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The International Thermonuclear Experimetnal Reactor {ITER) is an
experimental tokamak machine testing the basic plasma performance and
technologies required for future tokamak reactor. The joint work of
the conceptual design activities for ITER was carried out at the Max
Planck Institute for Plasma Physics in Garching, West Germany, from
1988 to 1990, under the auspices of the International Atomic Energy
Agency (IAEA) according to the quadripartite agreement reached between
the European Community (EC)Y, the Soviet Union, the United State and
Japan.

The Superconducting (SC) Magnet System is the most critical
design unit, because its design dominates the plasma confinement and
machine size. The design proposals for the 5C magnet system from Japan
were summarized by the Fusion Experimental Reactor (FER) Design Team
and the Superconducting Magnet Laboratory of the Japan Atomic Energy
Research Institute (JAERI). This report is one of the series reports
on "Conceptual Design of Superconducting Magnet System For ITER", and
describes the major results of the stress analysis regarding the
 Toroidal Field (TF) coil, the Center Solenoid {(CS) coil and the
Equilibrium Field (EF) coil and their support structures.

Among the design issues, the mechanical design of the coil system

+ Fusion Experimental Reactor Team
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was one of the most critical items, not only because of the huge
electromagnetic loads due to large size and high magnetic field, but
also because of the demand of high reliability under neutron irradia-
tion. In order to satisfy both the coil performance and the mechanical
reliability, different types of conductors were employed for each coils.
The mechanical behaviors and the safety margin of each coil were
analyzed by using finite element method (FEM) of MSC/NASTRAN. The
procedure to obtain the equivalent winding stiffness employed for the
each FEM analysis is also described in this report. The details on the
coil specifications, conductor design and mechanical design for each

coils are described in other report of the series reports.

Keywords: ITER, 5C Magnet, TF Coil, CS Coil, EF Coil, Support, FEM

Analysis, Toresca Stress, Winding, Coil Case
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PREFACE

All of technical design reports from Japanese contributors to ITER

magnet design are listed below:
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1. Introduction

The Superconducting (SC) Magnet System for International
Thermonuclear'Experimental Reactor (ITER) is composed of 16
Toroidal Field (TF) coils, 8 Center Solenoid (CS) coils, ©
Equilibrium Field (EF) coils and their support structures.

The SC Magnet Systém is the key component of ITER, because its
performances dominqte the plasma confinement and machine size.
In order to achieve the testing of high plasma performance with
large plasma current, the SC Magnet System of ITER have to
satisfy large coil sizes, high magnetic field and high operat-
ing currents. In addition-to these requirements, some CoOmpo-
nents suéh as the TF coil and the CS coil have to fulfilli the
inherent demand for extremely high reliability under huge
electromagnetic loads and neutron irradiation. Since the
allowable space for coil design is limited by the compatibility
with the other design units, the mechanical reliability of coil
system under huge electromagnetic loads is the most critical
design issue of SC magnets. For these reasons, the extensive
stress analyses were performed by using finite element method
{(FEM) models of MSC/NASTRAN.

Regarding the TF coil system, the mechanical behaviors of
TF coil and TF coil system were analyzed under the normal
loading condition at End of Burn (EOB) and the 4 abnormal
loading conditions at the fault modes. The major results of
these analysis are described in Chapter 2 and Chapter 3.

For the CS coils, which have the function to provide magnetic
flux to induce the plasma current with the high magnetic field
of 13.5 T, the detail stress analysis of condults were per-
formed to specify the allowable limit of magnetic flux from the
view point of allowable stress limit of fatigue cycles, The
results are reported in Chapter 4. In Chapter 5 and 86, the
results on the stress analysis of EF coll and the detailed

procedure to obtain the equivalent winding stiffness are also

reported.
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2. Stress Analysis of Toroidal Field Coils at End

of Burn
2.1 Introduction

The mechanical behaviors of the Toroidal Field (TF) coils
have been analyzed under the normal loading condition at the
End of Burn (EOB) by the 3-dimensional finite element model of
the MSC/NASTRAN. By using the toroidally symmetric features of
the machine geometry‘and loading under normal operating condi-
tions, 1/18 sector of 16 TF coil system was modeled and ana-
lyzed. This report describes the finite element model, loading

condition, boundary conditioﬁ, and major results of the analy-

sis.
2.2 FEM model for the analysis

Based on the toroidally symmetric features of the machine
geometry and loading, a finite element model of a 22.5 degree
sector of 168 TF coil system has been employed for the analysis.
The FEM model, which includes the outer intercoil structure, is
shown in Fig. 2.1 and Fig. 2.2. The basic dimensions of the
FEM model are shown in Fig. 2.3 and Fig. 2.4.

The modeling detail are summarized as follows ;

(1) Winding Pack

The winding pack of the TF coil 1s modeled by using 432
solid elements (HEXA8) with an orthotropic and linear-elastic
material properties. The cross section of the winding 1is
assumed to be a rectangular shape, and it is divided into 12

rectangular sections.

(2) Winding Insulation

The insulators installed between the winding pack and the
outer ring, between the winding and the side plates, are mod-
eled by using simple truss elements (ROD). There is no connec-
tion between the winding pack and the inner ring in order not
to avoid the deformation of winding. It is also assumed that

the insulator between the winding and the coil case is effec-

_zi



JAERI-M 91—121

tive only for compressive forces.

(3) Coil Case
The coil case is modeled by using solid elements (HEXAS8)

closely to the actual dimensions. In the region of outer ring,
coil case is modeled by the two layers of solid elements. On
the part of the inner leg, the inner ring (back plate) is
omitted as shown in Fig. 2.5.

(4) Top and Bottom of Inner Leg
At the top and bottom of the inner leg, supporting struc-
tures of solid type elements (HEXA8) are attached to the coil

case. The dimensions of this parts are shown in Fig. 2.6.

(5) Outer Intercoil Structure

The supporting structure at the outer radius of TF coil
and the outer intercoil structure are modeled by shell type
(QUAD4) elements which have a thickness of 200 mm. As shown in
Fig. 2.1, a box structure is employed for this part. However,
the front plate is "removed” by adjusting its thickness and

stiffness down to negligible small values.

(6) Support Leg
The support leg is employed only for the stabilization of

cyclic symmetry analysis. Instead of modeling explicitly the
actual structure, the support leg is modeled by using a simple
beam element. The stiffness similar to that of conventional

Fiber Reinforced Plastic (FRP), Young's Modulus of 20 GPa and

Poisson's Ratio of 0.1, are employed for beam elements.
5.3 Material Properties employed for the analysis

The winding pack are modeled with orthotropic, linear-
elastic material properties. In order to obtain a realistic
deformation and stress level, a set of equivalent stiffness,
which was calculated Tor the Japanese TMC-FF type conductor,

was employed for the analysis. For the coil case, supporting

structures, and outer intercocil structure, the stiffness of the

443_
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Japanese Cryogenic Steel (JCS) at 4 K, was used. The material

properties used for the analysis are summarized in Table 2.1.

2.4 Loading Conditiocn

The electromagnetic loads occurs at the End of Burn of the
normal operation was selected for the analysis. A computer
program "FORCE" in JAERI was employed to calculate the distrib-
uted forces along the winding. The detail distributions of the
electromagnetic loads along the coil perimeter are presented in
Ref. 2.1. Total loads obtained by integrating distributed body

force are calculated as follows:

Centering Load FX : - 475.8 MN/Coil

Hoop Load FH : 1024.0 MN/Coil

Over-turning Moment FX : 196.0 MN=m

Vertical Load ° FV : 185.4 MN/Upper and Lower Half

For the actual analysis, equivalent nodal loads are calcu-
lated and inputted according to the each element shape and

volume.
2.5 Boundary Conditions

Because of the toroidally symmetric feature of TF coil
system and the coil loading which is repetitively symmetric
around the machine axis, the cyclic symmetry analysis (S0L47 of
MSC/NASTRAN) was employed to obtain the mechanical behavior of
16 TF coil system. To satisfy the conditions required for
cyclic symmetry, the boundary conditions of cyeclic symmetry are
applied to the all nodes located on the two vertical planes at
the toroidal angles of +/- 11.25 degree from vertical symmetlry
plane of TF coil (Fig. 2.2). The components of the TF coil cut
by .these two planes are, the contact surfaces in the inner leg
for the wedging, shear key regions at the top and bottom of the
inner leg, and the outer intercoil structures. Therefore, the
Components located on the interfaces between TF coils are

assumed to be idealized welded structure.
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2.6 Analysis Results
2.6.1 Displacements

The deformation of the ITER TF coil under the normal
loading condition at the End of Burn, is presented by a series
of figures (Fig. 2.7 - Filg. 2.14). Regarding the displacément
in the out-of-plane direction, it can be seen from these fig-'
ures that there is no opposite sign. The maximum displacement
of the winding pack‘in the out-of-plane direction is -26.5 mm,
at the location shown in Fig. 2.11. The maximum displacement
of the model is also occurs at this location. It can be seen
that there is very small deformation due to twisting in the
region of inner leg. In the radial direction, it is seen from
Fig. 2.8 that there is the displacement of -4.6 mm and 10.9 mm,
at the midplane of inner leg and the outer leg, respecti%ely.

The maximum displacement of the model in the radial, the

out-of-plane, and the vertical direction, are summarized as

follows:

(1) Radial direction :+ 13.5 mm (Coil case in the mid
plane of outer leg)

(2) Out-of-plane direction : -26.5 mm (Winding)

(3) Vertical direction + 18.5 mm (Coil case at the top

of D-shape)
2.6.2 Winding Pack Stresses

Figure 2.15 shows the contour of constant Tresca Stress In
the winding pack calculated by using egquivalent winding stiff-
ness. It is seen that there are two high stress region in the
inner leg. The maximum Tresca Stress calculated is 302 MPa in
the region of inner leg.

The distribution of the Principal Stress (al). the Medium
Stress (02), and the Minimum Stress (o g) in the winding pack,
are presented in Fig. 2.16, Fig. 2.17, and Flg. 2.18. From
these figures, 1t can be seen that the compressive stress
component generated by the wedging has the major contribution

on the stress peaking in the region of inner leg. The peaking

75_
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of compressive stress component is highly localized due to the
simple modeling of the insulator (ROD elements) between the
winding and coil case. Therefore, it is an artificial peaking,
to a certain extent. The maximum compressive stress of the
insulator between the winding and coil case is 127 MPa.

The distribution of Tresca Stress, the Principal Stress
(01), the Medium Stress (¢ ,), and the Minimum Stress (o g), in
the winding cross section at the midplane of the inner leg, are
presented in a serieé of figures (Fig. 2.19 - Fig. 2.22}.

The peak value of 8 stress components, appears in the
winding cross section at the midplane of inner leg and the
outer leg, are summarized in-Table 2.2. Note that the direc-
tion of "X" and "Y" in the element coordinate system for the
winding agrees with the radial and the out-of-plane direction
defined by the global coordinate system. The Z-direction in
the element coordinate system corresponds to the circumferen-

tial direction of the winding pack.
2.6.3 Colil Case Stresses

Figure 2.23 - Fig. 2.26 shows the global distribution of
the Tresca Stress (o), the Principal Stress (o¢4), the Medium
Stress Coz), and the Minimum Stress (03) in the TF coil case
at the End of Burn. The detail distribution of these stresses,
for the inner ring and the outer ring, are also presented in
Fig. 2.27 - Fig. 2.30, and Fig. 2.31 - Fig. 2.34, respectively.
It can be seen from Fig. 2.23 and Fig. 2.31 that the maximum
Tresca Stress of 655 MPa occurs in the outer ring at the lower
part of inner leg. This ig the same location in which the
maximum Tresca stress of the winding is calculated. Also, the
location of the outer ring corresponds to the part of most thin
section in the cross section connected to the side plate. The
maximum Tresca stress calculated for the inner ring is 339 MPa.

The detail distribution of Tresca Stress (o), the Prin-
cipal Stress (ol), the Medium Stress (o g}, and the Minimum
Stress (o g4) in the cross sections of inner leg and the outer
leg, are presented in a series of figures (Fig. 2.35 - Fig.

