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ABSTRACT

Elastic-plastic analyses were made for the inner leg of the Compact Ignition
Tokamak toroidal field (TF) coil, which is made of copper-Inconel composite
material. From the result of the elastic-plastic analysis, the effective Young's moduli
of the inner leg were determined by the analytical equations. These Young’s moduli
are useful for the three-dimensional, elastic, overall TF coil analysis.

Comparison among the results of the baseline design (R = 1.324 m), the bucked
pressless design, the 1.527-m major radius design, and the 1.6-m major radius design
was also made, based on the elastic-plastic TF coil inner leg analyses.




1. INTRODUCTION

Copper-Inconel composite material is being considered for use for the inner leg of
the Compact Ignition Tokamak' (CIT) toroidal field (TF) coils. Since the copper
of the composite deforms plastically by the face compression loading to support
the centering force, elasiic-plastic finite element analysis is inevitable for the coil
design. The purpose of the analysis was to determine the effective Young’s moduli
of the composi‘e and to examine more closely the inner leg behavior for various
CIT alternative designs.

An analytical relation is used here to determine the effective Young’s modulus
from the results of the elastic-plastic finite element analysis. The effective Young’s
moduli are useful for three-dimensional overall coil analysis to reduce computer
time. Elastic analysis with the effective Young’s moduli was also made tc check the
accuracy of this method.

Elastic-plastic analyses of various CIT alternative designs were also made for the
baseline design, the shear force model, the bucked pressless design, various press
models, the 1.527-m major radius design, and the 1.6-m major radius design for

comparison and selection of the design.




3. METHOD OF ANALYSIS

2.1 EFFECTIVE YOUNG’S MODULI OF THE COMPOSITE

BASED ON ELASTIC-PLASTIC FINITE
ELEMENT ANALYSIS

Stress-strain relations in a three-dimensional elastic body are written as

€Cpg = — — — —_— o
* T E, E, vV E,
Vey Oy Vay
€y=—F7 Ozs+ - — 0z,
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where ¢, 0, v, and E are strain, stress, Poisson ratio, and Young’s modulus, respec-

tively. From the Betti reciprocal theory of
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E.= = . 13
* €.+ (03/E,) o, + (0.3/E,) o, (13)
If averaged stress and strain components obtained from the elastic-plastic finite
element method are used in Eqgs. (11)-(13), E., E,, and E, will be the effective
Young’s moduli, including the effect of plastic deformation.

3.2 METHOD OF FINITE ELEMENT ANALYSIS

The general-purpose finite element code MSC/NASTRAN? was used in the
analyses. Three-dimensional eight-node isoparametric elements, isotropic material
properties, von Mises yield criterion, associated flow rule, and BFGS quasi Newton-
Raphson method for each load increment were used here.

2.3 MODEL OF THE ANALYSIS

A model of a half turn of the inner leg with an arbitrary vertical length is shown
in Fig. 1. Boundary conditions, which simulate the face compression actual loading
condition, are also shown. Figures 2 and 3 show the mesh subdivision and the size of
the model, respectively. The model is based on the baseline (R = 1.324-m) design.

In the analysis, the copper was regarded as an elastic-plastic material whose
stress-strain curve? is approximated by linear interpolation from five points, whereas
both the Inconel and the insulator were regarded as elastic materials. Material

properties used are summarized in Table 1.

2.4 APPLIED FORCE OF THE ANALYSIS

According to the electromagnetic force and the reaction force calculation,4®
the electromagnetic centering force in the copper is 1.12 GN/m2, and the preload
required for canceling the electromagnetic tensile force is 436 kN/half turn for the
baseline machine (R = 1.324 m, revised shape). The forces were applied in the
sequence corresponding to actual CIT machine operation. The vertical compression
ioad was applied first; the vertical force was then decreased to zero as the magnetic

centering force was increased (Fig. 4).
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Fig. 1. Model and boundary conditions of the half turn of the inner leg.
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Fig. 2. Mesh subdivision of the inner leg of the TP coil with 130 eight-node isopara-
metric elements.
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Fig. 8. Sisze of the model of the inner leg for the baseline (R = 1.824-m) design.




