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« Fiber-optic strain gages used to check analysis, monitor changes in
performance

— Gages unaffected by magnetic field, need no additional electrical isolation

— Significant testing indicates some scatter on absolute measurements but
very good repeatability over many cycles, at LN2 temperature

— Gages can be installed in studs (.02 hole EDM-ed) and calibrated to
provide very accurate indication of stud preload during operation

Trial installation of fiber optié gage in 1.375 dia stud



CC Shim Length No Bolt
Hole # | Hole to Bottom 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

C-C FLANGE SHIM LAYOUT

HOLE 10 HOLE 15

P

HOLE 5

HOLE 20

¢

\ INBOARD SHIMS

HOLE 25

SPACER PORT
4« OPENING

§
%anﬂ\l\» s

HOLE 40

HOLE 50

HOLE 45
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Inboard Shims

» Drawing SE140-055 defines inboard compression shims template
* Insulated, weld to flange one side

PREMANENTLY MARK OR LAELE EACH INDIVIDUAL SHIM
ON THIS SIDE FOR LATER IDENTIFICATION AND PLACEMENT,

A\
— A\
0 \
§‘ ‘ CC-4

.25 TYP CUT INTO INDIVIDUAL
SHIMS. SEE SHEET 2 FOR
CUT LINE LOCATIONS

[42.70)

-1_CC INBOARD SHIM

SCALE 0.30

INDIVIDUAL SHIMS TG BE GROUND
TO CUSTOM THICKNESS. GRIND

OPPOSITE SIDE OF LABLE AS REQ'D

62 STOCK

POSITION AND TACK WELD
GRINDING SURFACE
TO "C" COIL FLANGE



Inboard Shims
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» Optional concept reduces no. shims, uses spherical seat feature

3X D113 V.25
L_J@2.000/2.001 ¥ .990/1.000
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Mockup / Access Studies
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Development activities conducted at UT Magnet Development Lab (MDL):
- Mock-up construction
- Weld access for AA/AB/BC

- Access studies for CC



C — C Interface
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The Design:

® Totally bolted, electrically isolated

® 6 top and 6 bottom inboard flange holes, with tapped
holes in one flange and a thru holes in mating flange

® “Reasonably” tight fitting bushings

® Nut options: Superbolt, Hex, Hydraulic Nut w/ lock nut



C — C Interface
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Design Issues:

Physical ACCESS
Initial installation of bolting hardware
Re-Torquing of nuts (for all flange interfaces)

Choice of ACCESS location
Top and bottom, inboard, between TF colls
Top and bottom, outboard, at “B” coll
Top and bottom, outboard, thru back of “C” coll

Risks associated with ACCESS location

Measuring and installing bushings



C—-C Joint

O A—A Joint

C - Coil (Green)
B - Coil (Red)
A - Coil (Blue)

Field Period
In-board

Flanges

Mockup
(Including C - C)



L t

Checking access

for welding
Modular Coils

Flanges Assembly <€
Mockup >

e










C — C Interface
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Top and bottom, inboard between TF coils:

5







C — C Interface
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Top and bottom, inboard between TF colls:

® Visually clear line of sight, directly above and between
TF openings on either side

® Easiest access and most comfortable working position

® Lowest risk of a worker damaging any external tubing,
headers, electrical hardware, etc...

® | ongest distance to reach the bottom-most nut

® Access opening Is more restricted



C — C Interface

NCSY=

National Compact Steliarator Experiment

Top and bottom, outboard at “B” coll:







C — C Interface

Top and bottom, outboard thru back of “B” coll:
® Most direct access to nuts

® Shortest distance to reach the bottom-most nut (19”),
good possibility of a worker (small in stature, with long
arms) being able to use a hands-on approach when
Installing bolt kit

® High risk of a worker damaging some of the external
tubing, headers, electrical hardware, etc... by having
to climb around the shell and lay horizontally and try
to wedge down into the opening

® Does not allow a direct line of sight for worker, video
camera / light system will be needed



C — C Interface
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Measuring, fabricating, installing bushings:

A video system (flexible cable) with lighting will be needed
to read the bushing gage for measuring hole eccentricity

An alternative is to wrap the outer gage surface with
litmus or fuji paper so when the gage rotates and stops,
a line marks where it touches the hole inner diameter

The finished bushing:
- Slides down the strain gage sheathing onto stud
- Is oriented accurately to the hole
- Slightly inserted into flange hole
- Bearing washer, hex nut slides down cable
- Nut is tightened to press the bushing into hole

Bushing installation nut is removed, permanent nut is
re-installed with complete washer set



C — C Interface
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Proposed R&D:

Design, develop, and acqguiremecessary
tools and hardware — Identify/andiacquire

Prove feasiiity;

