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Review Charge
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 Are the requirements defined? What is the proposed design?
* What are the results of 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

National Compact Stelfarator Experiment

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

CC INBOARD SHIMS

PDR 8/7, FDR 2/4 OUTBOARD SHIMS

PDR 2/22, FDR 6/29
complete

— AA/AB/BC INBOARD SHIMS
PDR 10/18, FDR 11/27 complete



Requirements
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The design requirements for the C to C Joint are derived from the Modular Coil Asm
Specification (NCSX-CSPEC-14-05-01). The design of the C to C Joints are defined in
the drawings presented at this design review. The product specification covering the
assembly of the C to C Joint is the station 6 product specification which has not yet been
drafted.

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
e 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



C-C Holes and Bolts
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~@1.375-6UNC THRU OR
@D1.375-6UNC X 1.5 MIN
FOR FLANGE THK >1.5
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e 24 Thru Bolt Kits
20 tapped Bolt Kits

@1.885 +.003 THRU
L_Ig3.00 SPOTFACE BACKSIDE
MINIMUM TO CLEAN UP

[ 06]M[A]D]




Winding Form Modification
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» SE141-148 defines 12 additional inboard holes =
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Winding Form Modification
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Hole specification:

SEE DETAIL A

\\\\\‘\——c TO € FLANGE

SEE DETAIL C

VEWD - D
TYPE C WINDING FORM VIEW OF C-C FLANGE, DATUM E

MAY BE PART ONLY OR PARTIALLY ASSEMBLIED
SCALE 0.12

DATUM "J" 15 NORMAL TO THE FLANGE FACE, DATUM
E, AND PASSING THRU THE ORGIN DEFINED AT THE
INTERSECTION OF DATUM A, B, AND C (NOT SHOWN)

@ @ .06 J| AL

DETAIL A

SCALE 0.240

FIJI




Bolted Joint Asm (SE140-190-R3)
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=— 2. 17 REF ——==

18 —= 1.25 MIN FLANGE
APPLY ADHESIVE, F/N 20, AS REQ'D o l— 50 REF
TO SECURE SLEEVE, F/N 10, TO MOD COIL '
FLANGES OR WASHER, F/N Il 1.34 MAX - 1.00 MIN
THREAD ENGAGEMENT
7 .34 AS SHOWN

T ———

hd
¥t

BUSHING SHOWN AT WORSE CONDITION REF
AFTER MACHINING TO STUD ECCENTRICITY.
MAINTAIN MINIMUM .10 THICKNESS IN ANY L 0
POSITION OF BUSHING. il Wi
THICKNESS

/A



Shim

Length
cC Hole to No Bolt
Hole # Bottom Shim
1 275
2 2.79
3 2.75
4 215
&) 2.75
6 2.75
7 275
8 275
] 2.75
10 2.75
11 275
12 2.75
13 5.00
14 500
15 3.75
16 3.75
17 5.00
18 5.00
19 375
20 375
21 3.75
22 3.75
23 3.75
24 375
25 5.00
26 5.00
27 375
28 % 5
29 3.75
30 3.75
31 375
32 3.75
33 500
34 5.00
35 3.75
36 375
37 5.00
38 5.00
39 275
40 275
4 2.75
42 275
43 2.75
44 2.75
45 275
46 2.75
47 2.75
48 2.75
49 2.75
50 2.75

C-C FLANGE

HOLE 10 HOLE 15

Jn, HOLE 20
m%
“!iigil HOLE 25

2

SPACER PORT
4 OPENING

HOLE 5

g

B

INBOARD PUCKS
AND RETAINER

HOLE 50

=
&
&

HOLE 35

HOLE 30

%,
%ﬂn

HOLE 45

n\n\“

HOLE 40



CC Puck Retainer SE140-055
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CC Puck Retainer SE140-055
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Shim Layout Drawing SE140-046 Sheet 5
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Shim Layout Drawing SE140-046 Sheet 5 (Details)