Table 1. Material properties used in analysis

Stress-strain relation of copper

Strain (%) Stress (MPa)
0 0
0.24 258
0.36 303
0.58 310
1 312

Young’s modulus and Poisson ratio

Young’s modulus (GPa) Poisson ratio
Copper T o107 0.3
Inconel 207 0.3
Insulator 10.3 0.3
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Pig. 4. Loading history of vertical and centering force in the analysis.
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3. RESULTS OF THE EFFECTIVE YOUNG’S MODULUS
OF THE CIT TF COIL

3.1 EFFECTIVE YOUNG’S MODULUS BY ELASTIC-PLASTIC
FINITE ELEMENT ANALYSIS

The effective Young’s modulus obtained by the elastic-plastic finite clement
analysis is compared with the moduli obtained by the elastic mixture rule and
elastic finite element analysis.

The elastic mixture rule of Young’s modulus for three layers is extended from

that of two layers.® such as

QaCu Alnc ay w2 ( 1 1 )

1
Ey Ecu Ewn Ei 1-v2\Ecu Eig

X (laCualncEl(ECu - Elﬂc)2 + alncalECu(ECu - Elnc)(El - Elnc)

+ alaCuElnc(ECu - El)zl
X {EI[ECu(ECu - Elnc)aCu + Elnc(ECu - Elnc)alnc

+ (EB&y — EincEn)er]} ") (14)

for face compression direction and
E; = acuEcy + aicEpnc + a1 By (15)

for in-plane direction, where a is the thickness fraction of the composite and sub-
scripts Cu, Inc, and I are copper, Inconel, and insulatos.

Effective Young’s moduli obtained are summarized in Table 2. There are slight
diflerences between the values obtained by the elastic mixture rule and the elastic
finite element analysis; these seem to be caused by the infinite length and wedge-
shape geometry of the inner leg of the TF coil. According to the result of elastic-
plastic finite element analysis, the effective Young’s moduli are decreased about 20

to 40% by the plastic deformation of the copper. Figure 5 shows the decrease of




Table 2. Effective Young’s moduli

E; E, E,
(GPa) (GPa) (GPa)

Elastic mixture rule 88.6 140.2 140.2

Elastic finite 93.0 140.8 136.7
element analysis

Elastic-plastic finite 73.7 84.9 94.3
element analysis
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Pig. 5. Decrease of effective Young’s modulus during electromagnetic loading.




the effective Young’s moduli during the loading of the electromagnetic centering
force. Since the effective Young’s moduli are different for different loading values,

a similar analysis is needed for each design.

3.2 COMPARISON BETWEEN ELASTIC-PLASTIC ANALYSIS
AND ELASTIC ANALYSIS WITH EFFECTIVE
YOUNG’S MODULUS

To examine the validity of the effective Young’s modulus, elastic analysis with
the use of the effective Young’s moduli obtained by elastic-plastic analysis was per-
formed and compared with the results of the elastic-plastic finite element aﬁalysis.
In t!.. elastic analysis, mesh subdivision and boundary conditions were the same
as for the elastic-plastic analysis, whereas all elements had anisotropic effective
Young’s moduli. Average stress and strain are compared in Table 3. Since agree-
ment between the two analyses is very good, the elastic analysis with the use of the
effective Young’s moduli is useful especially for the overall TF coil anal%ysia from

the viewpoint of computer time.

4. ELASTIC-PLASTIC ANALYSES OF VARIOUS CIT DESIGNS

Elastic-plastic finite element analyses of the TF coil inner legs of various alter-

native designs were made to compare plastic deformation in the designs.

4.1 BASELINE (ORIGINAL SHAPE) MODEL

Analysis conditions of the baseline (original) model are summarized in Table 4.
The mush subdivision, boundary conditions, and material properties were the same
as those given in Sect. 2.