Field test teeling;
of makingjand

video equip temake

installing/a bushing

necessary Video// lighting COmMPeRERLS

and install'bushings

<— 1 Month > < 2 Months > < 1 Month ——
Manpower — PJ (.5), Gary (.25-.5), Joe (.25), Jim (.25), Bob (.25) = 1.5 - 1.75 for 4 months

® Feasibility study will be to measure and install a bushing in an enclosed
“box” using manipulator, video camera mounted in side and light inside.
- Determine most accurate method of measuring bushings
- Determine how to orient / register bushing with hole
- Determine if bushing can be “seated” using a nut

¢ Design and development stage will involve:
- Manipulator fabrication or modifications _
- designing controls for moving, rotating, etc... video system

® Field testing ideally involves using a C-C assembly in a vertical position
with a B coll to see if there are any surprises due to mistakes in the coil
castings - and also using the “actual”, out-of-round flange holes
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Conclusions:

® Based on the design of 6 top and 6 bottom holes, 4 of the
6 holes appear to be accessible for making tight fitting
bushings and bolting the joint with a reasonable effort.

¢ 2 of the 6 holes will require a difficult and time consuming
effort to accomplish the bolted design.

® R&D tasks have been identified and planned to insure
the success of the bolted design.

® Bottom Line: It is feasible to make the bolted C-C joint




Structural Analysis

Inboard interface FEA model developed for different C-C options:
- Six or twelve additional bolts
- 1.375 or 1.5-in diam bolts



Options to restrain N CS X5t imen
movement of inboard leg.

e By adding 6 to 12 bolts
on the inner leg, the
Inner leg motion should
be reduced significantly
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Contact Sliding re

g

green = .4 friction

Blue = .04 friction

green = .4 friction

Blue = .04 friction




Friction = 0.04 on Inner-leg region
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Tension, k-1b

C-C Bolt Preload & EM-Driven Bolt Shear Load with no in board bolts or

friction with perfect fitup

100

Tension no pucks (Pre), kip
O Shear with mu = .4 everywhere (Pre+EM-Pre), Kip
B Shear with mu =.04 on unbolted regions (Pre+EM-Pre), kip

6

90

123 456 7 8 91011121314151617 1819 20 21 22 2324 25 26 27 28 29 30 31 32

Bolt #

Shear Load, kip

y”

Bolt 32

23

MNODAL SOLUTION

STEP=2
SUB =6
TIME=2
CONTSLID (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.879E-03
SMX =505E-03
0.0022
0.0044
0.0066
0.0088
0.0110
0.0133
0.0155
0.0177
0.0199

1000RE0N.

Inches

No Inboard Bolt Friction

Frictionless In board leg
Peak Shear is 4.8 Kips
Sliding is 19 mils

NODAL SOLUTION
STEP=2

SUB =6

TIME=2
CONTSTAT (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.879E-03
SMX =3

B FarOpen

[ | NearContact
[ sliding

Bl Sticking



NATIONAL COMPACT

Friction = 0.4 everywhere on flange = NCSX#28& 5

Tension, k-lb

C-C Bolt Preload & EM-Driven Bolt Shear Load with 12 added
in-board bolts and perfect fitup and mu =0.4 everywhere

100 Tension (Pre), kip 8
B Shear with mu = 0.4 everywhere (Pre+EM-Pre), kip

IR i BB EEEEEEEE I T 6

50 -4

25 A - 2

vttt il y

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43
Bolt #

Shear Load, kip

ADDED 12 Inboard Bolts

Inner most bolts see 2.7 Kips

Sliding is less than 1.3 mils

Bolt 44

ANBYS T0.041
JUN 11 2007
09:45:20

AVG ELEMENT ¢

ELID_K (AVG)
DIVIX m.831E-23
SMX m. 002389
(1
265E-03
SHE-D3
JTY6E-D3
1062
G327
001592
001858
2123
02389

BOCCECOEN

ANSYS 10.0A1
ELEMENT SOLUT
STEP=2

SUB =6

TIME=2
CONTSTAT (NOA\
RSYS=0
PowerGraphics
EFACET=1

DMX =.831E-03
SMX =3

I FarOpen

[ ] NearContact
[ Sliding

[l Sticking



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

Tension, k-Ib

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

Tension (Pre), kip
1007 4qn ith mu =0.04 on i bolted leg (Pre+EM-Pre), ki 8 Wy
B Shear with mu = 0.04 on inner unbolted leg (Pre+EM-Pre), kip WX
| |~ a
75 6 >
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©
50 4 9
G
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<
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=
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11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

\

ADDED 12 Inboard Bolts "