2.42). In the cross section of the inner leg, the maximum

i6w
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Tresca stress more than 600 Mpa is calculated around the con-
tact surface for the wedging. Also, high stress region of more
than 500 MPa is observed at the most thin section of the coil
case. |

The peak values of Tresca Stress (SIGE-T), von Mises
Stress (SIGE-VM), SIG-X (which corresponds to the direct stress
component in X-direction of global coordinate system}, SIG-Y
(which corresponds to the stress component in Y-direction),
SIG-Z (corresponds to the stress component in Z-direction), and
SIG-XY (the shear stress in the contact surface for the‘wedg—
ing), calculated in the cross section at the midplane of inner

leg and the outer leg, are summarized in Table 2.3.
2.6.4 Stresses and Forces in the Outer Intercoil Structure

Regarding the four outer intercoil structures, the peak
value of the Treséa stress (SIGE-T), the von Mises stress
(SIGE-VM), the stress component in the out-of-plane direction
(SIG-Y), and the in-plane shear stress (SIG-XY) are carefully
checked. The results are summarized in Table 2.4.

The resultant forces act on the boundary of intercoil
structure are calculated as shown in Table 2.5. Note that the
component FX, FY, and FZ corresponds to the total force calcu-
lated in the global coordinate system of the TF coil. From
these forces, the total force on the boundary in the radial
direction (FR) and in the toroidal direction (FT), are calcu-

lated by using the following methods:
(1) For the boundary located in the plane of - 11.25 Deg.

FX#cos(11.25 ) + FY#sin(11.25 )
- FX#co0s(11.25 ) + FY#*cos(11.15 )

FR
FT

(2) For the boundary located in the plane of + 11.25 Deg.

FX*cos(11.25 ) - FY#sin(11.25 )
- FX#cos(11.25 ) - FY#cos(11.15 )

FR
FT
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2.7 Summary

The stress analysis of ITER TF coil under normal loading

condition at the End of Burn was performed by using idealized

boundary condition specified by cyclic symmetry. The major

results are summarized as follows ;

{1) The maximum displacements of the TF coil in the radial, the

(2)

(3)

(4)

vertical and the‘out—of—plane direction are, - 13.5 mm,

16.5 mm and -26.5 mm, respectively.

The maximum Tresca stress of 302 MPa is calculated in the
winding by using the equivalent stiffness. Because of the
simple modeling of insulator between the winding .and the

coil case, this value is considered as a result of artifi-

cial peaking to a certain extent.

The maximum Tresca stress of 655 MPa is appeared in the
inner leg of TF coil case. Compared with the allowable
stress value of 800 MPa specifled for the static loading
conditions, stress of the coil case 1s within the allowable
limit.

However, compared with 600 MPa, which was tentatively
specified for the stress 1imit on fatigue cycles, the
stress in the outer ring over this 1limit. Further inves-
tigation and the detailed stress analysis are required to

specify the mechanical safety margin of TF coil.
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Table 2.1 Material Properties employed for the FEM analysis
Component Winding Insulator Coll Case Supporting
Structure
and Quter
Intercoil
Structure
Material FRP Block Japanese JCS
Cryogenic
Steel (JCS)

Character Orthotropic, Isotropilc, Isotropic, Isotropic,
linear- Linear- Linear- Linear-
elastic elastic elastic elastic

Young's

Modulus ‘

E. 73.2 GPa 19.68 GPa 196.0 GPa 196.0 GPa
Eg 75.6 GPa 19.8 GPa 196.0 GPa 196.0 GPa
E, 84.8 GPa 19.6 GPa 196.0 GPa 196.0 GPa
Poisson's
Ratio
Urg 0.150 0.100 0.300 0.300
Ug 0.155 0.100 0.300 0.300
Uprs 0.149 0.100 0.300 0.300
U 0.173 0.100 0.300 0.300
Ugy 0.154 0.100 0.300 0.300
Uze 0.173 0.100 0.300 0.300

Shear

Modulus :

Gre 31.8 GPa 8.9 GPa 75.4 GPa 75.4 GPa
Gy 32.5 GPa 8.9 GPa 75.4 Gpa 75.4 GPa
G, 36.5 GPa 8.9 GPa 75.4 GPa 75.4 GPa
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Table 2.2 Stresses in the Winding Pack

Maximum Value (MPa)
Stress
Component _ Inner Leg Outer Leg
SIG-X - 75.9 - 32.4
SI1IG-Y -129.4 -~ 45.5
SIG-Z 63.7 104.9
SIG-XY 6.5 3.2
SIG-YZ - 1.8 14.0
SIG-XZ - 2.9 - 5.7

Table 2.3 Stresses in the TF Colil Case

Maximum Value (MPa)

Stress

Component Inner Leg Outer Leg
SIGE-T (Tresca) 654.6 341.0
SIGE-VM (von Mises) 572.3 324.8
SIG-X 173.5 218.5
SIG-Y - 392.0 113.7
SIG-Z 302.8 173.5

SIG-XY - 83.2 - 80.9




JAERI-M 81—-121

Table 2.4 Stresses in the Outer Intercoil Structure

Maximum Value (MPa)

Stress .
Component Upper(-) Upper (+) Lower (=) Lower(+)
SIGE~T 276.4 351.8 351.8 277.3
SIGE-VM 261.7 346.9 345.9 261.7
SIG-Y 196.0 263.6 262.6 196.0
SIG-XY 35.2 - 50.1 50.1 - 35.2

Tahle 2.5 Forces acts on the Outer Intercoil Structure

Force Sums for the Boundaries of the
Outer Intercoil Structure

Force

Component Upper(-) Upper(+) Lower (-) Lower (+)
FX (MN) 8.12 - 8.12 - 8.12 8.12
FY (MN) 91.886 - 92.00 91.91 - 981.91
FZ (MN) - 32.90 - 32.90 32.90 32.90
FR (MN) 25.88 9.98 9.97 25.89
FT (MN) 88.51 91.81 91.72 88.586
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Fig. 2.1 FEM model of ITER TF coil and outer intercoil

structure {1/18 sector of TF coil system)
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Fig. 2.7 Deformation of the ITER TF Coil at the End of Burn
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Fig. 2.10 Deformation of the ITER TF Coil at the End of Burn
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3. Stress Analysis of Toroidal Field Coils under Fault

Conditions
3.1 Introduction

The mechanical behaviors of the ITER TF coil system under
fault operating conditions have been analyzed by using 3-dimen-
sional FEM model of MSC/NASTRAN. Based on the results obtained
by the fault mode analysis [1], four abnormal loading condi-
tions of the TF coil‘system. named "Short Circuit", "Open
Circuit", "Breaker Failure", and "Ground Fault"”, were employed
for the analysis. This analysis must be confirmed with the
final power supply configurafion since this may prevent some of
these fault conditions. The FEM model, material properties,
boundary conditions, loading conditions, magnetic field distri-
butions, and the major results obtained by the stress analysis

are described in this chapter.

3.2 FEM Model for the Analysls
3.2.1 FEM Model

The major objectives of a series of analysis were to
obtain a) the relative displacement between the fault coil and
the adjacent coil, and b) the stress level in the fault coil
and the adjacent coils. For these purposes, it is not neces-
sary to include all structures of TF coil system into the FEM
model. Therefore, upper half of the 16 TF coll system was
modeled and analyzed. The FEM model employed for the analysis
is shown in Fig. 3.1. The upper-half of 16 TF coils and outer
intercoil structures are included in the FEM model. The basic
dimensions and the modeling methods employed for each compo-
nents are the same described in Chapter 2. Because of the
large number of components, relatively rough meshing is em-
ployed for each TF coil. Since the key structures to keep the
integrity of wedging is designed based on the results obtained
by a preliminary analysis [2], the contact surfaces of the
wedging were assumed to be idealized welded structures. Also
the same idealized structures were assumed on the interface of

outer intercoil structure. The total number of nodes and the
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elements are 4948 and 4209, respectively.

3.2.2 Material Properties

The material properties employed for the analysis 1is shown
in Table 3.1. The material properties of each component are
equal to the values which were employed for the analysis with
cyclic symmetry model, except the equivalent stiffness of the
winding pack. As shown in the table, the winding pack was
assumed to have an isotropic, linear-elastic material proper-
“ties. An averaged Young's Modulus of 77.8 GPa, and the Pois-

son's ratio of 0.3, were used for the equivalent stiffness.
2.2.3 Boundary Conditions

Because of the symmetrical geometry of TF coil and the
symmetrical distribution of the magnetic loads with respect to
the horizontal plane, the boundary condition was set on the
horizontal plane of TF coil system. However, in the toroidal
direction, the loading conditions in some fault modes are not
symmetrical with respect to the fault coil. For these cases,
bar elements, which represent the radial stiffness of center
solenold coils, are connected to the strait portion of inner

leg from the torus center.

3.3 Loading Conditions
3.3.1 Definitions of Fault Mode

Based on the fault mode analysis [1]}, the following 4

abnormal operating conditions of the coil system were defined:

(1) Short Circuit Mode

This mode corresponds to a over-charging operation of one TF
coil in the coil system. Because of the over-charging (225 %)
without external field, the distribution of hoop ioad along the
coil perimeter becomes nearly uniform. Then D-shaped TF coll
tried to become circular. The operating currents of other 15

colls are less than 1‘% of their rated current.
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(2) Open Circuit Mode
This fault mode corresponds to the electrical failure of one TF

coil in the coil system. Operating current of one TF coil goes
down to nearly zero. The coil currents of the adjacent two
coils increase more than 120 % of rated current due to mutual
inductance coupling. The adjacent coils try to move away from

the fault coil in the toroidal direction.

(3) Breaker Failure Mode

TF coil No.5 is connected to the two failed current breakers in
the power supply system. TheAcoil current of TF No.§5 is 74.1 %
of its rated current. The imbalance of operating currents in
the coil system is rather small in the previous two fault
modes. The difference of coil current of the fault coil and

two adjacent coils is less than 1.5 %.

(4) Ground Fault Mode
This notation means the ground fault of coil current through
the resistance in the coil protection circuit. TF No.5 coil 1Is
the fault mode. The current distribution in the coil system 1is
not symmetric with respect to the fault coil. The maximum
difference of coll current, which occurs between No.5 coil and
No.8 coil, is 7 %.

The operating currents in the TF coil system calculated by

the fault mode analysis are summarized in Table 3.2.

3.3.2 Distribution of Magnetic Field and Electromagnetic Loads

(1) Short Circuit Mode _

The distribution of magnetic field in the midplane of inner leg
is shown in Fig. 3.2. The distribution of magnetic field along
the coil perimeter of fault coil is shown in Fig. 3.3. Because
of the over-charging, the maximum field of fault coil (TF coil
No. 5) reaches 14 T. The distribution of hoop load along the
coil perimeter of TF coil No.5 is shown in Fig. 3.4. Total hoop
load of 1177.2 MN corresponds to the 1151% of hoop load in the

normal operating condition.

A54_
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(2) Open Circuit Mode

The distribution of magnetic field in the midplane of inner leg
is shown in Fig. 3.5. TF coil No.5 is the coil in the fault
condition. It can be seen that the large field change of more
than 7 T in the cross section of adjacent coils. The operating
current of TF No.8, No.7, and No.8 coil are, 121.8 %, 104.4 %,
and 101.7 %, respectively. Because of these imbalance of mag-
netic field and coil currents, the large out-of-plane load of
419 MN acts on the adjacent coils (TF coil No.4 and No.6).

(3) Breaker Failure Mode

The distribution of magnetié field in the midplane of inner leg
is shown in Fig. 3.6. TF coil No.5 is the coil connected to
the two current breakers in failure. The coil current of TF
No.5 is 74.1 % of 1ts rated current. The imbalance of the coil
current in the TF coil system is rater small compared with the
Short Circuit Mode or the Open Circuit Mode, the difference of
coil current of the fault coll and two adjacent coils is less

than 1.5 %.

(4) Ground Fault Mode
The distribution of magnetic field in the midplane of inner leg
is shown in Fig. 38.7. Ground fault of coil current through the
protection resistance also generates the imbalance of operating
currents. The current distribution in the coil system is not
symmetrical regarding the fault coil. The maximum difference
of coil current, which occurs between No.5 coil and No.6 coil,
is T %.

The maximum magnetic fileld of TF coils and the total magnetic
loads calculated in each fault conditions are summarized in
Table 3.3 and Table 3.4.

3.4. Analysis Results
3.4.1 Results under Normal Loading Conditions

In order to check the difference caused by the relatively
rough meshing of TF coil, the mechanical behaviors under the

normal loading conditions were also calculated and compared
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with the results obtained by the FEM model described in Chapter
2. The displacements and the maximum Tresca stress of the TF
coil obtained under the normal leoading coperating conditions are

summarized in Table 3.5 and Table 3.6, respectively.
3.4.2 Results under Fault Loading Conditions

Since the magnetic load and its imbalance in the Breaker
Failure and Ground Fault Mode are much smaller than those of
the normal operation, the stress analysis was focused on the

Short Circuit and Open Circuit Mode.

