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Charge:

The charge to the review committee is as follows:
1.Are the requirements well defined?

2.Will the design meet performance requirements?

3.Is the design adequately underpinned by analysis and
testing?

4.Have design and implementation risks been identified
and properly mitigated?
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Requirements:
The coil support structure provides the means for accurately locating and supporting the TF and PF coils.

e [t must provide adequate support for the EM loads arising from the coil operational scenarios specified in
the GDR (Section 3.2.1.5.3.3.1, 3.2.1.5.3.3.1.3 t0 3.2.1.5.3.3.1.6).

* [t must have sufficient compliance to accommodate cooldown from room temperature to 77 deg.K

* [t must be sufficiently rigid to limit coil deflections to acceptable values per field error criteria established
in the GDR para. 3.2.1.5.1b.

* [t must satisfy the GDRs’ life cycle requirements:
“The facility shall be designed for the following maximum number of pulses when operated per the
reference scenarios defined in Section 3.2.1.5.3.3.1 and based on the factors for fatigue life specified in the
NCSX Structural and Cryogenic Design Criteria Document”
* 100 per day;
* 13,000 per year; and
* 130,000 lifetime.
* [t must have a relative magnetic permeability less than 1.02
e It must limit eddy currents to effectively limit field errors at the plasma boundary:
GDR:”The time constant of the longest-lived eddy current eigenmode in the electrically
conducting structures outside the vacuum vessel and inside the cryostat (except coils) shall be
less than 20 ms.”

* [t must meet the NCSX seismic & Structural Design Criteria (NCSX-CRIT-CRYO-00 ).



Loads considered:

Gravity Loads with 1g & 2g vertical downward, B.C.: Symmetry & fixed @
MCWEF center (attached to the inner & outer segmented casting mounts which
were fixed to avoid RBM).

Horizontal seismic loading using static 0.15g acceleration per the
NCSX/IBC2000 criteria (h~15ft, Fp=0.108 x 1.369 = 0.147 ~ 0.159).
B.C.: Symmetry & fixed @ MCWF Mtg.

Thermally induced stress from cool down and temperature differentials
using mean CTEs from R.T. to 77 °K. B.C.: Symmetry & fixed @ MCWF
Ctr. (CTE-AIAly5083 data from NIST data, CTE-316L from ITER data)

Electro-magnetic loading for defined coil scenarios (A.2.3.2):
1.7T Ohmic, 1.7T High Beta, 320kA Ohmic, (0.5T TF only-limit TBD)

B.C.: Symmetry & fixed RBM @ MCWF C.L.
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Outer PF5 & PF6 Supports

*TF support Brackets are
AlAly 5083 -H32 weldments.

*Brackets are bolted directly
to the MCWF shell structure
or to spacers which bolt to
the MCWEF.

*Shims are used to provide
vertical positioning of the TF
coils.

PF4 & CS support



PF5&6 brackets
are cantilevered off
the outer TF
bracket assembly

All bolted Joints are
insulated with G11
sleeves & washers

PF Coils are shimmed & clamped to the support brackets



PF4 Coil Mtg. off inner TF brkts.
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Left and right hand
weldments required

due to tight clearance
with the TF coils

PF5 & PF6 Coil supports are welded with
Insulators on one side to avoid current loops
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The vertical channels have
been eliminated.

Vertical channels could
provide an additional
load path between the
top and bottom PF6
coils, but CTE mismatch
between Aluminum and
Stellalloy produced
unacceptably high
stresses (316L ss still an
option if needed).




TF Pre-load ring
Weld studs 3/4"

G-11 bushings & washers

The CS assembly and TF pre-load rings mount on
the TF wedge castings via weld studs
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Table 7: Most Significant Load Cases Analyzed for Fields Forces on Coils

E-M and Structural Analysis

Load Case 1 2 3 4 5
Scenario 05TTF 1.7T Ohmic 2T High Beta 320kA Ohmic 320kA Ohmic
Time, s 0.0 0.0 0.0 0.206 0.506
M1 (A) 0 38141 40908 34200 34200
M2 (A) 0 35504 41561 32057 32057
M3 (A) 0 35453 40598 32184 32184
PF1(A) 0 -25123 -15274 11354 21858
PF2 (A) 0 25123 -15274 11354 21858
PF3 (A) 0 -9698 -5857 -11802 -5975
PF4 (A) 0 7752 -9362 13936 -9441
PF5 (A) 0 8284 1080 4563 4634
PF6 (A) 0 -8997 -24 5068 5705
TF (A) 16200 -3548 -1301 2191 2191

Plasma (A) 0 0 0 3207 320775

Red and blue fields represent maximuwm and minimum coil currents

Table 8: Maximum Net Forces on PF Coils [kN]

SC:]::;L 468 Attract 24 Attract 67 Attract 778 Attract
PF4 182 Attract 117 Attract 142 Attract 39 Repel
PF5 215 Repel 19 Repel 52 Repel 43 Repel

149 Attract 0 58 Repel 62 Repel

Load Case selection:

Based on prior PF coil analysis, the
most severe loading for PF4,5,&6 is
the 1.7T Ohmic scenario.

Note, these load cases use the
PF1,2,&3 CS currents and therefore
should be conservative for the
PF1a currents for the MIE runs.