Inner most bolts see 3.4 Kips -~

Sliding is less than 2.4 mils \ j

ANSYS 10.0A1
AVG ELEMENT !
STEP=2

SUB =6
TIME=2
SLID_IN (AVG)
DMX =.832E-03
SMX =.002414
0
.268E-03
.536E-03
.805E-03
.001073
.001344
.001609
.001877
.002145
.002414

EE00EECNN

ANSYS 10.0A1
ELEMENT SOLU1
STEP=9999
CONTSTAT (NOA
RSYS=0
PowerGraphics
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DMX =.815E-03
SMX =3

Il FarOpen

[ ] NearContac
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Il Sticking



Max sliding and bolt shear table N CSXaeite

Bolt Size Inboard # of inboard Max sliding distance Max Shear Force
(in) Friction bolts (in) (Kips)
1.375 04 0 0.0065 2.8
1.375 0.4 6 0.0047 2.4
1.375 0.4 12 0.0011 2.7
1.375 0.04 0 0.0199 4.9
1.375 0.04 6 0.0143 4.5
1.375 0.04 12 0.0024 3.5
1.5 0.04 6 0.014 4.7
1.5 0.04 12 0.0024 3.8
1.375 Imperfect fit-up 0 0.0193 3.3
(5 mil gap)

 Number of bolts is the total number added: 12 bolts means 6 bolts added above and
below the mid-plane.

 Little difference in sliding or shear force noted between the 1.375” and the 1.5” bolts:
Contact stiffness explains shear force (next slides)



Problem discovered in May 2007 NGO R

“Following the presentation of numerous global model results which showed high
shear loads in some of the bolts, a detailed review of the contact element
characteristics uncovered a defect in the model.

The default contact element shear stiffness (~0.17E11 N/m3) was found to be too
soft, and flange faces slipped when they should have been stuck.

Over-riding the default
shear stiffness value with
incremental increases
produced lower bolt shear
loads and longer computer
run-times for the
representative A-A
interface.

A shear stiffness of 5E11
N/m3 seems to provide a
reasonable compromise in

accuracy and run-time.

Shear & Run-Time (kip & hr)

Fig. 2.0-6 Max A-A Bolt Shear Load & Model Run-

Time v. Contact Shear Stiffness

— Max Bolt Shear —

= Clock-Time /

10

N

N

I —

Value used in all
— the runs so far

2 4 6 8 10
Contact Element Shear Stiffness, 1E11 N/m**3

12




Case Study: NCS X s e

Three 1.5” Innermost Bolts Added

Blue = 0.04
Friction

Green =04
Friction

Larger 1.5” bolts

Standard
1.375”

bolts



Shear Force on Inner Leg of CC N CS X528 e

C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 reverse added in-board bolts with
perfect fitup

Tension, k-Ib

80
70
60
50
40
30
20
10

@ Preload

B Shear Load (Pre+Em-Pre) Kips (-5e11)
O Shear Load with high contact stiffness (-10e11)
O Shear with higher contact stiffness (-20e11)
m shear with highest contact Stiffness (-50e11)

1 2 3 45 6 7 8 9 101112 1314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Bolt #

Shear, k-Ib
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Inner Leq Bolts Only

Tension, k-Ib

C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 reverse
added in-board bolts with perfect fitup (INNER LEG BOLTS

ONLY)

100 5
90
80 4
70
60 - 3
50 - -
40 - _ 2
30 M |
20 - m | 1
10 -
0 -0
33 34 35 36 37 38

Bolt #

Shear, k-Ib

@ Preload

M Shear Load (Pre+Em-Pre) Kips
(-5ell)

[J Shear Load with high contact
stiffness (-10el1l)

[J Shear with higher contact
stiffness (-20e11)

H shear with highest contact
Stiffness (-50e11)




Contact Slip Plots NCS X S

ANSYS 11.0 I ANEYS 11.0 l
AVG ELEMENT S0 AVG ELEMENT S0
STED=2 STED=Z

SUB =6 SUE =6

TIME=2 TIME=2

SLID IN [AVE)
DMX =.838E-03
BM¥ =.003309

SLID_IN [AVGE)
DM¥ =.834E-03
BM¥ =.003041

] o

- . 368E-03 - .338E-03
- . 738E-03 - .BT7AE-03
I:l 001103 |:I .001014
I:l 001471 |:I . 001352
B oois3s [

1 gozzos C1 gozozs
L1 oozs7e C 1 goz3es
L1 gozsaz 1 goz70s
B 03300 B -0

Stiffness = -5el11 N/m~™3 Stiffness = -50e11 N/m~3

The contact stiffness overestimates the shear force but has little
effect on sliding.



Unbolted Inner leg Shims (shear)
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ANSYS 11.0

AVG ELEMENT !