Slotted
Holes Allow
Puck Carrier
to “Float”
Without
Adding
loads into
Pins

Nomex Strips to be
Used for Puck
Retention and
Centering

NNNANG )
Y- &

Shim Stock to be
Added as Req'd



CC Puck Retainer (for DXF) SE140-055 Sheet 2
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MIN TMUM

(42.20)
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NOTE: DIMENSIONS SHOWN AND SIZE OF DXF FILE IS FOR NON-COATED PART

ALL SURFACES

) (

Sl

SCALE | : |

NOTE: PART SIZE AND HOLE LOCATIONS MUST NOT DEVIATE FROM
DXF FILE BY MORE THAN £ .03




CC Shim Pucks SE140-058
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Shim Layout Drawing SE140-046 Sheet 5
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CC Inboard Pucks Installed
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3

SE140-055 Retainer
positioned with 3 pins
each end

Alumina coated
compression pucks




C to C ASSEMBLY
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Top View as 3
Field Periods Will
be Assembled




C to C ASSEMBLY
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National Compact Stelfarator Experiment

Access to the 3
CC Joints
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C to C ASSEMBLY

Area to
Measure CC
Inboard Pucks




C to C ASSEMBLY

We’'ve Found the
PERFECT Guy
to do the
Measurements!!

A




— C to C ASSEMBLY

National Compact Stelfarator Experiment

With the TF and
Trim Coils over the
C Joint Not
Installed Yet We
have Good Access g
to Measure and R
Wiggle Outboard
Shims
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C to C ASSEMBLY

National Compact Stelfarator Experiment

Good Access
Under Support
Structure




C to C ASSEMBLY
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Ly

View Outside
Near Midplane




C to C ASSEMBLY
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Access to
Lower Joint
Area




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

Paul Fogarty will present the Access Study
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Structural Analysis

K Freudenberg

Includes:
- Twelve additional bolts added to the outboard region
- Inner leg carrier plate and compression pucks



CC Previous work (completely bonded flanges)
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As shown in the first picture form the left, the compressive stress is largest near the
midplane, This has all of the available area taking the compression.



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

Tension, k-1b

100 ~

90

80 -

70

60 -

50 -

40 ~

30

20 ¢

10 4

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

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

1 23456 7 8 91011121314151617 1819 2021 22 2324 25 26 27 28 29 30 31 32
Bolt #

Shear Load, kip

Yy

Bolt 32

NODAL SOLUTION
STEP=2

SUB =6

TIME=2
CONTSLID {AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.879E-03
SMX = S05E-03
0.0022

0.0044
0.0066
0.0088
0.0110
0.0133
0.0155
0.0177
0.0199

1E00REDNE

Inches

No Inboard Bolt Friction
Frictionless In board leg

Peak Shear is 4.8 Kips

Sliding is 19 mils

v
AN

NODAL SOLUTION
STEP=2

SUB =6

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

DMX =.879E-03
SMX =3

Bl FarOpen

[ ] NearContact
[ Sliding

Bl Sticking




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

C-C Bolt Preload & EM-Driven Bolt Shear Load with 12 added
in-board bolts and perfect fitup
Tension (Pre), kip dVIN
100 | _ . 8 ’
B Shear with mu =0.04 on inner unbolted leg (Pre+EM-Pre), kip
WY
WIVX
i 1 o
o 75 6 Z ~
E g b
S 50 4 5 4
2 ] K
& 2
= 25 A | T2 W0
|
Dottt sttt U .
1 57 9