The deformation of the coil system under the Short Circuit
Mode of TF No.5 is shown in Fig. 3.8. The deformation of the
fault coil (TF No. 5) is also shown in Fig. 3.9. Because the
hoop load try to make the D-shape to circular, the maximum
displacement of 22.6 mm appears in the fault coil at the mid-
plane of outer leg.

The distribution of the Tresca stress in the fault coil
and the adjacent coils is shown in Fig. 3.10. It is seen from
the figure that the maximum Tresca stress of 811 MPa is calcu-
lated in the inner ring of fault ccil at the top of D-shape.
The distribution of Tresca stress in the outer ring and side
plate of the fault coil is shown in Fig. 3.11. The maximum
stress of 431 MPa, appeared in the side plate, 1s more than 2
times larger than that in normal loading condition. The stress
distribution of the winding pack of fault coil 1s shown in Fig.
3.12. The maximum Tresca stress of 218 MPa 1s calculated at
the top of the D-shape. This value calculated by using equiva-
lent winding stiffness in Table 3.1 corresponds to the condult
stress of about 600 MPa. The distribution of Tresca stress Iin
the adjacent coil (TF No.4) is also shown in Fig. 3.13. As
shown in the figure, the stress level of the adjacent coil is
much smaller the fault coil, local stress concentration is
calculated at the contact surface of wedging where the ideal-
ized condition was assumed. Detailed analysis of this section

will be required in the next design phase.
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The deformation of the coil system under the Open Circuit
Mode is shown in Fig. 3.14. Around the fault coil (TF No. 5},
it is seen that the adjacent coils move to the opposite side
due to out-of-plane force. Although the large imbalanée of
radial load and the out-of-plane loads exist around the fault
coil, the deformation of the coil system is not so serious.
This means that the key structures at the contact surface of
wedging and outer intercoil structure, which are modeled by
welded interfaces, are effective to keep the integrity of coil
system. The deformation of fault coil is shown in Fig. 3.15.
It is seen from the figure that the inner leg and outer leg
move to opposite directions and the horizontal bore is shorten
by 17 mm. This means that the adjacent coils is pushing the
inner leg of fault coil to outside.

The distributions of Tresca stress in the fault coil (TF
No.5) and the adjacent coil (TF No.6 ) are shown in Fig. 3.16
and Fig. 3.17, reépectively. It is shown in Fig. 3.16 that the
stress concentration of 751 MPa is appeared in the fault coil
around the contact surface of the wedging. Also in Fig. 3.17,
the maximum Tresca stress of 575 MPa appears in the contact
surface of wedging. Since the maximum stress in the contact
surface between the fault coll and the adjacent coll is serious
compared with the allowable limit of 800 MPa, the detailed
analysis and evaluation should be dene in the next design
phase. The displacements in the radial direction and the maxi-
mum Tresca stresses calculated in the Short Circult Mode and
Open Circuit Mode are summarized in Table 3.7 and Table 3.8,

respectively.
3.5 Summary

Based on the fault mode analysis, the electromagnetic
joads and mechanical behaviors of the ITER TF coil system under
4 loading conditions, named "Short Circuit", "Open Circuit”,
"Breaker Failure" and "Ground Fault", were analyzed.

The major results are summarized as follows:
(1) The imbalance of magnetic load under "Breaker Failure" and
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"Ground Fault" mode are not serious. The electromagnetic
loads of TF coils are about 50 % of those in the normal
operating conditions.

(2) The mechanical behaviors in the Short Circuit and the Open
Circuit mode largely depend on the mechanical reliability
of the wedging and the interface of the outer Intercoil
structure.

(3) In the Short Circuit mode, the maximum Tresca stress of
811 MPa is appeared in the inner ring of fault coil. In
order to avoid the serious damage, investigation of coil
protection system.will be‘required. The effects on the
adjacent coils are not so serlous in this mode.

(4) The imbalance of the centering loads and out-of-plane loads
caused by Open Circuit Mode also generate high stress of
75] MPa at the contact surface of the wedging.

(5) Because the two fault modes, Coil Short and Melt Down, have
some possibilities to generate much influence to the TF
coil system and the other components around the TF coil
system, more careful analysis and detall investigation

should be done in the next design phase.
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Table 3.1 Material Properties employed for the FEM Analysis

in the Fault Loading Conditions

Winding

Componént Insulator Coil Case Supporting
Structure
Outer Intercoil
Structure
Material Isotropic, Isotropic, Isotropic, Isotropic,
and linear- linear- linear- linear-
elastic elastic elastic elastic
Yoﬁng's
Modulus _
E. 77.8 GPa 19.6 GPa 196.0 GPa 196.0 GPa
Eg 77.8 GPa 19.6 GPa 196.0 GPa 196.0 GPa
E, 77.8 GPa 19.6 GPa 196.0 GPa 196.0 GPa
Poisson’'s
Ratio
Ure 0.3 0.1 0.3 0.3
Ug, .3 0.1 0.3 0.3
Upy .3 0.1 0.3 0.3
Shear
Modulus
Grg 30.0 GPa 8.9 GPa  T5.4 GPa 75.4 GPa
Ggz 30.0 GPa 8.9 GPa 75.4 GPa 75.4 GPa
Gpr 30.0 GPa 8.9 GPa 75.4 GPa 75.4 GPa
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Table 3.2 Operating Current of TF Coil System
' in the Fault Loading Conditions

Coil Current (%)

Fault Mode Short Open Breaker Ground
Name Circuit Circuit IFailure Fault

TF Coil No. 1 0.54 100.79 68.63 67.98
No. 2 0.51 101.68 69.38 68.31

No. 3 0.46 104 .45 70.63 68.87

No. 4 0.39 121.84 T72.77T 69.83

@ No. & 225.45 1.13 74.12 71.58

No. 6 0.39 121.84 T2.77 64.11

No. 7T 0.46 - 104.45 70.63 65.57

No. 8 0.51 101.68 69.38 66.37

No. 9 0.54 100.79 . B68.63 66.83

No.190 0.57 100.42 68.19 67.10

No.1l1 0.59 100.32 67.93 67.27

No.12 0.60 100.25 67.80 67.38

No.13 0.60 100.25 67.76 67.47

No.14 0.60 100.25 67.80 67.55

No.15 : 0.59 100.32 67.93 67.65

No.16 0.57 100.42 68.19 67.78

@ : Coil in Fault mode

Table 3.3 Maximum Magnetic Field of the TF Coil System
in the Fault Loading Conditions

Maximum Magnetic Field (T) .

Fault Mode Short Open Breaker Ground
Name Circuit Circuit Failure Fault
TF Coil No. 3 0.0 11.0 7.7 7.5
No. 4 0.0 11.6 7.9 7.6
@ No. b 14.0 6.0 7.9 7.6
No. 6 0.0 11.8 T.9 7.2
No. 7 0.0 11.0 T.7 7.3
No. 8 0.0 10.9 T.6 7.3

8 Coil in Fault Mode
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in the Fault Loading Conditions

Electromagnetic Load (MN)
Fault Mode Short Open Breaker Ground
Name Circuit Circuit Failure Fault
TF Coil No. 3
FR (MN/Coil) =  -———- -481.6 ~-239.2 -226.0
FY (MN/Coil) =  -—==-- 36.0 - 15.6 4.8
FZ (MN/Half) =  ---—- 193.9 93.8 88.8
FBE (MN/Coil) = —-=~—- 1187.2 580.8 549.4
TF Coil No. 4
FR (MN/Coll) =  --—-- -521.0 -246.8 ~228.6
FY (MN/Coil) = --——-- - 419.2 - 13.2 2.0
FZ (MN/Half) = - --~-- 221.2 97.7 90.3
FH (MN/Coil) =  ——=-- 1338.0 603.0 557.6
TF Coil No. 5
(Fault Coil)
FR (MN/Coil) - 5.0 - 5.8 -251.2 -232.2
FY (MN/Coil) 0.0 0.0 0.0 - 18.6
FZ (MN/Half) 290.1 1.6 100.1 92.5
FH (MN/Coil) 1177.2 11.86 616.2 569.4
TF Coil No. 6
FR (MN/Coil) =  -———- ~521.0 ~-246.8 -208.4
FY (MN/Coil) =  -—--- 419.2 - 13.2 - 16.4
FZ (MN/Half) = - -——-- 221.2 97.7 80.2
FBE (MN/Coil}) =  -———=- 1338.0 603.0 498.2
TF Coil No. 7
FR (MN/Coil) =  -———- -481.6 -239.2 -213.2
FY (MN/Coil) =  ———-—- 36.0 - 15.6 0.2
FZ (MN/Half) =  ~-——--- 193.9 93.8 82.5
FH (MN/Coil) =  —-—=—- 1187.2 580.8 513.4
TF Coil No. 8
FR (MN/Coil) —-——-- -477.2 ~233.8 -215.2
FY (MN/Coil) =  -———- 8.0 - 12.4 3.2
FZ (MN/Half) =  ---—- 189.9 91.2 83.6
FH (MN/Coil) =  ————- 1168.8 565.8 519.6
FR : Centering Load, FY : Out-of-plane Load,
FZ : Vertical Load, FH : Hoop Load
Note: in normal operation FR:-475 MN,FZ:185 MN,FH:1024 MN
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Table 3.5 Displacements of TF Coil in the Radial and
Vertical Direction in the Normal Loading

Conditions
"Radial Direction Vertical
Displacement Inner Leg Outer Leg Direction

( mm ) { mm ) ( mm )

<Ncrmal Conditions>

1. Normal Operation
without PF Coill - 4.5 8.6 7.0
QOperation

2. Normal Operation _
at End of Burn - 4.3 7.2 7.5

(Cyclic Symmetry
FEM Model for EOB) (-4.8) (10.9) {16.4)

Table 3.6 Maximum Tresca Stress of TF Coil System
in the Normal Loading Conditions

Maximum Tresca Stress )

<Normal Conditions>
1. Normal Operation
without PF Coil 580 MPa

Qperation

2. Normal Operation

at End of Burn ' 616 MPa
(Cyclic Symmetry
FEM Model) 655 MPa
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Table 3.7 Radial Displacement of the TF Coil No. 4 and No. 5
in the Short Circuit Mode and Open Circuit Mode.

Coil No. TF Coil No. 4 TF Coil No. 5
Inner Leg Outer Leg Inner Leg Outer Leg
(mm) ( mm ) ( mm ) ( mm )

1. Short Circuit Mode
of TF No.b coil - 6.9 3.3 - 9.2 22.8

2. Open Circuit Mode
of TF No.5 coil 3.6 9.2 7.0 -10.0

Table 3.8 The maximum Tresca stress of TF Coil No. 4 and
TF Coil No. 5 in the Short Circuit Mode and

Open Circuit MOde

Coil No. Maximum Tresca Stress (MPa)
TF Coil No. 4 TF Coil No. 5
(Adjacent Coil) (Fault Coil)

1. Short Circuit Mode
of TF No.5 coil 157.8 MPa 811.4 MPa

2. Open Circuit Mode
of TF No.5 coil 575.3 MPa 750.7 MPa
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Max. Disp. 22.6 mm

Deformation of ITER TF Coil System in the Short

Circuit Mode of TF Coll No. 5.
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Fig. 3.9 Deformation of the fault coil in the Short Circuit

Mode.
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4. 245.0

5. 318.5

6. 392.0

7. 465.5

. 8. 539.0

9. 612.5

10. 686.0

11. 759.5

TF Coil No.4

Fig. 3.10 Stress Distribution of TF coil No.4, No.5, and
No.6, in the Short Circult Mode of TF No.5.
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431 MPa

Fig. 3.11 Stress Distribution in the Outer Ring and Side
Plate of fault coil in the Short Circuit Mode.
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Fig. 3.12 Stress Distribution in the Winding of Fault Coil
in the Short Circult Mode.
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Fig. 3.13 Stress Distribution of TF Coil No.4 in the Short
Circuit Mode of TF No.5.
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Fig. 3.16 Stress Distribution in the TF Coil No.5 in the Open
Circuit Mode of TF No.5.
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Fig. 3.17 Stress Distribution of TF Coil No.4 in the Open
Circuit Mode of TF No.5.
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4. Stress Analysis of Center Solenoid Coils
4.1 Introduction

The center solenoid (CS) coils have to support their own
hoop forces without metal cases. Also, they have to sustain
the vertical forces that include both their own magnetic force
and the compressive force from neighboring coils. Hence, the
net vertical force 1s applied to the coll located on the equa-
torial plane._i.e. PF-1 coll shown in Fig. 4.1. Therefore, the
maximum stress appears in the PF-1 coil which has the highest
magnetic field and suffer the largest electromagnetic forces
in the CS coils.