Figure 6 shows the displacement of the TF coil toward the center. The TF coils
move 0.33 mm outward when preload is applied and then move 4.1 mm inward when
electromagnetic force is applied. Figures 7 through 9 show the stress distributions
through the composite for the inner side, the center, and the outer side of the
inner leg, respectively. The stress level is higher on the inner side, and the stress

distribution has a peak at the interface of the copper and the Inconel, especially




Table 8. Comparison of stress and strain from the
elastic-plastic analysis and the elastic analysis
with effective Young’s moduli

Stress and Elastic analysis with
strain® Elastic-plastic analysis effective Young’s moduli
Stress, MPa
oy —462.7 —463.4
o, -11.0 —-12.2
o, -0.06 —-0.02
Strain, %
¢ -0.623 ~0.619
& —0.151 ~0.150
€y -0.151 —0.150

%Subecripts f, r, and v indicate face compression direction, radial direction, and

vertical direction, respectively.
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Table 4. Analysis conditions of the baseline
(original) model

Thickness, mm
Copper
Inconel
Insulator

Width of inner leg, mm

Electromagnetic force
Centering, GN/m?
Hoop, kN/half turn

Preload, kN /half turn
Number of coils

Number of tuins per coil

6.9/3.9
3.5
0.47

230

1.03
556

—-556
16
15




ORNL-OWG 87-2309 FED

600 |+ —
b 3 2
VI
400 H -
- Oeq
ORNL-OWG B87-2308  FED =
1.2 —
T 1 I l 1 5 200~ -7
a
—_ 2
[ ) —
5 10 8
k] w O
W 0.8 - 'u-)
[
S .J /— a'y =
. - ___ £ 0 . N  WEm———- o,
- U oe ~ ~200 : -
-
w
Z
2 04 —
3 o
3 -400 (— —
-__-_..—- a'x
..S, 0.2 - —
=
w
-600
o l ] l | —l | ol ]
-1 (0] { 2 3 4 5 INCONEL COPPER
DISPLACEMENT TOWARD CENTER (mm) INSULATOR
Fig. 6. Displacement of TF coll inner leg. Fig. 7. Stress distribution along the inner

surface for the baseline (original) design.




ORNL-DWG 87-2310 FED ORNL-D'#G 87-2314 FED

600 —
x 2 600 |— X Z —
| 1
y
aoo H y —
400 1+ —_
Geq
,a pd _ L o-.q
& 200 b= 4
= B Z 200 —
g %
x @
O «
[72} 0 [
____________ o — oz -
¥ Oy oy
200 - — p
'200 e —
400 e e % e e e ¢ e e w s —— — O, N
_.l ! =IL _! -40?4 !‘ ﬁ+ B
T_INCONEL COPPER T_'NCONEL COPPER
INSULATOR INSULATOR
Fig. 8. Stress distribution along the center for Fig. 9. Stress distribution along the nuter su: ace

the baseline (original) design. for the baseline (original) design.



12

near the side by the edge effect. Equivalent stress in the copper is almost uniform

since the copper is in the flat part of the stress-strain curve.

4.2 BASELINE WITH SHEAR MODEL

The baseline design was analyzed with shear force, which results from the out-
of-plane load of TF coils, to examine the effect of the shear force. Shear traction
force of 13.8 MPa (2 &si) for normal operation and 20.7 MPa (3 ksi) extra for
disruption was applied on the side surface of the TF coil. Other conditions wera
the same as those for the previous analysis for the baseline model.

Figure 10 shows the stress and strain distribution along the inner surface of
the TF coil for normal operation, and Tables 5 and 6 give thLe stress and strain
in the copper and the Inconel, respectively. The 13.8-MPa shear traction force
produces only a slight increase (3%) in the maximum equivalent plastic strain in
the copper compared with the plastic strain for the baseline forces. However, it

increases significantly (13%) for the disruption forces.
4.3 BUCKED PRESSLESS MODEL

In the bucked pressless model, displacement in the radial direction was con-
strained by bucking on the inner surface of the coil. Since no preload was applied,
tensile stress occurred in the vertical direction. Other conditions were the same as
those for the previous analysis. Stress distribution through the composite is shown
in Fig. 11, and the stress and strain on the inner side for the copper and the In-
conel are given in Tables 7 and 8, respectively. Since the centering force was mostly
supported by the Inconel in the bucked design, no face compression stress occurred,
and the maximum equivalent stress in the copper was reduced to 258 MPa, which

is below the yield stress, from 310 MPa for the baseline design.