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

ADDED 12 Inboard Bolts

Inner most bolts see 3.4 Kips i M

Sliding is less than 2.4 mils

Latter results show peak shear is overestimated due \ m,g/

to low contact stiffness

ANSYS 10.0A1
AVG ELEMENT €
STEP=2

SUB =6

TIME=2

SLID_IN (AVG)
DMX =.832E-03
SMX =.002414

0

.263E-03
.536E-03
.805E-03
.001073
001341
.001609
.001877
.002145
.002414

BEC0EOCEN

ANSYS 10.0A1
ELEMENT SOLU1
STEP=9999
CONTSTAT (NOA
RSYS=0
PowerGraphics
EFACET=1

DMX =.815E-03
SMX =3

Il FarOpen

[ ] NearContac
[ sliding

I Sticking



Max Sliding and Bolt Shear Table

NCSY=
Inboard Friction # of inboard bolts Max sliding distance (in) Max Shear Force (kips)
0.4 0 0.0065 2.8
0.4 6 0.0047 2.4
0.4 12 0.0011 2.7
0.04 0 0.0199 4.9
0.04 6 0.0143 4.5
0.04 12 0.0024 3.5
Imperfect Fit-up gap
of .005" on unbolted 0 0.0193* 3.3
region

*sliding occurs after gap has closed

A latter analysis showed that the shear load on the bolts was overestimated (approx 2X)
due to a low contact stiffness value which caused shear to go in the bolts. (note: very
little effect on slippage)

*** The design solution was to go with 12 added bolts.



Analysis on Inner C-C shim
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General Comment: Having loose fitting parts is a challenge to
model and analyze and thus, a limiting contact approach is
adopted. That is, the analysis assumes full contact between
the carrier plate and studs and not slotted holes.

Four Analysis Configurations:

1. Frictionless pucks with outboard bolts —
worst case for outboard connection. If all
bolts are still, stuck, the outboard will
always be “bonded”.

2. Friction (mu = 0.4) pucks with bonded
outboard flange.

3. Pucks with Coefficient of friction of 0.4
with bonded outboard flange. - no studs

4. Pucks with Coefficient of friction of 0.0
with bonded outboard flange

Detail showing the bolts and
inner shim



Latest Model - the last piece of the interface puzzle

 New parts added: 4-6 studs, 2
shims, 5 oblong pucks and 2
circular pucks

e Studs are bonded to one C caoll
and to the shim but not to the
adjacent C coll.

 Pucks are bonded to the shims
but ride on frictionless surfaces
against the C flanges.

 Shims are not connected to the C
flanges but are bonded to the
studs and pucks.

— Shims are modeled as 0.5" thick.
« Model can be run with the outer

bolts treated as bonded or as
discrete bolts (30-40 hr runtime)




Case #1: Contact Status plot for bolts and inner leg
compression pucks
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AN3YS 11.0
NODAL SOLUTION
STEP=2

JUB =6

TIME=2
CONTITART (RVE)
RIYI=0
PowerGraphics
EFACET=1
AVRES=Mat

DMK =.681E-03
OMK =3

Bl Faropen
] MNearContact
] Sliding
I 9ticking

Note preload slightly
underestimated on
inner bolts. All bolts
are stuck.

Frictionless inner pucks (keyopt 12 = 0)



Case #1:. Stress on inner shim for bolts and inner leg
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s compression pucks
ANSYS 11.0
ANSYS 11.0 AVG ELEMENT S(
AVG ELEMENT SO STEP=2
STEP=2 SUB =6
SUB =6 TIME=2
TIME=2 9I_PSI (AvE;
SI_PSI  (AvVa@) DMX =.221E-03 ANSYS 11.0
g:: ;:2;:;03 SMN =28.513 AVG Eé'“m“ 30
. - ITEP
IMX =19886 o ;:f:L @ IUB =6
28.513 - 1432 TIME=2
B 3 I SI_PSI  (Ave)
| 2037 DMK =.221E-03
| ;::; 1 4242 IMN =9296
] gess v E gg;g SMX =17237
’#l =] 11060 A :l 8454 | :ﬁ:ga
] 13267 X 1] = 11061
L1 15473 — 152 1 11943
L1 17679 | B o L1 12625
A B 19as6 A~ C 1 13708
@ L1 14590
— 15472
L1 16355
Bl 37237
Stud stresses
There are no surprises here, the
bonded model accurately predicted
Pucks, carrier and Carrier the stress for the case with the

studs stresses stresses bolts.