1-g loads:

PF4 - 8.3kN

PF5 - 10.5kN

PF6 - 7.6kN

Gravity loads are < 5% of EM loads
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The structural FEA model:
The main structural elements include:

TF support brackets 1/2” thk. AlAly 5083 -Quadrlateral plate elements.

PF support brackets 1/2” thk. AlAly 5083 -Quadrlateral plate elements

TF coils 3x3 solid brick elements with “smeared” properties representing Cu/Insulation
PF4 coil 5x7 solid brick elements with “smeared” properties representing Cu/Insulation
PF5 coils 3x5 solid brick elements with “smeared” properties representing Cu/Insulation
PF6 coils 2x5 solid brick elements with “smeared” properties representing Cu/lnsulation
TF wedge castings solid 10-node tetras with Stellalloy material props.

MCWF modeled with solid brick elements of equivalent stiffness & Stellalloy props.
Bolts as beam elements with Inconel 718 material properties.

TF pre-load rings solid brick elements with Stellalloy material properties.

Code used: ANSYS ver. 10.0 for EM & Structural analysis
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ELEMENT S ANEYS 10.0
JUL 18 2007

REAL 19:24:25

Model Details:

ANSYS FEA Model of PF & TF Coil supports

Files: pf456_tf3-1.7T-Ohmic-0.100b4d
pf456_tf3-1.7T-Ohmic-0.100b4d T

#Nodes
#Elements
#Coupled nodes
#Forces

Tref

Tload

Solver

EM loads

EM+Thermal loads

191687
152293
5280
135276
20C
-198 C

Sparse
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NODAL SOLUT ION ANSYS 10.0
JUL 19 2007
STEP=1 10: 30: 08 NODAL SOLUTION ANSYS 10.0
SUB =l STEP=1 JUL 19 2007
TIME=1 SUB =1 10:32:29
TIME=1
usuM (&UG) _101E-04 vsu (ay6) _101E-04
R3YS=1 ;ﬁs:.loue':u
DMX =.002725 S =.1018-04 -4248-03
SMN =.101E-04 -424E-03 o ooames .8388-03
SMX =.002725 sorzs2
.838E-03 i
. 001666
.o0lzsz - 00208
.002494
.001666 002907
00208 .0033z1
.003738
.00z494
.00zs07
003321 SRSS-Deformed shape x100
.0037358

Peak EM driven displacements ~4mm on TF outer leg

Results: LC1-1.7T Ohmic EM loads only
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NODAL SOLUTION ANBYS 10.0
- JUL 13 zo07
iy 20:07:46
SUB =1
TIME=1
SINT (&UG) 499_408
DX =.722ZE-02 -
SMN =499.408
SMX =.729E+03 .8Z1E+07
.164E+08
.Z46E+08
.3Z8E+08
.411E+08
.493E+08
.S75E+08
.657E+08
.739E+08 svs 10,0
JUL 18 206'?
20:10:21
499.408
.8Z1E+07
.164E+08
.Z46E+08
. 328E+08
Peak Tresca Stress in PF4 support
i .493E+08
brackets is ~74 MPa
.575E+08
.657E+08
.739E+08

Results: LC1-1.7T Ohmic EM loads only
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NODAL SOLUT 10N ANSES 10..0 Results: LC1-1.7T

e - et Ohmic EM loads onl
st -1 mic oads only
SINT (&UG) 2129z

DX =.002057

SMN =zlz9z

SMX =.1l1E+09 .123E+08
; _mmsl This is the highest EM induced
| eomos stress in the coil support
4528408 structure
.615E+08 I
.738E+08
.860E+08
‘ ' .983E+08
, .111E+0%9 l ::zzlsOmeu

SUB =1
TIME=1

SINT (&UE)
DX =.002057
SMN =z1z92

SMX =.111E+09

Peak Tresca Stress in PF5&6
Supports is 111 Mpa

(somewhat artificial due to sharp corner in model)
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s = wn | Results: LC1-1.7T Ohmic

SUEB =1

TIME=1

T e EM loads only
DX =.00106

SMN =9z05 ’
SMX =.869E+03 .967E+07
.193E+08
.Z30E+08
.386E+08
.433E+08 I
.530E+08

-676E+08

.773E+08

.8639E+08

NODAL SOLUTION ANSYS 10.0
JUL 19 2007
10:10:28

9208

_869E+08 -957”07’

- 193E+03’

-Z90E+08 ‘

- 3863+03]

Peak Tresca Stress in the TF caoill
Support brackets is ~ 87 Mpa
@ corners of base.

.869E+08
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NOD&L SOLUTION AN3YS 10.0
JUL 19 zoo7
STEP=1
SUEB =1 10:138: 58
TIME=1
SINT [&UG) 22611
DM =.001775
SMN =22611
SMX =.174E+08 .196E+07
aasE+07 Peak Tresca Stress In the