4.4 REVISED BASELINE AND VARIOUS PRESS MODELS

Analyses were made for half-press and no-press cases to examine the effective-

ness of the press system that reduces the stress in the copper. Analysis for the
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for normal operation for the shear model.

49% loading operation with and without press was also made to determine if the
press system is needed for half-loading operativn. Ar-ording t~ the CIT design
specification, the machine will be operated for 50,000 cycles in a 70% magnetic field
(49% electromagnetic force) and for 3000 cycles in a 100% field. These analyses
were based on a revised baseline (R = 1.324-m) machine which has the same shape
and size of the original baseline (R = 1324-m) machine but which uses a different
electromagnetic force. Analysis conditions are summarized in Table 9.

Tables 10 and 11 compare stress and strain in the copper and the Inconel,
respectively. For the 100% loading case, the equivalent plastic strain in the copper
for the no-press case was 1.5 times as large as that of the press case. These values

' should be checked by fatigue test to confirm the effectiveness of the press system.
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Table 5. Stress and strain withir copper at the inner
surface for baseline and baseline with shear models

Baseline with shear (MPa)

Stress and Baseline
strain® (MPa) 2 ksi 5 ksi
oy —463 —463 —464
o, ~138 ~140 ~148
oo -170 -170 1M
Tfr 38 39 4.1
Trv 0 0 0.01
Tos 0 13.5 34.2
Oeq 310 310 310
el?) 0.31% 0.32% 0.35%

%Subscripts £, r, and v indicate face compression direction, radial direction,
and vertical direction, respectively.
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Table 6. Stress and strain within Inconel at the ianer
surface for baseline and baseline with shear models

Baseline with shear (MPa)

Stress and Baseline

strain® (MPa) 2 ksi 5 ksi
of —478 —479 —480
o- 210 216 227
Oy 181 200 230
Trr 41.3 42.8 45.4
Tro 0 -0.17 0.25
Tuf 0 13.7 344
Teq 678 601 715
ep) 0% 0% 0%

%Subscripts f, r, and v indicate face compression direction, radial direction,
anc vertical direction, respectively.

ORNL-DWG 87-2314A FED
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Fig. 11. Stress distribution for the bucked pressless design.

Fquivalent stress in Inconel for the no-press case was also 1.5 times as large as that
of the press case. However, this value of 1113 MPa is very close to the yield stress
of the Inconel. The result of the half-press case is approximately midway between
the jsress and the no-press case.

For the 49% loading case, stress and stroin in both the copper and the Inconel
for the no-press case were so small that preload was not needed for the baseline
(R = 1.324-m) machine in the 70% field operation.

4.5 ALTERNATIVE LARGER MACHINE MODEL

Analyses of alternative designs with 1.527- and 1.6-m major radii without a
press system were made and compared with the baseline machine. Analysis for

different fractions of copper and Inconel was also made for the 1.6-m machine to
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Table 7. Comparison of stress and strain within copper
at the inner surface for baseline and bucked
pressless models

Stress and Baseline Bucked pressless
strain® (MPa) (MPa)
oy —463 12.7
o, —138 -116
Oy -170 180
Tre 3.8 0.26
Try 0 0
fu ! 0 0
Oeq 310 258
elp) 0.31% 0%

®Subecripts f, r, and v indicate face compression direction, radial direction,
and vertical direction, respectively.
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Table 8. Comparison of stress and strain within Inconel
at the inner surface for baseline and bucked
pressless models

Stress and Baseline Bucked pressless
strain”® (MPa) (MPa)
oy —478 12.1
o, 210 —-229
Oy 181 343
Ter 413 2.97
Tro 0 0
Tof 0 0
Oeq 678 498
el?) 0% 0%

%Subscripts f, r, and v indicate face compression direction, radial direction,
and vertical direction, respectively.
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Table 9. Analysis conditions for various press models