Since the CS coils will be energized 100,000 times, there
is a possibility that their operating life is limited by me-
chanical fatigue 1limit of the stainless steel conduits.

From these reasons, the stress analysis of the PF-1 coil's
conduits was carried out. Since the preliminary stress analy-
sis showed that the stress becomes largest at 'End of Burn
(EOB) ' during the operation [1]. the stress analysis was per-
_formed using the loading condition at EOB for two operation
scenarios. One is the EOB in the reference operation scenario
(li=0.65, Bp=0.61). The other is the EOB in the operation
scenario [1] (li=0.55,Bp=0.0), which can be considered to give
the most severe stresses. These cases are named EOBl1 and EO0BZ2,

respectively, in the analysis.
4.2 Procedure

The procedure to obtain the stress of the conduits is

summarized as follows

(1) Obtain the equivalent Young's modulus of CS coil.

(2} Obtain the distribution of vertical pressure on the equato-

: rial plane.

(3) Obtain the distribution of radial pressure inside of each
conduit.

(4) Obtain stress distribution of the conduits.
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4.2.1 Equivalent Young's modulus of CS5 coll

The equivalent Young's modulus of the CS coil winding was
calculated uéing‘a finite element method (FEM). The procedure
is elucidated in Chapter 6 in detail. In this calculation, the
effect of the structural grading is not considered and the FEM
model was bullt for non-grading type conductor in Fig. 4.2.

The results are summarized as follows

EZ = 55 GPa
vgrg = 0.21
UZR = 0.23
IJZB = 0.14
VQZ = 0.26
vRe = 0.14
vgr = 0.28

4.2.2 Vertical pressure distribution

In the CS coils, the PF-1 coil located near the equatorial
plane receives the most largest vertical pressure from adjacent
coils. Also, in the PF-1 coil, the conduits near the equatori-
al plane receive the most largest vertical pressure. For these
reasons, the pressure distribution on the equatorial plane was
calculated by using FEM model.

The size of winding and the ampere-turn of each CS coil are
listed in Table 4.1. The electromagnetic forces applied to
each CS coil at EOB1 and EOB2 are shown in Table 4.2. The
values at the initial magnetization (IMAG) are also shown in
the same table as a reference.

The 2-dimensional FEM model of whole CS coils modeled by
using axial symmetrical elements is shown in Fig. 4.3. The

dimensions, the structure and the material properties are shown
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in Fig. 4.4 (a) and (b). In this calculation, nodal displace-
ment in the vertical direction was constrained on the equatori-
al plane. The maximum displacements calculated at the loading

conditions listed in Table 4.2 are summarized below

R(mm) Z (mm)
Initial Magnetization 3.9 10.8
EOB1 (Reference) 3.3 7.4
EOB2 (li=0.55,ﬁp=0 ) 3.2 8.6

The vertlical pressure distributions near the equatorial
plane, which was obtained by the distribution of vertical
stress component, is shown in Fig. 4.5. The distributiocn is
rather flat and the averaged values is about 85 MPa, 85 MPa and
95 MPa at Initial Magnetization, EOB1 and EOBZ, respectively.

4.2.3 Radial pressure distribution

For the purpose of estimating the radial pressure inside of
the conduits, the magnetic field distribution inside of the
coll was calculated.

The distribution of the vertical component of magnetic
field (Bz) on the inner surface of CS coll in the vertical
direction is shown in Fig. 4.6 (a), (b) and (c). The maximum
magnetic field is 13.6 T at Initial Magnetization and 12.5 T at
both EOB1 and EOB2. The magnetic field on the equatorial plane
is not maximum since the insulation gap of 50 mm exist between
the coils. In order not to underestimate the radial pressure,
the distribution of the vertical field in radial direction was
plotted by using the maximum values at Z = 900.0 mm instead of
those values on equatorial plane. The distributions are shown
in Fig. 4.7 (a), (b) and (c¢). For these calculations, the
grading model of 3 stages (3 grading) shown in Fig. 4.2 was
employed. By using the conductor current (~40kA) and the
vertical field component, the radial force applied on each
condult was obtained and transformed to the radial pressure.

The distribution of radlal pressure at Initial Magnetization,
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EOB1, and EO0B2, is shown in Fig. 4.8. The maximum pressures of
three cases are about 15 MPa and nearly the same value. The

negative values, which mean the inward pressure, arise at EOB

phase.
4.2.4 Stress distribution in the conduits

For the calculation of stress distribution in the conduit,
the three pancakes of PF-1 coil were modeled by using 2-dimen-
sional axial symmetric elements. The FEM model for the analysis
is shown in Fig. 4.9. 1In order to avoid the effects of local
displacement and the boundary conditions, the stresses in the
middle pancake were used for the stress evaluation.

In this analysis, the structural grading of 3 stages (3
grading) shown in Fig. 4.2 was modeled and analyzed. The
displacement of the bottom surface was constrained in the
vertical direction.

The conduits are surrounded by the ‘insulation tape. The
room between the corners of conduits are filled with the insu-
lator. The material properties employed for the analysis is
shown in Fig. 4.10,

The loading condition of the conduits are schematically
shown in Fig. 4.11. The radial and vertical forces, which were
obtained by the previous steps, were applied as a internal and
external pressure.
| Since a double pancake has a splice or traverse section in
the innermost turn, there is a cross-section in which the upper
pancake piles up on lower one with the displacement of half {or
less than half) width of conduit as shown in Fig. 4.12. In
this chapter, the names of 'extraordinary part’' is used to
distinguish such a part from 'ordinary’' part. Although there
exist both parts in one double pancake, the stress distribu-
tion of the extraordinary part was also analyzed by using

corresponding FEM model.



JAERI-M 8l1-121

4.3 Results
4.3.1 The stress of the conduits in the ordinary part

The global displacement of ordinary part calculated at EOB1
is shown in Fig. 4.13. The Tresca stress of the elements in
the middle pancake is plotted along the radial direction. The
distribution is shown in Fig. 4.14. The distributions of
radial stress component (aR), circumferential stress component
U’B' and vertical stress component (oz) in the innermost
conduit is shown in Fig. 15 (a), (b) and (c). The distribution
of Tresca stress 1n the 1nnermost conduit is also shown 1in Fig.
4.15 (d). The maximum values of each stress component,

CR»0 g, 07 and o in the 1st, 5th and 9th conduits are summa-
rized in Table. 4.3. The global displacement calculated at
EOB2 is shown in Fig. 4.16. The distribution of Tresca stress
in the elements of middle pancake at EOBZ, which corresponds to
Fig. 4.14, is shoﬁn in Fig. 4.17. The distributions of stress
component at EOB2 are also shown in Fig. 4.18 (a}, (b), (c) and
(d). From Fig. 4.14 and Fig. 4.17, it can be recognized that
the structural grading of 3 stages is feasible to flatten the
stress distribution. The maximum Tresca stress is about 610
‘MPa at EOB2 and the stress region larger than 600 MPa is very
small compared with the whole region. The maximum tensile
stress (g g) 1In the circumferential direction is about 440 MPa.

4.3.2 The stress of the conduits in the extraordinary part

The calculation was carried out for the 2 cases. Case 1 1is
the structural model without stainless steel filler in the
empty space between the top and bottom pancakes. Case 2 1s the
case that the steel filler is installed in the empty space.
Both structural models composed of three pancakes are shown in
Fig. 4.19 (a) and (b). The loading condition at EQOB2 was
adopted for the analysis, because this condition gives the most
sever stress.

The global displacements of both structural models at EOB2
are shown in Fig. 4.20 (a) and (b). The maximum values of each

stress component, op,¢ g, oy and o, calculated at 1st, 5th,
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and 9th conduit, are summarized in Table 4.4. In the model
without the filler, the maximum Tresca stress is larger than
900 MPa and the tensile stress is 510 MPa.

On the other hand, in the model with the steel filler, the
maximum Tresca stress is reduced to 850 Mpa and the region
greater than 6800 MPa is just a little fraction. The distribu-
tions of each stress component in the innermost conduits of
middle pancake, which has the filler, are shown in Fig. 4.21
(a), (b), (¢) and (d). The corresponding figures in the inner-
most conduit of bottom pancake are also shown in Fig. 4.22 (a),
{b), (¢) and (d). The maximum Tresca stress is about 650 MPa
and the region greater than éOO MPa is a little larger than
that calculated in the middle pancake. The maximum tensile
stress is about 450 MPa.

1t should be noticed that the stress in the extraordinary
part is larger than that in the ordinary part. And the filler
is required to reduce the stress to the allowable limit which

are mentioned in next section.
4.4 Discussion

The maximum allowable Tresca stress (without any design

margin) under static loading condition can be considered as ,

Primary stress : Sm
l.ocal stress : 1.5 S,
where,
Sp = max ( 2/3ay, 1/20u7) y Oyt yield strength,
70 ultimate strength

The value S is about 825 MPa for the newly developed cryogenic
steels recommended by JAERI.

Since there is no assured data for the fatigue strength,
~706 % of the above values was assumed temporally as an allowa-
ble 1imit for the cyclic load of 30,000 times (i.e. about 600
MPa for the Primary stress). This assumption is roughly equiv-
alent to the assumption that the allowable flaw size on the
surface is less than 0.25 mm [2] (i.e. The 0.25 mm initial flaw
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grows to the failure with 30,000 cycles of 600 MPa stress). In
any way since it is very difficult to measure the initial flaw
on the inner surface of the conduits after welding, it is
required to confirm the fatigue stiffness experimentally and to
determine the targets of the material developments.

If the above criterla can be used, the Japanese design can
satisfy the requirements from the reference scenario operation.
For the flexible operation, the design may be also available
with the constraints of the number of such an operation, since
the stress region larger than 600 MPa is not so large.

However, 1t should be noticed that these designs have no
technological design margin and are very dangerous in techno-
logical sense. Therefore, such a margin should be included in

the design of the next phase.
4.5 Summary

The stress analyses of the CS coil conduits were performed
with considering the operational flexibility of the CS coil
system. In the ordinary part, in which the conduits are piled
up regularly in the vertical direction, the maximum Tresca
stress in the innermost conduit was about 600 - 815 MPa at the
EOB. In the extraordinary part, where the empty space to
adjust the conductor splice exists, the maximum Tresca stress
in the innermost conduit reaches 650 MPa. The filler of stain-
less steel, which is packed into the empty space between pan-
cakes in the extraordinary part, is required to reduce the

stress level to the allowable limit.
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Table 4.1 Winding size and ampere-turns of each coil

R (an) | 7 (am) | Du(um) | Dz(am) | IMAG(MA) | EOB1(MA) | EOBZ(MA)
PF-1U, L 1755 + 950 590 1848 20.41 |- 22.30 |- 22.42
PF-2U, L 1755 + 2830 590 1848 20.41 |- 22.30 |- 22.42
PF-30, L 1755 4 4750 590 1848 20041 -~ 8,14 |- 11.45
PF-4U, L | 1755 + 6650 580 1848 2041 6.0 2.61
PF-5U, L 3900 + 8000 900 900 14.53 6. 25 1.1
PF-6U, L 11500 + 6000 500 1500 0.25% - 6.49 |- 13.61
PF-T0, L 11500 + 3000 500 900 0. 2% - 95.25 0. 36
PLASMA 6000 0 2150 4773 -— 22.00 22.00
Table 4.2 Electromagnetic force of each CS coil
IMAG EOB1{ B p=0. 61, 1i=0. 65) | EOB2 (B p=0.0, 1i=0. 55)
Fr(MN) Fz(MN) Fr(MN) Fz (MN) Fr(MN) Fz(MN)
PF - 4U 1333.1 - 362.9 0.0 0.0 - 4.0 46. 8
PF - 30U 1422.2 - 36.8 264.7 - 21%.8 326.2 - 308.5
PF - 20 1436.6 - 4.9 1069.0 - 313.8 1069. 1 - 284.2
PF - 10 | . 1438.9 - 0.6 1163.1 ~- 26.3 1154. 6 -23.2
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Table 4.3 Maximum values of stress component, op.
gg, 07 and o7, in the 1st, 5th and 9th
conduit im the ordinary part at IMAG, EOB1 and EOB2.