Case #1: Bolt preload chart
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C-C Bolt Preload & EM-Driven Bolt Shear Load with 12 added
in-board bolts and perfect fitup

100 8
75 - 6.
o x~
~ =
< E
& so - H T HHH HH HHH - 49
C S
o e
(0))]

25 + 2

S I LI TP L TS T LU TTT IR

1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39 41 43
Bolt #

‘ Tension (Pre), kip B Shear with frictionless pucks on inner unbolted leg (Pre+tEM-Pre), kip ‘

Changing the mesh, caused some overshoot on the outboard bolts and some under
estimating on the inboard bolts in terms of preload. All bolts are stuck (approx less than 2
kips/bolt) and any residual shear is caused by stretching of the contact elements as

before.



Case #2: Bonded outboard flange
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Shell Stresses appear as they did before
previous weld and bonded studies

— mu = 0.4 under pucks

ANSYS 11.0 MG ELEMENT S50
AVZ ELEMENT &C _ '
STEP=1 STEE=.
SUB =6

SUE =6 TIME=1
TIME=1 SINT PSI (AVE)
SINT PSTI (AVG) DMX =.254F—0%
DMy =.002803 SMH =231.953
oMM =14.178 SMX =30776
SMX =4296£9 231.953

14.178 Y
.- B 5020
Bl .- 1 10413
|:| 14332 :l 12807
1 157gc 0 17201
= 2575 1 20595
C1 Zheeq [ 23984
] 32427 E 27382
0 Zaioe 320776
Bl o0 Unit = psi

Unit = psi
in Stress Intensity of inner

shim/studs/pucks



Case #2: Bonded outboard flange

totasComect Sotiestor Exporinent —mu = O 4 Under pUCkS
ANSYS 11.0 ANEYS 11.0 amsys 11.0
AV ELEMENT 3 AWVE ELEMENT S0 AWiE ELEMENT 30
STEP=1 STEP=1 O STEP=1
SUB =6 SUBE =@/ py 3UE =
TIME=1 TIME=1 TIME=1
SLIDE IN (AVG SINT PSI (AVGE) 52 PSI {AVE)
DM =.853E-03 DM¥ =.002803 DM =.002803
SME =.004165 oMM =731, 953 SMMN =-Z0453
mm SM¥ =18218 b SMX =-2471
L463E-03 -20453
231,953
B so6p-03 [ ] 5230 | I
1 go1388 [ 4929 == -16457
1 oo1ss1 | O oo U 1 14459
2 502314 v ] 8236 [
1 602777 —~ I 10224 3 1 _1p463
L1 00324 ] B 1 _gaes
1 003702 ] 14991 L1 _ga67
B 04155 ] le220 -:| —446£9
Unit =in ;‘_‘I"I [ 18218 re“ —2471
P Unit = psi
Unit = psi
e
f"‘-h\,'
o

Puck Compressive

Stress Intensity Stress

Contact Slip plot of carrier



Case #3: No Studs- Bonded outboard flange

NCSY—
R — mu = 0.4 under pucks

ANSYS 11.0

ANSYS 11.0 AVG ELEMENT !