Revised aralysis
Original 100% Load 9% Load
Analysis analysis
input (press) Press Half press No press Press No press

TLickness, mm

Copper 6.9/39 69/39 69/39 69/39 69/3.9 6.9/3.9

Inconel 35 35 35 35 35 35

Insulator 0.47 0.47 047 0.47 047 0.47
Width of inner
leg, mm 230 230 230 230 230 230
Electromagnetic force

Centering, GN/m? 1.03 1.12 112 1.12 0.549 0.549

Hoop, kN /half turn 536 436 436 436 214 214
Preload, kN/half turn —558 -436 -—218 0 -214 0

Table 10. Comparison of stress (MPa) and strain (%) within
copper at the inner surface for various press models

Revised analysis
Stress  Original 100% Load 49% Load
and analysis

strain®  (press) Press  Half press No press Press No press
oy —463 —-505 -506 -511 ~262 258
o, -138 -177 —188 -199 =219 -25.1
Oy -170 -215 -204 —-199 -32.2 33.7
Tfe 3.76 4.84 5.28 5.59 0.54 0.63
Tey 0 0 0 0 0 0
Tty 0 0 0 0 0 0
Oeq 310 311 311 312 235 267

e{p) 031% 043%  0.53% 064% 0%  0.015%

%Subscripts £, r, and v indicate face compression direction, radial direction, and
vertical direction, respectively.
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Table 11. Comparison of stress (MPa) and strain (%) within
Inconel at the inner surface for various press models

Revised analysis
Stress  Original 100% Load 49% Load
and analysis

strain® (press) Press Half press Nopress Press No press
oy  —418 522  —529 —536 264  —261
oy 210 265 288 305 39.9 44.3
Oy 181 235 470 719 35.1 185
Tfr 41.3 53.4 58.8 62.8 5.82 6.83
Tro 0 0 0 0 0 0
Tof 0 0 0 0 0 0
Ocq 678 717 917 1113 302 395
el?) 0% 0% 0% 0% 0% 0%

%Subscripts /, r, and v indicate face compression direction, radial direction, and
vertical direction, respectively.
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check the validity of the fraction of the composite. Table 12 summarizes the analysis
conditions.

Tables 13 and 14 show the results in copper and Inconel, respectively. The
equivalent plastic strain in the copper of the 1.6-m machine (57.5% copper) was
about half that of the baseline machine, and the stress in the Inconel was about
15% less in the 1.6-m machine than in the baseline machine. The large machine
(1.6 m) without preload, therefore, is better than the baseline (1.324 m) from the
viewpoint of structural integrity. For the 1.6-m machine with 40% copper, the
face compression stress was slightly increased, but the equivalent plastic strain in
the copper was reduced 30% because the edge effect to extrude the copper at the
end was smaller for the thiuner copper composite. The copper fraction of 40%,
therefore, is preferable to that of 57.7%.

Analyses were also made for 10 and 20% higher fields, with and without preload.
Analysis corditions are summarized in Table 15. Preload value was fixed at 6 x
107 Ib, which is the maximum capability of the press system. From Table 16, the
equivalent strain in the copper is about twice that of the baseline design when a
10% higher field (10.64 T) is applied, and it is more than three times that of the
baseline design for a 20% larger field (11.6 T). In the comparison between no-press

and press cases, a preload of 6 x 107 Ib compensates for the 10% increase in the
field.

Table 12. Analysis conditions for the larger machines

Baseline, R=1.527Tm, R=16m, R=16m,
57.5% Cu, 57.5% Cu, 57.5% Cu, 40% Cu,

Analysis input press no press no press no press

Thickness, mm

Copper 6.9/39  8.0/36 8.0/4.0 6.19/2.19

Inconel 3.5 3.8 3.9 5.76

Insulator 0.47 0.51 0.53 0.53
Width of inner leg, mm 230 353 320 320
Electromagnetic force