PF coils is only 17.4 Mpa
—~ @ the PF5 & 6 support clamps

.S81E+07

.135E+08

.154E+08

.1'?4E+08I

Results: LC1-1.7T Ohmic EM loads only
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NODAL SOLUT ION

msm Peak Tresca Stress in the

SINT (&UG)
DD =.0023725
SMN =150760
SMX =.6Z6E+08

150760 TF coils is 63 Mpa @ the
~FOIEHD 7 outer brackets

.140E+08

.418E+08

:::z: Note: Maximum stresses
' 1 and displacements are in
.BZE6E+08

coils 2 & 5

: . Coil 4
Coil 1 Coil2  Coil3

Results: LC1-1.7T Ohmic EM loads only
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NODAL SOLVT 10 L ae 0o Peak Tresca stress in the
STEP=1 06:45:09 1 1

su =1 TF pre-load ring is

TIME=1

SINT ( AU6) .Z15E+07 309MPa

DMX =.004322
SMN =.21SE+07
SIXX =.209E+09 .363E+08

.704E+

. 139E+08

.173E+02

.Z07E+08

.Z41E+02

.Z75E+08

.309E+02

Results: LC1-1.7T Ohmic EM + thermal loads
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NODAL SOLUT 10N ANSYS 10.0 90% <21 5MPa Primary Stress

JUL 19 2007

:gp:i 14:21:01 ] .
TiE=1 ~8% < 107 Mpa Primary + bending
DX =.011774 sedal,
S0 = 193E+00 2158408 ~2% 107 to 193 MPa peak
esEres secondary stress
.64ZE+08
.856E+08
.107E+09

—— Peak Tresca stress 193 MPa

.1Z3E+09

.150E+09

-171E+09

.193E+03

.Z1S5E+08

.42Z8E+08

.64ZE+08

.856E+08

.128E+03

.150E+09

Results: LC1-1.7T Ohmic EM + thermal loads

.107x+09‘
Just‘

.193E+09
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NODAL SOLUTION

sTEP=1 Corner gusset (if required)
Stz here

SINT (&UG)
DX =.00779
SMN =22968

SHX =.718E+09

.798E+08
.160E+09

.Z39E+09
.319E+09
.399E+09
.479E+09
.559E+09
.638E+09

- ALSE+09

ANEYS 10.0
JUL 19 2007
12:25:05

33968

~60% < 160 MPa Primary Stress
~95% < 319 Mpa Primary + bending
~5% 319 to 718 MPa peak

secondary stress

| This area will be reinforced with

An additional 1/2” thk. gusset

Peak Tresca stress 718 MPa

Results: LC1-1.7T Ohmic EM + thermal loads
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Peak Tresca stress 863 MPa

NODAL SOLUTION

STEP=1
SUEB =1
TIME=1
SINT

DX =.0094
SMN =476 3
SMX =.86

3/4” thick wall should alleviate local stress -

.671E+09

AN3YS 10.0
JUL 19 2007
14:42:

.767E+09

S863E+09

51
| .960E+08 Pa
192E+09 Pa

~75% < 96 MPa Primary Stress
~15% < 192 Mpa Primary + bending
~5% < 288 MPa

~5% 288 to 863 MPa peak

secondary stress

Results: LC1-1.7T Ohmic EM + thermal loads
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NOD&L SOLUTION ANSYS 10.0
e
SUB =1 : )
TIME=1

SINT (&UG) 517351

DX =.011482
SHMN =517251

SMX =.150E+09 ' .204E+08‘
.403E+08

.60ZE+08

.80ZE+08
.100E+09
~LZ0E+09
1o | |~ Peak Tresca stress 180 Mpa
— @ support bracket interfaces

Results: LC1-1.7T Ohmic EM + thermal loads



| "1

frosseinn
National Compact Stellarator Experiment

1st Principal Stresss in Cu
0.5 T, 85K, 4000 Ib Preload

Conductor/insulation
Slip-Planes

> TIME=1

ANSYS 8.1
JAN 11 2005
09:29:26

NODAL SOLUTIQ
STEP=1

SUB =6

$1  (AVG)
DMX =.003204

XV =.639805
YV =-768514
ZV =-.006079
*DIST=.108453
*XF =.642338
*YF =-.013629
*ZF =1.276
VUP =Z
A-Z5=-9.701
Z-BUFFER

Table 10 Design Stress Values at 80K, Metallic

. Yield, g, Ultimate, g, Design Stress, § )
Material (2130, or %a,) Fatigue Stress
(MPel (Ml [ﬁdPa]
Stainless Steel 410 1300 270 Design-Basis
Curve
Cu (1/4-Hard) 290 360 180 Deségul;-v]zasis

Stress in TF from Myatt hybrid model analysis

Table 11 Design Stress Values at 80K, Epoxy-Glass Insulation

NODAL SOLUT ION

STEP=1
SUB =1
TIME=1
SINT (&U6)
DX =.011682
SMN =186150
SMX =.139E+09

ANSYS 10.0
JUL 19 2007
15:28:51

186150
N 212E+08’I
.4ZZE+08
.63ZE+08
. 84ZE+08
.105E+09

.1Z6E+02

- 147E+03

. 168E+03

.189E+09

Flat-Wise Normal Tension  In-Plane Shear/Compression
Compression Tension/Compression
(Mpal [MPa] (MPa) Tandc,
°d §- 0.02% Strain 0.5% Strain
VPLAS-2Glass | 5 /3600)-400 40 MPa and 032
0.0002 x 19 GPa=3.8 MPa | 0.005 x 26 GPa = 130 MPa
Better Than VPI'd S-2 Glass + Kagton

Design Stress values for PF & TF coils

Peak Stress in TF from current (EM+Cooldown) analysis 189MPa
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Alpha (MWK)