STEP=2
SUB =6
TIME=2

SXZ_PSI (AVG)
DMX =.262E-03

SMN =-1423
SMX =5788

BELORACNN

-1423

-621.479

179.753
980.985
1782
2583
3385
4186
4987
5788

ANSYS 11.0

AVG ELEMENT ¢

STEP=2
SUB =6
TIME=2

SXY_PSI (AVG)
DMX =.262E-03

SMN =-4390
SMX =6032

REDOEOCNN

-4390
-3232
-2074

-916.106

241.8344
1400
2558
3716
4874
6032

Case has twelve 1.5” bolts with
0.04 friction.



Analysis Summary NCS X S

e Adding 12 bolts to the CC flange essentially
eliminates inner leg sliding (< 2.5 mils for all
friction cases.

e All 12 bolts are stuck and see limited shear from
flange/flange stiffness/deflection.

 Going to 1.5” bolts has limited effect.

* The unbolted region will see limited shear (less
than 6 ksi) if 12 bolts are used.

A more detailed sub-model of unbolted inner leg
shims may be needed to determine weld
strength to prevent shims from dislodging.
*Positioning holes can also be used to hold
shims




Plan to complete final design
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Task Description Finish

IH1-0000 PDR C-C Inboard Interface 7-Aug

1421-3143  Issue dwg w/ additional holes (SE141-148) 17-Aug
1421-3140 Issue dwg for C-C shims (SE140-035)

1421-3145 Mockup and access studies 8-Oct

-—-  Develop inboard bolt installation concepts 30-Oct

- Fab / procure hardware for inb bolt installation 28-Dec

-—-  Conduct field trial on actual CC or BCC fit-up 30-Jan

1421-3144 FDR C-C Inboard Interface 15-Feb




Conclusion
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» Are the requirements defined? What is the proposed design?
Additional holes, shim layout complete

* What is the status of mockup and access studies?
Bolt installation is feasible, development + testing planned

* Is the analysis consistent with proposed design?
Twelve additional bolts eliminates need for sliding shims

» Have prior design review chits been addressed?
Bolt asm, welded shims FDRs addressed relevant issues

« Have all technical, cost, schedule, and safety risks been addressed?
Access tooling development planned



Backup Slides




Friction = 0.4 everywhere on flange = NCSXHeeeEEuer
through alumina shims.

ANSYS 10.0A1

C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 added in- Bolt 33 ol

board bolts and perfect fitup

X
X

Tension (Pre), kip d“N
100 8
W Shear with mu = 0.4 everywhere (Pre+EM-Pre), kip

Bolt 32

.521E-03
.001042
.001563
.002085
.002606
.003127
.003648
.004169
.00469

HE0CNECEN

Tension, k-lb
Shear Load, kip
:

N
[é)]
|
N

Bolt 38

ANSYS 10.0A1

0 IhlllJlLLll]JTluTlTl Lo - == ECLIL

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 ?:;IIBE:‘;
Bolt #

CONTSTAT (NOAV
RSYS=0

PowerGraphics
EFACET=1

DMX =.836E-03
SMX =3

FarOpen
NearContact
Sliding
Sticking

ADDED 6 Inboard Bolts

Innermost 6 bolts are shown but not used
in the calculation (shown as x’s in the
sliding picture)

.)

——
=
L[] |

Inner most bolts see 2.4 Kips .

a\a

Sliding is 4.7 mils



Friction = 0.04 on Inner-leg region,

NCSX
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mu = 0.4 everywhere else

Tension, k-1b

100

\l
(3]
|

a
o
|

N
ol
|

C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 added in-
board bolts and perfect fitup

Tension with mu =0.04 on inner leg (Pre), kip

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

Lttt

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
Bolt #

Shear Load, kip

Bolt 33

X

an

K

X
X

ADDED 6 Inboard Bolts

Frictionless In board leg
Peak Shear is 4.8 Kips
Sliding is 14 mils

Bolt 32

ANSYS 11.0
JUN 8 2007
11:29:36

AVG ELEMENT

TIME=2
SLID_IN {AVG)
DMX =.846E-03
SMX =.014315
0

.001501
.003181
.004772
.006362
.007953
.009543
011134
.012724
.014315

AE0CNE0EN

Inches

ANSYS 11.0
NODAL SOLUTION
STEP=2

SUB =6

TIME=2
CONTSTAT (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.846E-03
SMX =3

Il FarOpen

[ NearContact
[ Sliding

Il Sticking



Positioning hole on CC interface N CSX S22

These two positioning
holes are an ideal place
to secure inner shims
more tightly if needed.




Bolted Joint Asm (SE140-190-R2)
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Bolted Joint Asm (SE140-190-R2)
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