Centering, GN/m? 1.12 0.632 0.695 1.00

Hoop, kN/balf turn 436 431 481 481

Preload, kN/half turn  —436 0 0 0
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Table 13. Comparison of stress (MPa) and strain (%) within
copper at the inner surface for various larger machines

Stress Baseline, R=152Tm, R=16m, R=1.6m,
and 575% Cu, 57.5% Cu, 57.5% Cu, 40% Cu,

strain® press no press no press no press
oy —505 ~349 —386 —395
Oy =177 -1 —98 —114
Oy -215 —-24 —61 =70
Tre 48 1.1 2.0 1.2
Trv 0 0 0 0
Tof 0 0 0 0
Ocq 311 304 308 305
) 0.43% 0.12% 0.22% 0.15%

“Subscripts £, r, and v indicate face compression direction, radial direction,
and vertical direction, respectively.
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Table 14. Comparison of stress (MPa) and strain (%) within
Inconel at the inner surface for various larger machines

Stress Baseline, R=152Tm, R=16m, R=16m,
and 57.5% Cu, 57.5% Cu, 57.5% Cu, 40% Cu,

strain® press no press no press no press
oy —522 -354 -394 —400
o, 265 91 138 65.3
g, 235 272 372 255
Tfr 53.4 12.0 21.7 12.1
Trv 0 0 0 0
Oeq 717 558 681 584
) 0% 0% 0% 0%

%Subscripts f, r, and v indicate face compression direction, radial direction,
and vertical direction, respectively.

ORNL-DWG 87-2314A FED
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Table 15. Analysis conditions for the higher field cases
with and without press system
(R = 1.6 m; 40% Cu)

No press Press (6 x 107 Ib)
Analysis input 967TT* 1064 T 116T 1064T 16T
Thickness, mm
Copper 6.19/2.19 6.19/2.19 6.19/2.19 6.19/2.19 6.19/2.19
Inconel 5.76 5.76 5.76 5.76 5.76
Insulator 0.53 0.53 0.53 0.53 0.53
Width of inner
leg, mm 320 320 320 320 320
Electrumagnetic force
Centering, GN/m®  1.00 1.21 1.44 1.21 1.44
Hoop, kN/half turn 481 582 693 582 693
Preload, kN /half turn 0 0 0 -529 -529
®Design field.

Table 16. Stress (MPa) and strain (%) for higher field
cases with and without press system
(R = 1.6 m; 40% Cu)

Stress No press Press (6 x 107 Ib)
and
strain 967 T* 1064T 116T 1064T 116 T
Copper
oy —395  —486  -586 —477  -574
o, —114 -191 -283 ~161 -252
o, -—-T0 -162 —267 -180 =277
e 12 2.1 3.1 1.7 2.8
Tru 0 0 0 0 0
g O 0 0 0 0
e 305 310 3 307 310
e?) 015%  031%  049% 0.19%  0.36%
Inconel
oy —400 —-492 ~592 —481 -581
o, 65.3 106 155 89.3 138
oy 255 349 458 93.8 162
e 121 21.3 323 171 28.1
Tre 0 0 0 0 0
Tof 0 0 0 0 0
Oyq 584 751 940 573 733

?) 0% 0% 0% 0% 0%

%Design field. -
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5. CONCLUSIONS

The effective Young’s moduli of the composite are obtained accurately by elastic-
plastic finite element analysis and the analytical equation and are useful for overall
TF coil analysis by the three-dimensional elastic finite element method.

Stress and strain in the composite TF coils were examined by elastic-plastic
finite element anaiyses for various CIT designs. Stress level is higher on the inner
surface of the inner leg. Stress distribution through the composite has a peak on the
interface. Plastic strain in the copper increases significantly with the out-of-plane
force arising from a plasma disruption. The preload system is useful for the full
loading operation of the baseline machine, whereas it is not needed for the 70% field
operation. In the larger, alternative, pressless machines, stress and strain are lower
than in the baseline machine. In the composite with the smaller copper fraction,
the plastic strain in the copper is reduced because the edge effect is smaller. In the
1.6-m machine with a 40% copper fraction coil, a preload of 6 x 107 Ib compensates

for the 10% increase in magnetic field.
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