Stress in 1lst Conduit (MPa)

Max. IR Max o g Max oz Max o7
TMAG T3.5 502.7 -183.3 615.4
EOB1 82.3 - 434.1 -256.8 594.9

EOB2 89.2 - 437.1 -283.2 614.5

gtress in 5th Conduit (MPa)

Max. o Max o 4 Max oy Max o
IMAG 50.0 421.4 -188.2 539.0
EOB1 -84.3 360.6 -251.9 524.3
EOB2 -91.1 363.6 -278.3 544.9

Stress in 9th Conduit (MPa)

Max. op Max o g4 Max o4 Max o
IMAG -57.8 369.5 -228.3 516.5
EOB1 ' -82.3 315.6 -307.7 525.3
EOB2 -89.2 320.5 -341.0 550.8




Table 4.4 Maximum values of
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stress component,

cg, 07 and T in the 1st, 5th and 9th

conduit in the extraordinary part at EOB2.

Stress in 1st Conduit (MPa)

O'R,

Max. TR Max g g Max gz Max o
CASE1l -437.1 506.7 -697.8 933.0
CASEZ2 207.8 446.9 -327.3 653.7
Stress:in 5th Conduit (MPa)
Max. g R Max g g Max oy Max g7
CASE1 -177.4 386.1 -353.8 622.3
CASE2 -175.4 378.3 -351.8 603.7
Stress in 9th Conduit (MPa)
Max. g R Max g g Max oy Max o
CASE1L 159.7 350.0 -407.7T 609.6
CASE2 160.7 342.0 ~407.7 599.8
CASE1 Stress without Steel Filler
CASEZ2 Stress with Steel Filler

— 90 -
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Fig. 4.3 The axial symmetrical FEM model and boundary

condition for the analysis of whole CS coils.



JAERI-M 91-121

620

s
~

1848

880

1900

15

—M——L

T‘ZE

e

R = 1755

=N

Fig. 4.4 (a) The dimensions of the CS coils
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Fig. 4.4 (b). The structure and material properties of

the CS coil.

b



JAERT-M 91-—121

(W) o

001 ¢

‘pueTd TeTJIOolenbo oYl JBaU TTOD S0 ¥yl ul (ss9J3S

TBOTQJd9A J0) 2anssoad TROTIJI2A JO UOTINQIJISIP @2UL €% 3814

000¢ 00/ 1
™

| 00vI

L LU LI

006l 008l
T T T 1

N B B N B B T B N A R ¢

009} 006

—— G G
09

0.

08

06

Ly it gt g e e g terrabagnn

00l
(wul/by) 20



JAERI-M §1-121

(wu)
000¢

*UOCTABZIJ9USBY TRIIIUI 18 UOTQID2IIP

1e2T1d9A UT [TO2 §) JO 90BJIINS JI3UUT 9] UO

000¢

Ll

000!} 0 0001-

Ll | 1 _ 1 I

000¢- 000

TN RSN AR NN |

(Zg) pTeTJ oTjouBBW [EO[1I9A OUYF JO UOTINGTIISTA (B) 9°F 814

-
8 ¢l

o¢l

¢ ¢l

v el

9¢l

DIS9|



JAERI-M 91-121

(W) y
000¢

‘70O 3® UOT3D2ITP
TBOT1J9A UT TTOo §) JO 20BJINS JAdUUT oY) UO

(2g) pretJy oraeuseu 1801184 94l JO uoTanqriisIda (q) 9'% ‘314

1

000¢ 000} 0 000f-  000¢- ooomm.m -

1v2l-
1 22i-

0cli-

811-

9 -
D|Sa] -



JAERI-M 91—121

(wu) o
000¢

"ZH0 1B UOT]D9ITP
TROI1J9A UT [TOD §3) JO @OBJANS JIsUU] dYj U0

(Z2g) p1a1j ol3eusem [eS[3doA oYl JO UOIINQTIISTA (P) 9'F% "BTA

000 000l 0

T 1

0001-

| LA

T 1 T 1 T

000¢-

000¢ -

w TSN PR EEE RN NS ESNE RN S

—
-

G<ll-
v el-

¢dl-

0¢l-

811-

911-
D|S9]|



JAERI-M 91—-121

‘uoTrevzijleusdep TRIATUT 2® jujod onTea

wnuixewm ay3 38 aurTd TRIUOZTJON 2\l U0 UCTIO9IATP

(Ww) m TeTpeI UT PTS9TJ TeOTLILA 29Ul JO UOTINQTIISTA (®B) L°% "8Td

0l

00i¢ 00

006} 008F 00/} 0091 00GI 0O0b

— LI

[

RN EEEE EEEIE EEREENNaEE N

.
00

02
o
09
08
00/
02l

Ovi
D|S9]

—100—



JAERI-M §1-121

(

Ty
0

4
Ol¢

000

TeTpeI UT PTOTJ [BO[1J40A 92Ul JO UOTINQTJIISIQ

9

00

ol

*T40d ae jqurod onlvA
UNWUTXRW 273 1e sueld TRlUOZTIJIOY 2Yl UO UOI]O8IIP

00

L

00

_

(a) L'v 3714

0

Gl

T

T

y

¥

T

1

1

008
T 1 1

1

|

1

00V

Cica bt b by e e e b L

N
Ovl-

0 ¢lh-
0°0l-
08-
09-
Ob-
0¢-
00

0°¢

7

DIS3]

—101—



JAERI-M 91—121

(W) o
001¢

TeIPRI UT DPI@1J [BOTIJILA dY) JO UOTINGTAIST(Q

000¢

006!

"Zd0d ae 1urod onyea
unuixew 39Ul 3% surv[d TRIUCZIJIOY 3] U0 UOIIIDITP

(°) L% 314

00|

I

008F 00.LI 0091
U IR L L L L L

006!

1

st gt aa e gt gt s bt by

0Ppl-
0¢}-
001-
08-
09-
0P -
0¢-
00

0¢

087

D|S?]

~102—



JAERI-M 91—121

*$71INPUOD

9U3 9prsul 2anssoaJad [eIpkd 92Uyl JO uoIINqQrIIsSIq 8% 314
(ww) Y
0012 0002 006l 008} 00} 0091 00GI 00l -
2 803 ]
100
160
404
1¢1
loz

(;ww/by) Yo

—103—



JAERI-M 91—-121

‘11ed AIvulpJo UT sayeouerd 224Uyl JO Topow WHJ

8V "BTA

—104—



JAERI-M 91—-121

"sIsAreue oYy IoJ peforduwe sofjraasdoad TelaeleW O1'F *3T1J
2d 24 7 4y zd w4 ~ QS L
24 2d zd & 2d zd \\¥4/| 2 zJ “
zd \
ad zd
d d d
d 1
- R
2d d o
d zd
g0 00012 1 d .
ed
zd 5 170 oot Id =
zd &d
a 4
d zd 2] &d
zd
o o 1
2] ]
d 2d zd
zd
2d 1
2d Zd
zd d ed
zd
d 1]
zd zd 2d ed
zd = / (%]
zd
= zd o 2d &d &
d 2d z 2d d

_ Joje|nsu|

- 106—



JAERI-M 91-121

P. (Kg/mm?)

10.0 +

9.0+

-

P

0.0 °

C T A T A A A A A A A A A A NI A A AN A A AN A A A A S A

000000 ugoud

Pr (Kg/mm?)

2.0 4

1.0 1

0.0

o

— - - - - — - —_ - ind B b -~
— — — -2 - - - b= —_ | | -
— -— — —_ - — —> — e ] = -+

Fig. 4.11 Load condition of the conduits.

—106—



JAERI-M 91-121

‘qaed AARUTPJICERIAIXD UB SB PIAIIPISUOD 9J®
SUOT1298 $S0JD ,d-d pur ,(-d pur j3Jed AIBUIpJO UER S®

POJISOpPTISUOD 8(Q UBD SUOTIDBS-SS04D ,D-D*.f-9 *.V-V

4

"1100 oymourd JO UOT)D9S-SS010 2yl pue mela doj
!

V01192585022 3 3 _

?mm@.m e

ZT°¥% '38T14d

UoID3s $S0UD 1) 1)

‘sisiejeiie)ie] ToleNtaNie]
R o O 2.l

uonass ssouo 29 .

[ I [RENNLN)

DOODIOIIOINI
DIOCIO0 O

HIIH D

UeIIDas S50JD Y Y
OO
i) Q0

O

—>1Jed AJeU1pJo BJIEXT

1J4ed AJRU|pIQ<

—107—



JAERI-M §1—-121

23 UuT STI0o ojrvourd 2041 JO 1ULMOBTASIpP T1TBQO1H

"T90Hd 2% 14awvd LaevuipJao

eT'v "8T4

TITIIIL

L
7

]
00
sjsis

[ENENENENEABNENBUE

—108—



JAERI-M 91—121

*2an38TJ oYyl UT umoys ST TH0OH 1¥¢ UOTID2IIPp
Teiped ayl 2Uolr SSaJ3Ss juswWeTo 29(l JO uOT4ANqrIl
-STP 2Ua ‘a3Jded ALaevulpJo 2yl ur Troo axewouvd STppIm

oyy ur (L o) sseays woseal oyz Jo UOTINQTILISIA

PT°¥y "314

ey

o susar 23
N #Za v QW( f1 ] E.ﬂm mmm

.

..... ]

-10°0

m:‘_O.mﬁ

~ 109~

0-0g

G e

Fadad

.....m.. m . Nm




JAERI-M 91-121

"

‘1d0d 1®

1Jed AIBUTpJO 8yl Ul JINPUOD 3ISOWISUUT 34yl Uy

ﬁmav juauodwod ssedals [viped 23 JO UOTANGTIZST( (B) ST°% "314

[ o =

g

LUU/BY y g ¥ o Xew

CE

33437 HNOLNOD
S /3y

~ 110~



JAERI-M 91—-121

THOH 3e 3Jded LavuipJao o2yl
Ul J3TNpuod jsowlsuutr a3yl urT Ambv jusuodwod

§5911§ [EIJULI9JUNDIID dYl JO UOTINQTIISTIA () ST'¥ '8BT4

I

Juu/3% ¢£°¥r 8 2o XN

A3A3T HNOLKWOD

/3y



JAERI-M 91-121

.

‘1d0od e gaed
AIRUTIPJIO 22U UT 3TINPUOD JSOWISUUT oyl ur (Zo)

jusuodwod S$S9131S TBOTJJI9A 22Ul JO UOT3INgrIasT(qd (o) ¢rT % "814

JUWa/8Y 7°67- Z 0 XeH

112

ﬁMQMN.Nl
30857 2- "1

T3A37T YNOLNGD
/By



JAERI-M 91—121

‘1403 1® 1ard £aeuipdo oyl U] JTNPUOD 1SOUIBUUT

oyy ut (Llo) sseays vosaal Jo uoTanqraasTd (P) ST'% "I1d

e

PV 5 ar.ﬂl..l.l.l.l...ﬂllln......a.om_u

JUU/BY L 09 Lo xey

A3A37 E@NOLNOD

/3y

- 113 -



JAERI—M 91-—121

"Zdod e jded Lawvurpao

92Ul UT STT0O oMeourd 204Y] JO 1USULOIBIASIP TRUOTH

9T'¥ 314

—114—



JAERI-M 91-121

-8

an3

*2J4ndT] oYy UT UMOUS ST ZH0H 1B UOT1O09IIP

TeIped 2(y1 JUOTR SSoJ3S JUAUWATS Syl JO uollnqiil

Ip 9y ‘gJaed LJIRUTpPJIO 29Ul UT T[Too o¥wourd oTppIWm

ayy ur (Llo) sssils ewoseaal °2U3 Jo uo1INqIAISTA

PLET,

.