5083-0
Temp Tensile Strength (ksi) Elongation
°F Ultimate Yield % In 2"
| -320 ' 59 24 36
ST ’ 43 21 30
-18 42 21 27
75 42 21 25
212 40 21 36
300 3 19 50
400 22 17 60
500 17 11 B0
600 11 7.5 110
700 B 4.2 130
Sm = 2/3 Sy = 16 ksi (110 Mpa) in weld and haz.
Aluminum Association Data (Typical values - NOT FOR DESIGN)
Table 1

Typical Tensile Strength Properties of Groove Welds
MNon-Heat Treatable Alloys

Base Alloy & Temper Base Alloy Tensile
Strength - ksi

1060-H18 19 10
5052-H3z2 33 27
5052-H3g 42 27
5088-H34 47 Rl
5086-H38 53 38
~ S0B3HI1E % )
o Sous e ki3 i
3004-H3B 41 24

350 I I I
I I I
| | |
300 4+ - ————— - ———— A— —— —— — — l— — - — — — —
| | |
9 77% of the base value !
sl L2 ___ L ____-__ - _L__ o ___
b T T |
. 2154 X f
§ wef--—- o oo
= L
i 165 | | : |
150 + - - -t —- A== —— == |- ———=-==
| | |
| | |
W00+ =+ - - - = b N oo
| | |
| | :
sodl A/ __ 1 e = Base metal _
\ \ —— Weld metal
0 I I I
0.0% & 0.3% 1.0% 1.53%
Strain, £

Fig.1  Stress-strain curves of base metal and weld

metal of 5083-H116

Weld efficiencies for 5083 are generally >75%
Sm = 12.0ksi (82.7MPa) for R.T. HO or H112 per ASME Section II-Table 2B (1992)

-code based on a very low minimum yield of only 18 ksi

Material Properties @77 K

Average Alpha vs. Temp - Al.Aly.5083*

0.0 50.0 100.0 150.0 200.0 250.0 300.0

-0.000005

-0.00001

-0.000015

-0.00002
-0.000025
Temp (deg.K)
*Based on NIST Web Data
Alpha (secant) = 1.63E-5 /deg.K
Youngs' Modulus vs. Temp. (Pa) - Al.Aly.5083*

8.15E+10

8.10E+10

8.05E+10
E 8.00E+10

7.95E+10

7.90E+10

7.85E+10
0.0 50.0 100.0 150.0 200.0 250.0 300.0

Temp. (deg.K)
"Based on NIST Web Data

E = 80.8 Gpa -Youngs’ modulus
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Machanical test specimens zre taken as detailed in 2-5-5/5.
Dasignations based on the Aluminum Association. Temper conditions are defined in EN515 or ANSIH35.1

TABLE 1
Mechanical Property Limits of Non-Heat-Treatable Sheet

and Plate Aluminum Alloy:

g (&7

Minimum R.T. yield for Al.Aly. 5083-H32 is 31 ksi
(213 Mpa) with 10% minimum elongation per the
ABS* Table 1