AVG ELEMENT ! STEP=1

STEP=1 SUB =6

?IL::E:ﬁ TIME=1

SLIDE_IN (AVG) SINT_PS1 (AVG)
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B 001541 B0 10602

B po1849 L 12722

[ 002158 L] 14843

] 002466 1 16963

B 02774 B 19083

Unit =in Unit = psi

The center most pucks do not slip even if no studs are present



Case #4: Bonded outboard flange

NCSY=

ANSYS 11.0

AVG ELEMENT
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SMX =.005562
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BELOEACONN

mu = 0.0 under pucks (frictionless)
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ANSYS 11.0
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Case #4: Global deflection of inner shim

Front view

ANSYS 11.0
NODAL SOLUT
STEP=1

SUB =6
TIME=1

USUM (AVG)
RSYS=100
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.276E-03
SMN =.213E-03
SMX =.276E-03
.213E-03
.220E-03
.227E-03
.234E-03
.241E-03
.248E-03
.255E-03
.262E-03
.269E-03
.276E-03

meters

RODORECEN

Side view

Complete contact to the studs
and carrier plate and
frictionless pucks.

Stress on the studs is due to
the relative motion of the
flange to the carrier plate.

The flange is pulling the carrier
plate vertically and is twisting.
While the top half of the plate
IS being pushed inward and
lower half is outward.

Since the carrier plate will not
see compression or shear and
the inner most pucks remain
stuck (case #3) the studs do
not need to transit shear.

The studs which are in reality
not tight fitting will see minimal
stress.



Summary table for inboard runs

peak
puck peak puck peak stud
outboard . puc
Case : . # of studs  contact sliding stress
configuration friction (in) stress (ksi)
(ksi)
1 bolts 2 oblong zero 0.0057 19.9 17.2
2 bonded 3 0.4 0.0042 20.4 30.8
3 bonded 0 0.4 0.0027* 19 n/a
4 bonded 3 Zero 0.0056 21 25
5 bonded 2 0.4 0.0044 21.3 39.2

* the lower slippage is from the lack of stud/carrier stretching.
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Analysis Summary

12 Added inboard bolts will reduce the motion of the inboard
leg from .020” to less than .004".

All bolts remain “stuck” even when completely frictionless
compression pucks are used on the inner legs

The lower compression pucks will slip slightly (< 0.004”) and
may ride up against the carrier plate. However, the middle
compression pucks will remain “stuck” even if there are no
studs present. Thus, the shim plate will be restrained during
operation.

Using the slotted holes instead of tight fitting circular holes
around the studs allows eliminates the stress on the carrier
plate and studs.

Even with tight fitting studs, the stresses on the pins is
within the allowable stress limit of 39.5 ksi.



Chit Resolution

NCSY=

i ompact .

[mta) 7 fe Loncur- Action; F.J Fogarty
B C D E F G
Review Board
1 | RvwDate | # Chit/Audit Finding [Originator] Recommendation Project Disposition Responsibility

8/7/2007 1 |Include tooling design and Concur - Action P.] Tooling design has been completed
fabrication/procurement in this scope of |Fogarty and demonstrated with prototypes.
work. [Reiersen] The final tooling will be procured and

fabricated as part of station 6
> prepartions.

8/7/2007 2 |Need to reconcile proposed design with  |Concur - Need to complete| The assembly of the C to C shim
project baseline (cost schedule and in prior to OECM review. configuration has been incorporated
sources) as well as the assembly Action; Mike Cole into the Assy sequence plan and was
sequence plan. Cost and schedule used to generate the current baseline
impacts possible in WBS 75 as well as schedule. The preparations for the
WBS 14. [Reiersen] OECM review are underway now and

these updates are based on the
3 proposed design.

8/7/2007 3 |Consider adding pins as a capture feature |Concur - Action; Mike The design addresses the risk of the
to guard against the risk of a "midplane” |Cole and Dave Williamson |pucks and carrier walking or falling out.
shim walking or falling out. [Reiersen]

4

8/7/2007 4 |Ensure that you consider any issues Concur - Action; P.] A Pro E model/sterolithography of the
associated with bringing all 3 120 degree |Fogarty three period assemblies and
field periods together. All mockups only mechanisum for positioning the FPA
use 1. [Viola] will be fabricated to evaluate the

S assemblyv of the coils
6




Risk
NCSY=

» Sizing shims will be challenging and will occur during tight schedule
constraints. Any false starts will receive a lot of attention to solve
problems quickly.