LT'¥ "8T14

g

SSLp Q0¥ SYRE. 9495, BRFE. A95E.00ZC. YO BI6A SAL%. G195 TGS S9%L. EER ..m%wj

i : : 1070

] wmo W oM W o T

.......... T
¥ ¢ 1 ;
.......................................... ﬁ ' R — .6 o wr T B -i0°'c1
...... 0°0€
W AN Hitae. wedS7LE
.............................. Vil e ﬁ 00 A T 1O S O 0°Sh
‘ ¢ .. & # ;
3 I 1. : - 5-z8
RN A | B R
o , o - - 0-09
o

2Uu/2Y

115



JAERI-M 91—-121

-

"gd0d 1w jaed
Adeurpio syl uy 1[npuoo jsowdsuuf oyl ur (o)

quauodwos s$s911S TeIped 92Ul JO uollngraisidg (») 81°% *8S14

B

\I\\\.\\n‘lll;

LUu/8Y T°6 40 xep

cE

13437 JNOLNOD
2l /3y

—116—



JAERI-M 91—121

-Zd0d 1® j3aed £ieulpdo a2yl Ul JTNPUCD
isowaauut oyi ur (¢ o) ssoirs jusuodwoo

§S0118 TBTAULJISJUNDATO @YUl JO UOTINATIISIA (q) 81 v 814

;

ﬁﬁlﬁ w_—

|

qu

JUU/3Y 99 9 0 Xey

I3'1 "z
'S "1

T3AIT HNOLNOD
NEE\mx

- 117—



JAERI-M 91121

'Z60d 1 aed
£IeUIpJIO 29Ul UT 3 TNPUOD jsomaauul ayz ut (2 o)

jusouodmod SS9I3S TEOT]1JI0A 92Ul JO uoflinqrJaiastd (9) 8T°% "3IT4

LUU/EY §gZ- 20 xEN

13604 2=
auﬁmm.WI Lt
2

- N M7V

T3A3T ¥NOLHNOD
LAl /3

—1i8—



JAERI-M 91—121

"ZHOoH 1e 1Jaed L£IBUIPJO 23 UI I TNPUOD ] SOWIDUUT

oy ut (Lo) ssoijs eosoll dY3 JO UWOTINGTIAISTA (P) 8T°'v "3T4

S

NEE\MM A L o XEWY

T13A37 HNOLNOD

L /2%

—-119—



JAERI-M 81—-121

"UMOUS ST JOTTITJ

T991s 292Ul anoyzTs Topouw ‘jied ALIeUTPIOBRITIXD

SY1 ul STTOO ayeoued 92JYy)} oY) Jo Topow KAA (®) 6T'¥% "BT4

M

—120—

CRAire o 4

b e oy T -




91—121

JAERI-M

‘uUMoys sT JoTTTJ
T29148 9yl yztm [opow ‘qaed ALAJrUulpJorvIIXD

83 uT STroo oywourd 9oayaz 99Ul jo fepouwl WAA (q) 6T ¥ 314

e ara e
A

— 1 f s ol - .y T b - 1
TS 1, Lq 0 foP.ro i ,

121



JAERI-M 91—-121

*Z40d 3w J0TITTJ Te23s 8yj
InoylTM STT02 ofeourd o2ayl 9yl Jo juswaodeTdsiqg (®) 0Z°'¥ "3814

JENIEENENENDEEREE R AR AN NN

(niznisissuRassenananan]
(aiizigiaiansnniadssntn

LRI AANEMARLEIISSAIlLAZ .-

—122—



JAERI-M 91-121

*ZgHOM 3®' JSTTTJ To931S8 9yl
Y1TM sTTI0o oywouwrd 92ayi oyl Jo ju2wadeldsTg (4} 0Z2°V 314

ww p0- 7 Xen
uw g -z U Xey

GB JOIL L U.-,Q..Dﬁ..Dﬁ@:G

—123—



JAERI-M 91—121

‘2d0d 3e jaed LJeUTpaorRIIX2 DUl UT ayevourd
9TPPTW BYyz 4T ITNPUOCD FSOWIIUUT OYJ U] HMbv
Jusuodwod sSs21385 TeIpeI 94yl Jo :oﬂuznﬂupmﬂn (e) 12°'v "B1T4d

.1
Lol

/8y 2

13-¢ 2t
130641, It
13oas-t 0l
130582° 1 5
13-1
00s-L
'S
g0s-2
S“BL9° ¥
00S -
‘S

i - -

dSm m:oﬂm.u

D O~ @

NEE\NM 2717 ¥0 XEBW r

(32 I Vs ]

14

— 124



JAERI-M 91-121

"¢HOH 3%
1aed Laeurpaoralxs syl uy o¥yeourd oIpplu a8yl

10 3Inpuod 3souwasuut ayj ul (¢ o) jusuodmoo

$§0195 TeTIUSISJUNDITO 9YJ JO UCTINQTIAISTA (q) Tz°v "3Td

ST @ 2 XEBR

125 —



JAERI-M 91—121

‘7409 1e gaed LavuTpaoraixe oyjz ul ayeosurd
2TPPIW 9yl JO 3INPUOD jsowdsuu] ayj uy (Zo)

jusuodwod SS213S TROTAISA 23Ul JO UOTINGTIAISTA (2) IZ'% "3TJd

Ju/8Y yge- Z 0 Xep

- 126 —



JAERI-M 91—-121

*Z2490d ae qaed LarvuipJorijixe a1
ut ayeourd 9TPPIW 22Uz JO 3INPUOD jsowIdauur 2yl

utr (Lo) ssoays woseal ays Jo uoranqrilsid (p) TZ°¥ 3714

LUm/3Y L 99 L o Xep

AN

—-127 -



JAERI-M 91—-121

*Zd0d 3v 3aed AJxeurpJorilxd ayl ur oyeoued

wWo310q °Yj U 4INpuod jsoudsuuf oyy ur (o)

Jusuodwod SS2J13S TeIpRI 91l JO uoIlnqrJalsiqg (e) gz ¥ '38T14d

] 9 .
0082 ¢ . QME/EN ¥ 9T ¥ 0 XER :
S-Lw]€ ¥
00S- 3-
n.ml
opar £

—128—



JAERI-M $1-121

‘¢dod 3®e
1avd £IvUTpJOBIIXD oYj ur oxeoued mojloq Byl

Jo 3fnpuod jsomasuuy ayz uy (9 o) jusuodwmoo

$S013$ [BTIUSISJUNDATO OU3 JO UCTINGTIISTA (q) 32'v "3BT

fa

O —==11

Ge=ia ==
S ———

=

=4

Luu/3Y 2757 @ o Xe

N — — N oMM e
o (M ~ WN.W M~ o O —

o7 Py

—129—



JAERI-M 91-121

*Z2904d 3% 3Jed AJpurpJdowraiXs o9yl ur ayeourd
wol3oq a2yl JO 31INpuod 31SOoWJIaUU] dYl Ul ﬁmbv

TuUsuUOdWod S$SOJ1S TBDTIAJI2A 33Ul JO UOTINqQTILSTJ (2) ZZ'¥y "3TJ

p——r

Lun/3Y ggg- 2 0 Xej

—130—



JAERI-M 91—-121

'zg0d 2® jJed AIeulpJorilxe oY)
ur eyeoued wWO330q 2yl JO FINPUOD JSOWIdUUT 2Uj

ur (Lo) sseias vossil 2y3z JO uoTINATAISIG (P) 2Z2°'F 314

[Val

o~

—

(= =]
woow—~wawmw—

[=]

—131—



JAERI-M 91—121

5. Stress Analysis of PF Coil Support Structure and
Outer Ring Coil
5.1 Introduction

The stress analysis of the support structure for the
Center Solenoid (CS) coils and the Equilibrium Field (EF) coils
were carried out by using FEM models of MSC/NASTRAN. As for
the CS coil support structure, if the coils were assembled
without initial compression, the repulsive forces acts on the
PF-3 and PF-4 coil at 'Start of Flat Top' (SOFT), will make the
gap between the PF-2 and the PF-3 coil. At 'End of Burn'
(EOB), the repulsive forces change to the compressive forces
and the collision between the colls would occur. Since such a
collision has a possibility to break the insulator of the coil,
the initial compression is required so as not to separate the
CS coils. Since the compressive force at EOB is larger than
the repulsive force:at SOFT, the estimation of the stress due
to the initial compresslon is required. Moreover, since the
initial compression should be done at room temperature, the
degradation of the mechanical strength at the room temperature
should be considered in the stress evaluation.

For the EF coil support structure, the stress analysis 1s

also performed, and the wholesomeness was confirmed.

5.2 Stress analysis of CS coil support structure

5.2.1 Procedure

The procedure to obtain the stresses due to the initial

compression is as follows.

(1) Obtain the gap and the stress of support structure between
PF-2 and 3 coil at SOFT with the assumption that there is
no initial compression

(2) Determine the force for the initial compression so as not
to produce the gap between coils.

(3) Estimate the stress of the support structure due to initial

compression by using the result of the first step.

The details of the procedure are as follows.

- 13-



JAERI-M 81-121

5.2.2 Stress Analysis with no initial compression

Two operational current patterns of the PF coil system
were used for the stress analyses. One is the pattern at SOFT
for the reference scenario (11=0.65. Bp=0.102) and the other
ig that also at SOFT for the operation (li=0.75, Bp=0.0 ) in
which the largest repulsive force occurs in PF-3 and PF-4.
These two operatiops are named SOFT1 and SOFT2 in this chapter,
respectlvely. The conflgurations, dimensions, and coil current
of ecach PF coils are shown in Table 5.1. The radial and the
axial forces of CS coils calculated at SOFT1 and SOFT2 are
shown in Table 5.2. The répulsive forces that act on the
support structure were 53.2 MN and 113.5 MN, respectively.

The 2-dimensional FEM model of CS coils and the support
structure employed for the analysis is shown in Fig. 5.1 (a).
The FEM model is composed of 1482 nodes and 1245 elements. The
details of the uﬁper part and lower part is shown in Fig. 5.1
(b) and Fig. 5.1 (¢), respectively. The material properties
used for the analysis are shown in Fig. 5.2 (a),(b),{c)y. The
equivalent winding stiffness of the PF-3(U,L) and the PF-4(U,L)
coil were determined by FEM as described in the chapter 6. The
rigidities of PF-1(U,L) and PF-2(U,L) were set equal to 0 Pa,
cince these coils were compressed by themselves and the gap
between PF-2 and PF-3 were produced. As shown in Fig. 5.2(b),
the Young's modulus at the top of the upper support structure
was set to the half of that in the normal part in order to
simulate the reduction of structural material in this part.

In the real design, the assembly of radial_channels was used
for this part.

The deformations of the support structure for SOFT1 and
SOFT?2 are shown in Fig. 5.3 and Fig. 5.4, respectively. The
zoomed up figures for the upper and the lower part for SOFT1
and SOFT2 are shown in Fig. 5.5 (a),(b) and Fig. 5.8 (a),(b),
respectively. The Tresca stress distributions for upper and
lower part for SOFT1 are shown in Fig. 5.7 (a),(b), respec-
tively. The corresponding figures for SOFT2 are shown in
Fig. 5.8 (a),(b). The maximum Tresca stress (o) for the

upper and the lower part are summarized in Table 5.3. The
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elongations of the distance between the bottom surface of PF-3U
coil and the top surface of PF-3L coil for SOFT1 and SOFTZ were

3.2 mm and 6.9 mm, respectively.
5.2.3 Determination of the initial compression

In order to determine the required amount of initial
compression, the deformations of PF-1U,L and PF-2U,L coils were
calculated by using ?EM. The FEM model, the boundary condition,
and the material properties are shown in Fig. 5.9. The loading
conditions are the same as those for SOFT1 and SOFT2 shown in
Table 5.2. 7

The deformation of PF-1U,L and PF-2U,L coils at SOFT1 and
SOFT2 are shown in Fig. 5.10 (a),(b). The amount of the shrink-
age were 7.6 mm and 9.0 mm. As a results, the gaps produced
without initial compression was calculated to be 10.8 mm (3.2 +
7.6) at SOFT1, and 15.9 mm (6.9 + 9.0) at SOFT2.

In order to determine the amount of the initial compres-
sion, we supposed the situation that 15.9 mm width rigid disk
block was inserted between the gap at SOFT2. After the removal
of the electromagnetic force, the support structure would
elongate and the CS coll would shrink. These elongation and the
shrinkage can be calculated by using the concept of the equiva-
lent spring constant. The equivalent spring constant for the
support structure can be calculated by using the results of the
previous section. Since the support structure elongated about
0.68 mm due to the repulsive force of 113.5 MN, the spring
constant (k;) is calculated to be 25.2 MN/mm.