i N Ultimate Yield Stremgth Mdminum . H H
Allay Thickness ™ Tensile Strength 0.2%; Offzet Elongation ™ in Mlnlmum R.T. yleld Strength for WeIdS (US|ng 51 83
rﬂﬂﬂ‘ ke (ki) Egfimm (Tsil 50 mm (2 i) ) . ]
e miillimerers (inches) i T minimum maimum percent fl I Ie r rod ) IS 24 kS I ( 1 65 M pa)
5052-0 3.0-64 (0.114-0.240) 17.6(25.0) 218 (3L0) 6705 20
6.6-75.0 (0.250-3.000) 17.6 (25.0) 218 GLO) 5.7(9.5) 18
5052-H32 3.0-65 (0.114-0.249) 215 (310) 26.7 (38.0) 16.2(23.0) 9
GE15 0250-0499) | 218310 267 (38.0) 162 (35.0) 1 TABLE 2
12.6-51.0 (0.500-2.000) 218(3L0) 26.7 (38 162 23.0) 12 L . . .
T TV 11020 | 30(40) 25_3(41_% 183 06.0) - Minimum Mechanical Properties for Butt-Welded Aluminum Alloys
6.6-25.0 (0.250-1.000} 28.8(4L.0) 183 26.0) 10
SOS2HILZ 1‘52- 56—_1_2]-50 Egzggja‘gg; 112060 1-" The adoption of test walues higher than given in this table will be subject to special
G-51 .5 i 5 2 . . - ; = . — .
$11-75.0 (2.001-3.000) 15 consideration. Filler wires are those recommended in 2-3-A1/Table 3. Values shown are for
50590 3.0-50 (0.114-1.068) 24 welds in plate thicknesses up to 38 mm (1.5 in.) unless otherwise noted.
5059 HI11 3.0-50 (0.114-1.968) 336417 163 (237 24
3050-H116 3.0-20 (0.114-0.78T) (53.3) 27.5(301) 10 Ultimate Temsile Yiald Srrsagzh Shear Smength
201-50 (0.788-1 068) (52.1) 26.5 37.6) 10 Alloy Stremgth (U,) (T @ ™
5059-H321 (0.114-0.787) (53.5) 275 (30.1) 10 P PR [P
(0.788-1.965) (52.1) 6.5 (3746) 10 ‘i""’"’f C"é’».' ‘“"”"’: fi“: —\-""”3 (psi)
50830 (0051-1500) | 2£1(40.) 3596510 127080) | 2040200 16 3083-E111 269 (39000) 145 (21000) 43 (12000)
Teaoon | e oo | s
5083-HIL1Z . 2501 51 .1 (40, 2.7 (18, 2
] {1.501-3.000) 274 30.0) 12.0(17.0) 12 5083-H323, H343 176 (40000) 165 (24000) 96 (14000)
5083-H116 ™ 1.6-38.0 30.0 (44.0) 218 (31.0) 10 5086-H111 241 (35000) 124 (18000) 69 {10000)
38.1-76.5 288 (41.0) 20.4 29.0) 10 — - — - — — . — ——
5083-H32l' 1.6-38.0 (0.083-1.500) 300 (#4.0) 7 EGLD) 10 5086-H112 6 mm (0.25 in.} 12 mm (0.50 in ) 241 (35000) 117 (17000 65 (9500
3817635 (1,501-3,000} RS (410 2042001 10 5086-H112 12 mm (0.5 in) —25 mm (1.0 in) 241 (35000) 110 (16000) 62 (S000)
5083-H323 15-3.0 (0.051-0.125) 316(45.0) 38.0(54.0) BOEL0) | 300(440) g " 5 . P S S -
3165 01260240 | 316(45.0) 38.0 (54.0y 0G40 | 308 44.0) 10 5086-H112 Greater than 25 mm (10 m) 241 (35000) 56.5 (14000) 55 (3000)
5033-H343 1.5-3.0 (0.051-0.125) 35.2(50.0) 41.5 (50.0) 27.4(39.0) 34.4(40.0) 6 5086-H32. H34.H116 241 (35000) 131 (19000) T6 (11000)
3.1-6.5 (0.126-0.249) 35.2 (50.0) 415 (59.0) 27.40390) | 344040.0) g " PP — 2
53830 3.0-50 (0.114-1.068) 200 (42.1) 145 2L0) 17 3383-0, H111 igu (4i000: 145 F‘l 000) 33 (12000
5383-H111 3.0-50 (0.114-1.968) 20.0 (42.1) 1450210 17 3383-H116, H321 290 (32000) 165 (240000 £3 (12000)
5383-H116 3.0-50 (0.114-1.968) 30.5 (44.2) 2.0 (319) 10 5383.H34 290 (42000) 145 (21000) 83 (12000)
5383321 3.0-50 (0.114-1.068) 305642 2.0619) i PYPTEET 712 G1000) 110 (15000) 55 (9500)
5383-H34 3.0-25 (0.114-1.000) 340 (49.3) 27.0 (39.2) 5 = - — —
50250 1565 (00510240 | 246(35.0) 3000420 08 (14.0) 18 3454-H112 214 (31000) 83 (12000 48 (7000)
(0.250-2.000) 246 (35.0) 30.9(44.0) 08(14.0) 16 5454112 HiL 714 (31000) 110 (16000) 63 (9500)
5086-H112 5-12. 0.188-0.400 253 (36.0 12.7(18.0; 8 - - -
> 625, ED.SCO-—I .000; 246 -:35.0§ 12 E]ﬁ.o; 10 5456-H111 283 (41000) 165 (24000) 96 {14000)
. (2.001-2.000} 4.6 (35.0) S.E8(14.0) 13 54 2 283 (41000) 131 {19000} T6& {11000
. (2.001-3.000} 23.0 (34.0) 9.8 (14.0) 14 5456-H112 283¢ z — ( z ¢ — )
5085-H116 ¥ 1.5-65 (0.063-0.240) 29,1 (40.0) 10.7 (22.0) g 3456-H116, H32l 290 (42000) 179 (26000) 103 (15000)
_ sesl0 | (aso2000 | w10 19.7 28.0) 10 54361323, H343 250 (42000) 175 (26000) 103 (13000)
5454-0 3.0-76.5 (0.114-3.000) 218 (41.0) 28.8 (41.0) 5.4(12.0) 18 = — — — -
S454.HI1 1565 0.0510240) | 253 (36.0) 300 (44.0) 183 (26.0) 3 6061-T6" under 9.5 mm (0375 m) 165 (24000) 138 (20000) 3 (12000)
65510 (0.250-2.000) 253 (36.0) 30.9(44.0) 123260 1 6061-T6" over 9.3 mm (0.375 in) 165 (24000) 103 (15000) 62 (3000)
5454-H34 9 4065 (0.162-0.249) 274(30.0) 33.0(47.0) 20.4 (29.0) 7
6.6-255 (0.250-1.000} 27.4(30.0) 33.0 (47.0) 204 (20.0) 10 Notes-
SSLHIRT | el | Gpeees | RagH bl £ 1 Values when welded with 4043, 5183, 5336 or 5556 filler wire.
(2.001-3.000) 21.8@3L0) 34(12.0) 15 2 Tield and shear strength 13 not required for weld procedure qualification.
5456-0 (0.051-1.500 205 (42.0) 73 (53.0) 13.4(190) | 211(30.0) 16
(1.501-3.000) 288 (41.0) 36.6 (52.0) 1270800 | 211GE00 16
ABS RULES FOR MATERIALS AND WELDING - ALUMINUNM AND FIBER REINFORCED PLASTICS (FRP) « 2008 21

Table 1 Mechanical property of aluminum alloys, ref. ABS (2003)

27
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19%: increase in base metal yield 12% increase in weld yield strength
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Fireure 9.—Tensile properties of 5000 series aluminum . - . . .
alloys 10 the HSX condition. Fraure 11.—Effect of welding on the tensile properties