» Suggest trial assembly with hardware to explore potential
problems. We have time now if this activity could be done.

* Need to verify retainer and pucks will stay on flange during
assembly (moving field periods). This could be a safety risk if
individuals are under the machine.

» Test could verify if this is/not an issue.
» Bolt preload could relax with time.

« Strain gage sample of bolts to determine if bolt preload is
changing with time. Retighten bolts/check periodically to verify
preload is okay.



Conclusion

NCSY—=

WNationa! Compact Stelaraior Expariment

» Are the requirements defined? What is the proposed design?
The design requirements have been defined from specs. Need to address
Station 6 spec

» What is the status of mockup and access studies?
Access for the bolting is feasible. Shims can be sized and assembled.

* Is the analysis consistent with proposed design?
Analysis support the proposed concept

» Have prior design review chits been addressed?
PDR Chits have been addressed — PDR was different then
current concept

» Have all technical, cost, schedule, and safety risks been addressed?
Access tooling is feasible. Schedule should be reviewed for consistency.



Backup Slides
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Wational Compact Stellaraltor Experiment
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Bolted Joint Asm (SE140-190-R2)
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P Bolted Joint Asm (SE140-190-R2)
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Shim (SE140-040-R0)
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Extra backup slides for analysis

Oblong studs from pervious runs
are replaced by round studs.



Bonded shear stress-detall

Shear Stress, Ksi

C-C Inboard Leg Shear Stresses
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Previous CC work for coefficient of fric

Coefficent of Friction Needed to Prevent Slip
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Case #2: Bonded outboard flange — mu = 0.4 under pucks-
Directional Stresses (PSI)

Frictionless pucks

ANSYS 11.0 ANSYS 11.0 ANSYS 11.0
AVG ELEMENT AVG ELEMENT AVG ELEMENT
STEP=1 STEP=1 STEP=1
SUB =6 SUB =6 SUB =6
TIME=1 TIME=1 TIME=1
SX_PSI (AVG) SY_PSI (AVG) SZ_PSl (AVG)
g:qﬂr)\(l =-gg§§32 DMX =.002832 DMX =.002832
=- SMN =-4885 SMN =-21161
SMX j;’f; SMX 35’31 3054 SMX =25191?é165
= - m
T 3989 — 7re o (16326
B 579 L = 22775 13908
B2 73597 ) oy 1332 = 11491
] 2749 ] 2887 [ ] -9073
[ ] 4760 ) ] 41 ] -6655
= 6770 A = 5995 L) 4238
| 8781 ] 7549 [ ] -1820
Unit = psi 9. ‘Gf104 _ - 397.465
dﬁﬁ Unit = psi Unit = psi

Horizontal Stress Vertical Stress Normal Stress



We Picked -5e11 N/m”3 to use on all our
runs

Fig. 2.0-6 Max A-A Bolt Shear Load & Model Run-
Time v. Contact Shear Stiffness

16
—~ 14 - Max Bolt Shear —
e = Clock-Time /
&3 1, |\
o /
g
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c
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c 4 y -
O alue used in all the
e ‘/runs so far
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0 I I I I I
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Contact Element Shear Stiffness, 1E11 N/m**3

This value may be too small especially in areas of high shear and slippage
(like the inner leg of CC)



Inner Leg Bolts Only

Tension, k-Ib
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C-C Bolt Preload & EM-Driven Bolt Shear Load with 6 reverse added in-board bolts with
perfect fitup (INNER LEG BOLTS ONLY)

O Preload

B Shear Load (Pre+Em-Pre) Kips (-5e11)

O Shear Load with high contact stiffness (-10e11)
O Shear with higher contact stiffness (-20e11)

@ shear with highest contact Stiffness (-50e11)
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