Regarding the CS coil, the spring constant (ko) can be obtained
analytically by using the equivalent Young's modulus { see Fig.
5.2 (a)). The obtalned value was 20.9 MN/mm. Using these
values, the following equation can be written,

F = kyyy = Ka¥2
yi + ¥Yg = 15.9 mm,

where F : Repulsive force, y; : Elongation of the support struc-
ture and yo : Shrinkage of the CS coil.
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From the above equation,

F = 180 MN
yl = 7.2 mm
Yo = 8.7 mm.

Consequently, the compression force of 180 MN is required
at the initial assembly so as to keep the CS coils together at
the of SOFT2. The support structure elongates 7.2 mm and the

CS coils shrink 8.6 mm due to the initial compression.
5.2.4 Stress due to initial compression

The stress can be estimated by using the results of stress
analysis without the initial compression. Since the maximum
Tresca stresses of the upper and the lower part of the support
structure were 130.3 MPa and 124.5 MPa with 113.5 MN repulsive
force, the corresponding values due to initial compressicn of
180 MN, are 206 MPa and 197 MPa, respectively. The compressive
pressure act on CS coil is about 28 MPa and enough small comn-
pared with that at EOB, even if the degradation of the mechani-
cal strength at the room temperature was considered.

At SOFT2 the effect of the initial compression is removed,
however, this effect still remain at SOFT1. Since the gap
without initial compression was 10.8 mm at SQOFT1, if the 15.8
mm disk was installed, the support would extend 2.3 mm, the CS
coil would shrink 2.7 mm and the additional repulsive force of
57 MN would be produced and the total repulsive force would
become 110 MN.

The 1ist of the maximum Tresca stresses considering the
initial compression are shown 1n Table 5.4.

At Initial magnetization or at End of Burn, the effect of
the initial compression also becomes negligibly small, since the

CS coils shrink more than or nearly equal to 15.8 mm.
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5.3 §Stress Analysis of EF Colil Support Structure

5.3.1 Procedure

The stress analyses of the equibrium field (EF) coils and
their support structure were performed at two operation condi-
tions. One was that at EOB in the reference scenario (1;=0.65,
Bp=0.102), and the other was that alsco at EOB for the opera-
tion (1; = 0.6, Bp = 1.0 ) in which the largest vertical force
act on PF-8 coil. These two operating conditions are named
EOB1 and EOB3 in this section. The configurations, the dimen-
sions and the current patterns-are shown in Table 5.5.

The structure and the boundary conditions of the EF coil
and the support structure are shown in Fig. 5.11 (a),(b). The
EF coils (PF-6U,L and PF-7U,L) and the support structure, in
the part from 11.25 degree to 58.25 degree in circumferential
direction, is modeled as shown in Fig. 5.11 (a). The condition
of cyclic symmetry ﬁas used for the analysis. The plate thick-
ness of the support structure was set to be 50 mm except the
top and the bottom plate with the thickness of 100 mm. The
dimensions and the structures of PF-6 and PF-7 coil are shown
in Fig. 5.12 (a),(b). The rigidities of PF-8 and the PF-T7 were
obtalned by FEM as described in chapter 6. The material
properties used for the analysis are summarized in Table 5.6.

The distribution of the radial and the vertical force of
the EF coil at EOB1 is shown 1n Fig. 5.13 (a), (b), along the
circumferential direction from 11.25 degree to 56.25 degree.
The corresponding figures at EOB3 are also shown in Fig. 5.14

(a), (b). The total radial and vertical forces are shown in

Table 5.7.
5.3.2 Results of Analysis

The deformation at EOB3 is shown in Fig. 5.15. The major
radius of PF-7L coil becomes 9.0 mm larger.

The maximum Tresca stresses calculated for the EF coil
case, insulator, and the support structure are summarized in
Table 5.8. The maximum Tresca stress of the support structure
was 120 MPa. The Tresca stress distribution of the support
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structure at EOB3 is shown in Fig. 5.16. The maximum Tresca
stress of the coil case and the insulator were 30 MPa and 22
MPa, respectively. The distribution of Tresca stress in the
coil case and insulator of PF-7 coil are shown in Fig. 5.17 and
Fig. 5.18, respectively, for example.

The maximum values of the Maximum(o ), medium(e o), mini-
mum(aa) principal and Tresca(oTJ stresses calculated for the
PF-6 and the PF-7 coll are listed in Table 5.89. Since the
maximum principal stress can be considered as the tensile
stress in the circumferential direction, the maximum tensile
stress of the winding is about 100 MPa. Hence, the maximum
tensile stress of the conduits of PF-7 coil is about calculated
to be 230 Mpa, by using the ratio of equivalent winding stiff-
ness and Young's modulus of steel conduit (2.3). This value 1is
rather small comparing with the value of the CS coil condult.
The distributlions of maximum principal and the Tresca stresses
are shown in Fig.;5.19 (a), (b). Consequently, since the
stresses of the support structure and the winding of EF colls
are not so high, the Japanese EF coil and its support structure

are wholesomely designed for the mechanical stresses.

5.4 Summary

The stress analysis of the support structure for CS coils
and EF colls were performed. Regarding the CS coil support
structure, the stress due to the initial compression at room
temperature is most severe. The initial compression of 180 MN
is required so as not to separate the CS coils. The maximum
Tresca stresses of the upper and the lower part of the support
structure were 206 MPa and 197 MPa due to initial compression.
The stress criteria at room temperature should be applied.

The stress of EF coll support structure was about 120 MPa
and the maximum tensile stress of the conduits was about 230

Mpa. They are rather small comparing with those of the CS coil.
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each PF coil at SOFT1l and SOFTZ2.

dimensions and the coil current of

R (um) Z (am) | Dgr(am) Dz(mm) SOFT1 (MA) SOFT2 {(MA)
PF-1U, L 1753 + 950 590 1848 - 16.79 - 17. 46
PF-20, L 1755 4+ 2850 590 1848 - 16.179 - 17. 46
PF-30, L 1755 + 4750 590 18438 2.85 4.47
PF-4U, L 1755 + 6650 550 1848 0.00 5.2%
PF-5U, L 3900 + 9000 800 900 13.60 4,32
PF-6U, L 11500 + 6000 500 1500 - 8.93 - 5.03
PF-T0, L 15500 + 3000 500 900 - 2.2 - 5.09
PLASMA 6000 0 2150 4773 22.00 22.00

Table 5.2 Radial and the axial forces of CS5 coils at SOFT1

and SOFT2Z.
SOFTI1 SOFT2
Fr (MN) Fz (MN) Fr (MN) Fz(MN)
PF—4U 0.0 0.0 73.1 8. 4
PF—3U - 7.1 53, 2 5. 8 105. 1
PF—2TU 410. 3 — 322.0 421, 4 - 382. 3
PF—1U 513. 6 - 29,4 551. 7 — 36.9
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Table 5.3 Maximum Tresca stress (o) of the upper and the
lower part of CS coil support structure without

initial compression.

SOFT1 SOFT2Z2

Repulsive Force (MN) 53.2 114.0

Maximum Upper Part 63.7 130.0
Tresca
Stress

(MPa) Lower Part 55.0 125.0

Table 5.4 Maximum Tresca stress (oT) of the upper and the
lower part of CS coil support structure with the

initial compression.

Initial
Compression SOFT1 SOFT2
Repulsive Force (MN) 180.0 110.0 114.0
Maximum Upper Part. 206.0 125.0 130.0
Tresca
Stress
(MPa) Lower Part 197.0 121.0 125.0
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Table 5.5 Configuration, dimensions and the coil current of
each PF coil at EOB1 and EOB3. '

R (mm) Z (mm) Dr{mm) Dz {um) EOB1 (MA) EOB3 (MA)
PF-11, 1755 950 590 1848 - 22.30 - 25.81
PF-20, 175% + 2850 580 1848 - 22.30 - 21.81
PF-3U, 1755 + ;750 290 1843 -9 14 - 13.59
PF-41, 1755 -+ 6650 590 18438 0.00 - 0.01
PF-5U, 3900 + 9000 960 900 6. 25 7.89
PF-6U, 11500 4+ 6000 500 1500 - 6.49 - 7.98
PF-TU, 11500 + 3000 | 500 300 - 5.25 - 4.99
PLASMA 6000 0 2150 4773 22.00 22.00

Table 5.6 Material properties of EF

structure.

coils and the support

Young' s Modulus (GPa) Poisson” s Ratio Shear Modulus (GPa)
Er | E8 Ez veO |v 8z |vm |Gz [GrO {GOz
Winding 43.4 92.3 39.3 0.14 0.29 [0.22 35.8 35.3 4.8
Insulator 9.8 9.8 9.8 0.10 0.10 0. 10 4.9 1.9 £.9
Coil Case 19. 6 19. 6 19.6 0.20 0.20 0.20 8.2 8.2 8.2
Support _
Structure | 205.8 |205.8 {205.8 0.30 0.30 G. 30 79.4 79.4 T9. 4
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Tbale 5.7 Total Radial and Vertical Force of the EF Coils

EOB1 EOB3
Radial Vertical Radial Vertical
Force Force Force Force
PF-6U 222.8 - 175.4 308.8 -213.6
PI--70 222.2 109.0 222.5 131.8
Unit : MN

Table 5.8 Maximum Tresca stresses(oqd of the EF coll case,

insulator and the EF coil support structure.

Maximum Tresca Stress (MPa)

EOBL EOB3
PF-6U Insulator 14.7 21.6
PF-7U Insulator 22.5 22.5
PF-6U Coil Case 18.6 26.5
PF-7U Coil Case 29.4 29.4

Support Structure 121.5 121.5

—141—



JAERI-M 91—-121

Table 5.9 Maximum(oq), medium(o 5), minimum(ec q) principal
and Tresca(op) stresses of the PF-6 and the PF-7

coll.
Maximum Stress Value (MPa)

EOB1 E0OB3
PF-6U (al) . B6b.7 79.4
PF-6U (o 5) - 5.0 - 7.1
PF-6U (o 3) . - 9.6 - 13.7
PF-6U (o) | 70.6 88.2
PF-70 (o q) 92.1 95.1
PF-70 (o 5) - 7.4 - 7.3
PF-TU (03) - 311.8 - 11.8
PF-TU (o) 95.1 99.0
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Material properties of the
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the FEM analysis.
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Pl ; Winding
Er = 51.0 GPa
E6 = 102.9 GPa
Ez = 54.9 GPa
vrz = 0.21
vz8 = 0,14
yrE = 0.14
Grz = 4.9 GPa

PZ : Insulator

E= 8.8 GPa
v = 0.1
PF2ZU ~ PF2L

E= 0.0 GPa

CS coil employed for
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Fig. 5.2 (c¢c) Material properties employed for the lower part

of CS coil support structure.

— 148 —



JAERI-M 91-121

l; - 1¢ = 3.21 mm
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Fig. 5.3 Deformation of the CS coils and support structure
at SOFT1. The distances between the bottom surface of
PF-3U coil and the top surface of PF-3L coil before
and after loading are noted as 1j and le,

respectively.
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Fig. 5.4 Deformation of the CS coils and support structure
at SOFT2. The distances between the bottom surface of
PF-3U coil and the top surface of PF-3L coil before
and after loading are noted as 1j and lg,

respectively.
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Fig. 5.7 (a) Contour of Tresca stress in the upper part of CS
coil support structure at SOFTI1.
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Fig. 5.9 2-dimensional FEM model of PF-1(U,L) and PF-2(U,L),
boundary condition and material properties are also
shown in the figure.
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Max o1 9.7 Kg/mm2

Fig. 5.19 (a) Distribution of the maximum principal stress

(al) in the winding of PF-7 coil at EOB3.
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6. Winding Riglidity Analysis
6.1 Introduction

For the purpose of obtaining the global mechanical behav-
ior of winding, it is useful to use the equivalent Young's
modulus. Moreover, in order to analyze the mechanical behavior
of surrounding support structure using a finite element method,
it is often requirgd to replace the wound coil to uniform
matter with the equivalent Young's and shear moduli due to the
constraint of total nodes number and element numbers.

From this point of view the equivalent Young's moduli and
the shear moduli of the Jabanese designed coils for ITER were
estimated.

In order to confirm the validity of the procedure and the
obtained results described in this chapter, the comparison
between the computed data ahd the experimentally obtained data

is also discussed in last section.

6.2 Procedure

The finite element method (FEM) using MSC/NASTRAN was used
for the analysis. The two dimensional axial symmetrical FEM
model was made for 5 x 5 conductors. The major radius was set
extremely larger than the width of conduits so as to simulate
the straight coil. The reason why two dimensional axial symmet-
rical model was used is that it is more convenient compared
with 3 dimensional model. Another reason is that the poison's
ratio of vy, (6: circumferential direction, z : vertical
direction) can be obtained simultaneously by using an average
radial displacement.