From MASA Sp-5012 "Effects of Low Temperature on Structural Metals" of 5086 aluminum alloy in the 134 condition.
From WASA SP-5012 "Effects of Low Temperatures on Structural Metals"

Data Comparison of R.T. to 77 K material properties for 5xxx series Aluminum
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TABLE 2 Contnued

Specified Thickness, mm Tensile Strength, MPa Yiekd Strangth (0.2 % offzst), MPa Elongation, min, %5
Ternper in G Bend Diarnstar
over thraugh iy gl T miin TMEX in 50 rrim Diarretar Factor, N
(5,85 4 /A
Alloy 5083
4] 125 6,20 275 350 125 200 18
| &30 80,00 270 345 115 200 16 14 |
0.0 T20.00 ZE EEL! 12
12000 160,00 ZEE 105 12
180,00 200,00 ZED 100 10
Hi12 .30 12.50 278 125 12
1250 40,00 278 128 10
40,00 80,00 270 115 10
H32 2.20 500 305 385 215 205 10
L0 12,80 308 385 248 2oL 12
l 12.50 40,00 305 385 25 205 10 |
40.00 80,00 285 385 200 205 10
FE 6.20 200.00

Proposed* 77 deg.K allowable based on 10% increase in yield strength:
Sy-base-min. = 236MPa ---> Sm = 157 Mpa (2/3rd min. spec. yield @temperature)
Sy-weld/haz = 153MPa ---> Sm = 110 Mpa (using 70% efficiency of base value )

* To be confirmed by tensile test specimens
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Based on NCSX design criteria, using Sm = 157 Mpa, Cooldown + EM stresses

PF 5&6 brackets:
Primary Membrane Stress for 1.7T EM + thermal = 21.4MPa < Sm (157 MPa )
Primary + bending for 1.7T + thermal = 107 MPa < 1.5 x Sm (236 MPa )
Primary + bending + secondary = 193 MPa < 3 x Sm (472 MPa)

PF 4 brackets:
Primary Membrane Stress for 1.7T EM + thermal = 160 Mpa slightly > Sm
Primary + bending for 1.7T + thermal = 319 Mpa > 1.5 x Sm (236 Mpa)
Primary + bending + secondary = 717 Mpa* > 3 x Sm (472 Mpa)

TF brackets:
Primary Membrane Stress for 1.7T EM + thermal = 96 Mpa < Sm (157 Mpa)
Primary + bending for 1.7T + thermal = 192 Mpa < 1.5 Sm (236 Mpa)
Primary + bending + secondary = 863 Mpa* > 3 x Sm (472 Mpa)

* At a weld location
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Conclusion of stress analysis:
All supports within allowables for most severe EM operational loads.

Thermally induced stresses are considered as secondary stresses
(ie. Self limiting) and are permitted to reach but not exceed 3 x Sm.
Small areas of structure are exceeding secondary stress limits and
require further analysis to determine whether they are just an artifact
of the FEA model or require more local reinforcement.

In general, the PF & TF supports are not severely challenged by the
highest EM loading.

Analysis of the .5T TF only must still be performed to determine the
maximum safe operating current for the TF system.
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MCWEF-Base Support Interface

»  Clevis - Spherical Bearing Mounts

*  Provides 3-axis rotational compliance
for MCWF

*  Provides radial compliance via radially
guided lower clevis/PFTE sliding

surfaces i PR A /
«  Carries gravity load to Base Support i R Vi B j
Structure : S A
* Reacts Seismic Loads e DR

*  Non-magnetic (Inconel & Monel
materials) g

*  No lubrication required - Dyflon coat

«  Good cryogenic properties (used in
NASA space vehicles)

*  Dynamic load Limit: 117 kip

« Ult. Static load: 338 kip

«  Static Load limit: 270 kip

*  Thrust Load Limit: 39 kip

| S
N ;
1
1
1

m
I

k_;

NCSX - BASE SUPPORT - SPHERICAL BEARING MOUNT
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Bottom surface slides on Teflon sheet
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Fatigue Properties-2083/9396

November 20, 2003 Chart 19

240 —TTTTrTT —T—T T —rT T —TT T

- —@— As-Fusion Welded | 1

i —&— \\eld Crown FSP ]

© l 0 I

= 200 _

i | ¢ 1

2 S :

5 180 B \\\\l -

'g 160 |- | -

140 | ! .

I | ]

o e bttt =1 ]

120 L e L 3 o sl . I.\.\.\....I T

10* 10° 10° " 107 10°

SE@.‘E‘;"T"E.% Number of Cycles to Failure

Fatigue Strength (base) 159 Mpa (23000 psi) AA; 500,000,000 cycles completely reversed stress; RR Moore machine/specimen
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Design risks & uncertainties:

« Small risk of cost escalation - bugetary estimates, within budget, are in hand for a
majority of parts - no state of the art requirements in this job.

« Small risk of hot cracking welds - specify weld rod, inspections, dye penetrant, repair
procedures, etc.

» Must resolve (possible) high thermally induced stress in localized areas of brackets -
additional gussets and ribs may be necessary.

WBS Number: 15

WRBS Title: Coil Support Structures

Job Number: 1501/1550

Job Title: Coil Suppont Structures Design
Job Manager: Fred Dahlgren

Uncertainty of the Estimate

Uncartainty,
High Medium Lo Bapge it Comments/ Other Considerations
A0%H+16%
Design Maturity X Only now approaching PDR stage, however nothing exotic.
Design Complaxity i Standardized components.
Job 1550 ~10%4+15%

Design Maturity X Only now approaching PDR stage, however nothing exotic.
Design Complaxity u Standardized components,
Cther Comments: There is a finite likalihood of material costs increasing, but already assumed an escalation of ~5%fyear for Inconel, HOWEVER, recent history indicates much higher

escalation (see Table V)

Possibility that vendor will not deliver on time, howsver, significant float (~4 months exist off critical path) - howswver, could impact half-period and full-pericd assembly
schedule if TF brackets delayed =» other vendars could be identified.

Mote: High/Medium/Low uncertainty assessment from Job Manager. Uncertainty range based on AACEl recommended practice 18R-2T as amended for NCSX.



| "1

e —
National Compact Stellarator Experiment

Schedule Risk:

Procurement of parts not scheduled to start until mid FY’'08

Possible long lead items:
RBC-SW spherical bearings (12 months ARO)cost 2.5k$ x 6 = 15k$

Activity MILE- Activity Duration Basaline Bassline Shifts | Tatal % Proposed
18] stones Description fwork Start Fimsh Float | cmpk Budgeted FY7 Froa FYe F¥10
e ™ AR TR

Job: 1550 - Coil Struct. Procurement -DAHLGREN

1501-245 Prop Spec,Solicit Bids, and Evaluate Bids 30 O5MAYDE 16JUNDR 28 0.00 ]

162-036.9 2 |Award Coil Support Structure 0 16JUNIR" 28 0.00 '

162-037 2 Fabricate TEMCWF mounting Components 260 ATJUMOE DJULDD 28 328 83026 12229.73

162-038 Fabricate PF Mounting components 260 | 1TJUNDE 01JuLDY 28 269,267.82 8325706

162-039 Fabricato Final TF Assy components Componants 260 ATJUNDE i JULD 28 8313318 BT EET

162-040 Fabricate Machinebase support Interface 260 | 1TJUNOE 01JULOY 28 9271342 B85 Bk |

162-050 Prap req, bid and award Gi1/Teflon parts 20 16JUNDET  |[14JULDR B9 0.00

162-051 Daliver G11Teflon parts 20 15JuUL02 TENOVDE [} 155,M01.41 150425k

162-052 Prep req, bid and award Inconnel hardware 0 1EJUNDET  14JULDR (] 0.0

162-053 Daliver Inconneal hardware 20 15JUL02 18NOVDB 69 10784823 104,195k

162-055 Prep req, bid and award Belleville Washers 20 16JUNDZT | 14JULD2 B9 0.0

162-057 Daliver Belleville Washers 50 15JUL02 1ENOVDB 69 25,106.83 186955k ;
162031 Title Il engr WES 151 260 (1TJUNOZT  |DIJULDY 813|LOE 14,151.47 EAEM =T5hr
Subtotal 20 O5MAYDE 01JuULD3 813 1.075,T52.62
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Schedule - design activities:

Activity Activity Duration Baseline Easeline Shifts | Total | % Proposed
(8] Description fwcrk Start Finish Float | cmplt Budgeted - Fym
o TR
15 - Coil Structures
Joh: 1501 - Coil Structures Design-DAHLGREN
1501-521 Complete Preliminary Stress analysis 1 4JUNOT 1RJUNOT 171 12.196.90) IEATEM =70hr;
1501-522 Prefim CAD models & Dwgs 30 4JUNDT 16JULOT 149 27,876.80] Mealidm=180
1501525 PDR Prep 3 17JUL0T 19JuLor 149 3.484.60| | |EAVEM =1Dhe : EAUOM =10/
—> 1501-525P PDR 1 20JULo7T 20JULoT 149 1,393.84| | |EASEM =0ty : HAUDM =04 |
1501533 Detail CAD Drawings.BOM 40 23JuLoT 1TSEPOT 149 59,238.20| EIEAFEM =20k | EANDM =2200
1501-533F Integrated Stress Analysis 40 23JuLor 1TSEPROT 149 41,31520) DEAEM =240hr ;
1501537 FDR Prep 3 18SEPOT 20SEPOT 149 261345 |EAVEM =10hr | EAJDM =08 |;
150154 FDR Coil Structures 1 21SEPOT 2ASEPOT 149 139384 |EASEM =Dahr ; EAYDM =04 |
1501-545 Resolve Chits 20 24SEPOT 190CTO7 149 7.315.10 HEATEM =20kt ; EANDN =20
1501549 Update C.S.Support Design 10 |24SEPOT  |050CTO7 154 10.799.70( [EATEM =20m] EARDM =40 -
1501550 Peer Review Updated C.S.Design 3 080CTOT 100CTO7 154 1,486.08 EAVEM =0d4hn | EANDM =04 ;
1501554 Resalva Chits from peer review 2 1MOCTO7 120CT07 154 7.430.40 JEAEM =0Bhr | EANDM =0B
1501-558 Prepare requisition for Coll Structure & CS5 hiw 10 220CT07 INOVIT 149 74304 lEArEM =0dhr
1501-562 Prepare Specs for Coil Structure & CS5 hiw 10 150CTOT 260CTO7 154 1.857.60 |EAIEM =10hf -
ECPS3IRBX09 FYDT7 Rebaseline exercisa 2 |DIMAYDT*  |3IMAYDT 1.333|LOE 6,969.20 FICANLEM =40fe |
Subtotal m 01MAYOT NOVOT 1.224 1%.613.15H
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Chits from peer review:

Coil structure rests on cover plate for an existing building penetration. A structure will be needed to carry
loads to the building structure [Perry]

A: out of scope - to be addressed at base support structure review

New design of coil structures will increase cost and schedule required for final assembly due to the extra steps
required. These increases should be estimated and added to project plans. 1) more coil handling at
final assembly, 2) FPA sled supports removed during final assembly and replaced by new design. 3)
many of the new supports will need additional structures to bridge existing floor penetrations. [Perry]

A: out of scope - to be addressed at base support structure review

Interface with base support structure (p13) should have sliding joints at tops of columns. Columns pinned top
and bottom will change elevation when lateral motion occurs. [Perry]

A: The present base support interface has sliding surfaces & rotational
compliance.

For tension ring allow access to TF coil radial pre-load nuts after assembly. [Kalish]
A: There is access until the CS assembly is in place.

TF coil analysis had different restraints revisit analysis stress, deflection, error field, and fatigue. [Kalish]
A: Myatts’ analysis must be re-visited

This design seems to provide less toroidal stiffness than the original design. It may increase the shear
loadings at the modular coil bolted joints. [HM Fan]

A: This should be addressed with the full integrated machine model (HMFan)
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7

Consider whether it is advantageous to incorporate the new PF ring support as part of the PF coil case. [Kalish]
A: Not necessary

Vertical restraint of the TF coils is important to reduce coil stress with combined field, My memory of the
earlier analysis is that this is required for the TF to give significant flexibility. [Zarnstorff]

A: Vertical restraints are provided via brackets attached to the MCWF

Consider supporting PFS CFF more than C-Feet only, to reduce ~ 80° separation between supports. [Zarnstorff]
A: Additional supports have been provided where no interferences with bus leads exist

10

Examine earlier analysis of field errors. Due to vertical asymmetric TF mounting. [Zarnstorff]

A:?

11

Vertical alignment of the CS to the MC's must be controlled, suggest aligning it after cooldown using magnetic
measurements and adjusting the height of the post. [Zarnstorff]

A: CS assembly is mounted on top of TF wedges & shim washers are adjustable

12

What aligns CS and structure to MC and TF's in radial direction? Possible solution align CS and PF's to TF
structure, and the TF Array to the MC's. [Zarnstorff]

A: All structural brackets will be aligned to fiducials on MCWF

13

How will the TF array stay aligned with the MC array? By sticking of the sliding joints during pulses, the coils
could wedge in the "key-ways" allowing the TF array to mis-align due to bending of the coils, recommend
adding mechanism to control position of TF reaction ring to MC's [Zarnstorff]

A: The TF coils mount directly on the MCWF which, once tightened, will not
permit any slippage.




V—

National Compact Stellarator Experiment

14

New TF reaction ring shorts the full OH flux swing. How much current flows due to the Loop Voltage ~ 1V?
How much heating of the ring? Make of highest resistivity material or introduce breaks. [Zarnstorff]

A: TF Pre-load ring is Inconel 601 with high resistivity. A.Brooks determined
that the eddy currents were acceptable.

15

Stresses and deflections of the TF coil shall be checked again because the support conditions are slightly
different and the PF's and PF-6 loads are conditions added on the TF coils. [HM Fan]

A: The present analysis suggests lower TF stresses with this support
configuration. A detailed re-visit of Myatts’ hybrid model will be needed to
insure this. The PF6 loads are now transmitted to the MCWF through the
brackets not through the TF coils.

16

Control coils need to be considered. 2) Utility headers need to be mounted somewhere else now that structure
is eliminated. [Brown]

A: out of scope

17

Consider coil fault conditions in the design of the structure. [Dudek]

A: Fault conditions need to be defined by the project & addressed at the FDR
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Figure 12: SN-curves obtamed by DNV, Ewrocode . curve form UK Department of
Energy (DEn). DS-419 and the curve obtamed by the present expenments.
Please note that Eurocode and D5-419 are comcidenting.

The Eurocode gives HAZ softening factors. For a “H” hardened 5XXX alloy the reduction is 0.86 for MIG
welding.
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Udmaneiseskurver DS 419 m= 3,24
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Figure C1: The DNV SN curve for aluminium [4] ‘ ‘ | ‘ I
1 1 =
‘ 1E+04 1E+03 1E+06 1E+07 1E+D8
S-N Curve Material N<510° N>510°
log a m log a m
1 Base Material* 211 7 21.10 7 ) . ..
Figure C5: SN curve from DS 419, the Danish aluminnim Standard.
I Welded joint* 13.82 432 17.12 6.32
m Welded joint* 1187 | 337 | 1494 537 The numbers m Figure C3 relates to Reference fatigue strength at 2 million cyeles {nommal
v Welded joint in 142 | 337 44 337 stress) and Inverse slope of the log-log fatigue strength curve. For the Detail category please
corrosive enviroment refer to Eurocode 9, [6]

* Nowm corrosive enviroment

SASAK-RAPDE-DTU-KEH0006-03 Aluminium Fatipue tests Page 30 of 31