The deformation of middle 3 x 3 conduits was used for ob-
taining equivalent rigidity, since the peripheral conduits suffer
the effects of boundary condition and produce the local deforma-
tion.

Since the major radius is very large, the orthotropic¢ rela-

tion between stress and strain can be used and the fundamental

equations are,

—175—



JAERI-M 91-121

erg = OR/ER - vgr?g/Eg - ¥zrOz/Ez:
tg = 0g/Eg - vRogoR/ER - vzgoz/Ez.
ey = 03z/Ep - vgg0g/Eg - vgRzoRr/ER-

In addition the following symmetry relation must hold,

veRr/Ee = YRo/ER>
vez/Be = vzo/Ez:

vzr/Ez = vRrz/Er-

The general procedure to obtain the each component is as

follows.

6.2.1 Young's Modulus Eg, Poisson's ratio v gzp and Y7o

For the purpose of obtaining EZ, Y 7R and Vggo the
uniform vertical pressure(Pz) was 1lcaded on the top surface of
5 x 5 conduits FEM model. The vertical displacement on the
bottom surface was constrained, however, in the radial direc-
tion, there is no constraint. Since &Z >> o, 0g 1In this

case, the fundamental equations can be reduced to,

ER = - VZRoz/Ez.
58 = - UZGO'Z/Ez.
82 = UzlEz.

By using the computed value of E7,ER> and £ g and the
relation P = oy, the values of Eg, vgp, and vygg can

be obtained.
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6.2.2 Young's Modulus Ep, Polsson's ratio vy

The uniform radial pressure (PR) was loaded inner lateral
surface. The outer lateral surface was constrained. Since
o gER/oRgEg -~ Wp/R << 1 (Wg : wWidth of the model in the radial
direction, R : Major radius ) and op >> 09y in this case, the

fundamental equations are reduced to,

ER = UR/ER,
83 = O'Q/Ea - URB(TR/ER,
Ez = - szaR/ER.

By using the computed value of eg, €z and the relation Py

TR the values of ER. v gz can be obtained.

6.2.3 Young's Modulus Eg4

Young's modulus of E, was obtained analytically. By

using material Young's Moduli(Ei) and the area ratios

gizsi/stotal' (S Area for i-th material in the conductor,

Stotal Conductor area ) Eg is given by
EQ = ¥ giEi.
6.2.4 Shear Modulus Gggp

Shear Modulus GRZ is also computed using the same 2 dimen-
sional FEM model. The bottom surface was completely constrained
and the transverse load (F) were distributed uniformly on the
top surface. Shear Mcdulus GRZ can be obtained by using the

following relatiocn,

where A is an area of the top surface and 7 1s a shear strain of

middle 3 x 3 conduits.
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6.2.5 Shear Modulus Ggg4, GypR

Shear Modulus Ggy, Ggr were obtained only for EF coil
conductor, since in other cases these parameters do not affect

the analysis.
In this calculation, 3 dimensional FEM model of solid

elements was employed only for three conduits (1 x 3 ). The

procedure is same as‘that for obtalning GRZ'

6.3. Results

The equivalent Young's moduli, Poisson's ratios and shear
moduli calculated for the Japanese designed conductors for
ITER, which are shown in Fig. 6.1, are summarized in Table 6.1.
The details of the computation are described in the following

sections.
6.3.1 Conductor for TF Coils (TMC-FF)

TMC-FF conductor 1s one of the monolithic type conductors.
A monolithic type superconductor is composed of stainless steel
conduit, insulator, and superconducting part which consists of
the stabilizing copper and superconductihg material. The mate-
rial properties of each component are shown in Fig. 6.2. The
material properties of the superconducting part was set to the
material properties of copper stabilizer.

The typical deformation of the TMC-FF conductors due to
vertical and radial pressures are shown in Fig. 6.3 (a) and

(b), respectively.
6.3.2 Conductor for CS Colls (PF-CS540)

PF-CS$40 conductor for the CS coil is one of the bundle
type conductor. A bundle type superconductor is composed of
stainless steel condult, insulator and superconducting strands.
The FEM model and the material properties of each component are
shown in Fig. 6.4. The superconducting strands were not con-

sidered as a structural member for transverse loading, since
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the void for helium flow exist between the strands. Conse-
quently, the strands inside of the conduit are not included in
the FEM model. On the other hand, for the longitudinal load-
ing, the DPC experiment in JAERI [1] shows that the strands
have mechanical effect on the longitudinal rigidity. However,
in the stress analysis of the ITER bundle type conductor, the
rigidity of the strands in the longitudinal direction was
neglected, because the width of the stainless steel conduits is
so thick that its rigidity is much greater than that of the
strands.

The typical deformations of PF-CS40 conductors due to the
vertical and the radial preésure and the sharing force are
shown in Fig. 6.5 (a),(b) and (c¢),respectively. These figures
show that the local deformations occurs in the part of periph-

eral conduits as mentioned previously.

6.3.3 Conductor for PF-6 and PF-7 coils (Sub Channel CICC
EF-40)

Sub Channel CICC : EF-40 conductor is also the bundle type
conductor. The FEM model of the conductors and the material
properties of e¢ach component are shown in Fig. 6.6.

The typical deformation of the conduits due to the verti-
cal and radial pressure and the sharing force are shown in Fig.
6.7 (a).(b) and (c¢),respectively.

In order to obtain the shear modulus Ggzy, the solid model
which consists of three conduits was built as shown in Fig.

6.8. The deformations due to the shearing force is shown in

Fig. 6.9,
6.4 Comparison with the experimental data

Since there is a possibility that the assumptions that
were employed for the calculation are not valid, for example
the fillers inserted between corners of conduits are assumed
to be fully packed, it is required to confirm the validity of
the calculation experimentally.

From this point of view the equivalent Young's modulus of
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DPC coil was computed and compared with the actually obtained
data in DPC experiments [1]1. The cross section of the conduits
of DPC-U1l, U2 coil is shown in Fig. 6.10.

The two dimensional axial symmetrical FEM model of DPC-U1,
U2 winding, which was made for 5 x 5 conductors, 1is shown in
Fig. 6.11. The major radius of the FEM model was set extremely
larger than the width of conduits so as to simulate the
straight coil as menﬁioned previously.

Since the stiffness of the fillers which were inserted
between the corners, is estimated to be in the range of 5-20
GPa, the analyses was performed changing the Young's modulus
of the filler as 5 GPa, 10 GPa and 20 GPa. In order to make
clear the effect of the filler, the case of the Young's modu-
lus equal to 0 Pa is also examined.

The transverse uniform pressure was loaded vertically and
the deformation was computed. The deformation of middle 3 x 3
conduits was used for obtaining equivalent Young's modulus EZ'
The deformation of conduits is shown in Fig. 6.12. This figure
clearly shows that the local deformations occurs in the periph-
eral conduits.

The results of the equivalent Young's modulus are summa-
rized in Table 6.2. The equivalent Young's modulus is in the
range from 12.4 GPa to 16.2 GPa for the case that Young's modu-
lus of the filler is in the region of 5 GPa to 20 GPa. However,
in the case that the fillers have no mechanical effects, i.e.
the Young's modulus of the filler is equal to 0 GPa, the equiva-
lent Young's modulus is down to 4.6 GPa.

Since the experimentally obtained value 1s about 30 GPa
and has a region 10 - 30 GPa, it can be said that the experi-
mental data of DPC-U1,2 Coils can be deduced considering the
mechanical effect of the filler.

Therefore, it can be concluded that the estimation method
of the equivalent Young's modulus is valid and applicable to the

design of the superconducting coils of ITER.
6.5. Summary
The equivalent stiffness of the coil windings which were
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used for the Japanese design of ITER was estimated using Finite
Element Method. The validity of the calculating procedure and
the results were checked by using the obtained data in the DPC
Ul, U2 experiments.

References
[1] H. Nakajima, K. Okuno, H. Tsujl et al., Mechanical character-

istie in the experiment of the Nb-Ti Demo Poloidal Coils
(DPC-U1,U2). MT-11 Conference, 1989 in Tsukuba.
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Table 6.1 Equivalent Young's moduli and shear moduli of the

Japanese designed conductors for ITER.

Young' s Modulus (GPa) Poisson’ s Ratio Shear Modulus (GPa)
Conductor Er E@ Ez vro vz V7R Gzr GRro GOz
TMC-FF 13 .105 ] 84 “0.19 0.21 0.17 —= - -—
PF—CS40 51 55 103 0.14 0.26 0.23 ——— - 4.0
cice .
EF-40 43 105 40 0.13 0.11 0.21 35 35 .1

Table 6.2 Dependehce of the Equivalent Young's modulus EZ on
the Young's Modulus of the filler.

Young' s Modulus Equivalent Young s Modulus
of Filler (GPa) Ez of the Winding (GPa)
Casel 0.0 4. 6
Case?2 5. 0 12, 4
Case3d 10. 0 14, 4
Cased 20.0 16. 2
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7. Summary

Based on the Japanese coil design, the mechanical behav-
iors of the ITER TF coils, CS coils, EF coils and their support
structures were analyzed by using FEM models of MSC/NASTRAN.
The maximum Tresca stresseés calculated for each coil and sup-
port structures were compared with the allowable limit of 800
MPa for static loading and 600 MPa for cyclic loading.

The major results obtained by a series of analysis and stress

evaluations are summarized as follows ;

(1) The mechanical behaviors of TF coil under normal loading
condition at EOB were analyzed by using idealized boundary
conditions of cyclic symmetry. The Tresca stresses of the
coil case were within the allowable limit of 600 MPa except
the most thin section at the inner leg. The maximum Tresca
stress of 655:MPa at this part should be reexamined by
detailed analysis to specify the mechanical safety margin

of TF coil.

(2) The mechanical behaviors of the TF coil system under 4
fault loading conditions were also calculated by FEM model.
The imbalance of the centering load and ocut-of-plane load,
caused by the "Short Circuit” and "Open Circuit”, has the
possibility to generate the high stress of more than 750
MPa in the coil case. Since the mechanical behaviors of
the coil system largely depend on the mechanical reliabili-
ty of the interfaces among coils, such as the wedging and
outer intercoil structure, more careful analysis and the
investigation should be required. Also the results must be
confirmed with the final power supply configuration since
the design of power supply and coil protection system may

prevent some of fault conditions.

(3) The structural grading for the CS coil is feasible to flat-
ten the stress distribution. In the ordinary part of the
winding, in which the conduits are piled up regularly in

the vertical direction, the maximum Tresca stress in the
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innermost conduit is 615 MPa. In the extraordinary part,
where the empty space is required to adjust the conductor
splice, the maximum stress reaches 650 MPa under the most
severe operation which consider the operational flexibili-
ty. The filler of stainless steel which is packed into the

empty space 1s required to reduce the stress level.

(4) The initial compression of 180 MN is required to prevent
the separation or interaction of CS coils. This initial
compression at room temperature cause the most severe
stress of 187 - 208 Mpa in the CS coil support structure.
Compared with the results on the CS coil support structure,
the maximum stress in the EF coil support structure is
rather low level, 120 MPa. The maximum tensile stress of
230 MPa estimated for the EF coil is also within the allow-

able level with much margin.

(5) The procedure to obtain the equivalent winging stiffness
employed for the FEM analysis was developed. The validity
of the calculating procedure and the results were confirmed

by the data obtained in the DPC-Ul, U2 experiments.
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innermost conduit is 615 MPa. In the extraordinary part,
where the empty space is required to adjust the conductor
splice, the maximum stress reaches 650 MPa under the most
severe operation which consider the operational flexibili-
ty. The filler of stainless steel which is packed into the

empty space 1s required to reduce the stress level.

(4) The initial compression of 180 MN is required to prevent
the separation or interaction of CS coils. This initial
compression at room temperature cause the most severe
stress of 197 - 208 Mpa in the CS coil support structure.
Compared with the results on the CS coil support structure,
the maximum stress in the EF coill support structure is
rather low level, 120 MPa. The maximum tensile stress of
230 MPa estimated for the EF coil is also within the allow-

able level with much margin.

(5) The procedure to obtain the equivalent winging stiffness
employed for the FEM analysis was developed. The validity
of the calculating procedure and the results were confirmed
by the data obtained in the DPC-Ul, U2 experiments.
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