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Optional designs of vacuum vessel (VV) support have been performed for the
International Thermonuclear Experimental Reactor (ITER) to reduce stresses and
buckling concern of the flexible plate structure in ITER-FDR.

One of the optional designs is hanging type VV support concept that consists of
top hanging supports at the top of VV and middle radial stoppers in the middle of
outboard VV. The hanging supports are located at the toroidal field (TF) coil inboard
top region (R~5400 mm) using the narrow window space surrounded by a poloidal field
coil (PF1) and TF coil. The radial stoppers are located inside TF coil cases in the TF coil
outboard middle region (R~9300 mm). The upper flange connection of the radial
stoppers should slide in vertical direction to eliminate thermal stress produced by
relative thermal displacement between VV wall and TF coil case. Both supports consist
of flexible plates and are mounted on 18 locations in toroidal direction. The radial and
toroidal reaction forces are shared with the hanging supports and the radial stoppers.
However, the vertical force is sustained by only the hanging supports.

The others are compressive type support concept that consists of nine VV supports
located in alternate divertor port regions in toroidal direction. Two designs have been
performed for the VV support concept. One is mounted on TF inter-coil structures (OIS)
and the other is on cryostat ring. The compressive support on TF coil OIS is dependent
on TF coil movement but that on cryostat ring is independent.

In the optional designs, the bending stress due to the relative thermal displacement
between TF coil and VV is classified to primary stress according to ASME Sec. III NF.
The stress due to TF coil displacement is also considered as primary stress. The stress
due to non-uniform temperature distribution of the flexible plate is classified to
secondary stress.

The preliminary structural assessments for the optional designs have been
performed for all load combinations to confirm the structural feasibility. Three optional
designs have enough structural integrity for all load combinations.

The restriction of the hanging type support is that there is no space for port in
upper region of VV and the upper shape of VV should be flattened and moved
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downward by 100 mm to attach the support flanges. The top Correction Coil (CC) radial
spans need to be modified from the side edge to the center of the TF coil case. For the
designs of the compressive type support, alternate divertor port should be eliminated in
toroidal direction.

Keywords : Fusion, ITER, Vacuum Vessel, Support Structure, Structural Assessment
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1. Introduction

In the DDD of the FDR for ITER design [1], the outboard mid-support concept
was adopted as the VV support system. The VV supports consist of the flexible plate
mounted between VV wall and TF coil case around the outboard mid plane. However,
the large compressive force is produced on the flexible plates during the operation
modes, mainly due to the VV and in-vessel dead weight of -100 MN, the downward
VDE III force of -72 MN and seismic load of -60 MN. In addition, the VV support has
to withstand the large VDE and seismic horizontal load component of 25 MN and 60
MN, respectively. Moreover, the support is loaded by radial bending moments produced
by relative thermal displacement between the VV and TF coil of about 50 mm (at
R=9300 mm). For these loads, there is some concern about structural integrity for the
produced stress and the buckling.

Two VYV support concepts have been studied as optional support structures to avoid
the structural concern of the support.

One is hanging type VV support concept that consists of top hanging supports at
the top of VV and middle radial stoppers at the middle of outboard VV. Both supports
are formed with flexible plates and are mounted on 18 locations in toroidal direction.

The other is a compressive type support concept that consists of nine VV supports
located in alternate divertor port region in toroidal direction. Two designs are
investigated for the compressive VV support concept. One is mounted on TF inter-coil
structures (OIS) and the other is on cryostat ring. The compressive support on TF coil
OIS is dependent on TF coil movement but that on cryostat ring is independent

The preliminary structural assessment of the optional VV support has been also
performed to confirm the feasibility.

2. Comparison of Structural Design Criteria for VV Support Design
2.1, Introduction

Several design criteria are considered to apply to the structural design for the
support structures in the fusion tokamak machine, such as ASME Sec. VIII-Div. 2,
ASME Sec. III-NB, -NC, -NF and RCC-MR, etc., while they have both reasonable and
unreasonable points for their structural assessments. For instance, the ASME Sec VIII-
Div.2 and ASME Sec. III-NC codes are selected for the structural design of vacuum
vessel (VV) and its support structure in ITER. The former is applied to the stress
assessment for the Cat. I and II loads (corresponding to normal operation and
anticipated upset condition, respectively), which is used for the structural component
design of the non-nuclear power plant. The latter is selected for the Cat. IIl and IV loads
(corresponding to unlikely upset condition and extremely unlikely event, respectively),
which is applied to the class 2 component design for the nuclear power plant. This is
one of solutions to establish the new design criteria for the VV and its support structural
design in the ITER, since the ASME Sec VIII-Div.2 code prescribes nothing on the
assessment for the Cat. IIT and IV loads.
The ASME Sec. III-NF Code reasonably covers the assessment on the static primary
stress components for all Category loads, but does not describe in detail on the
assessment for the secondary stress such as the thermal stress and cyclic stress (fatigue
assessment). In addition, there is no description on the pre-loading on the bolt
assessment in the code. As for the ASME Sec. III-NB Code, which is applied to the
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class 1 component design for the nuclear power plant, it covers all requirements for the
VV structural design assessments, while the application leads to the increase of its
fabrication cost. As mentioned above, there is no design code applied perfectly to the
design of the VV support.

Therefore, the differences among the design criteria in these codes are compared,
and the additional items are considered for the application to the design criteria for the
VYV support.

2.2. Differences among Codes

Differences on the design criteria among several design codes are summarized in
Table 2.2-1 for the flexible plates, and in Table 2.2-2 for connecting bolts. The design
criteria used in DDD of ITER FDR and alternative designs are also shown in the Tables.

(1) For Flexible Plates on VV Support

The ITER VV support design basically adopts the ASME Sec VIII-Div.2 as the
design criteria of Category I and II loads, and the ASME Sec. III-NC as those for
Category III and IV loads. However, ITER-SDC (Structural Design Criteria) prescribes
to select the ASME Sec. III-NF code as the design criteria for the VV support design.

The buckling load factors in the RCC-MR French code, safety margin to the
critical load, are used for the buckling assessment. Comparing with the criteria in the
ASME Sec. III-NF code, the current design criteria of the ITER VV support is found to
be more conservative for the VV support design. In addition, thermal expansion stress is
assessed to be the secondary stress category in the ITER VV support design, because it
is taken to be the secondary one in the ASME Sec VIII-Div.2. So, the flexible plates
design might be less conservative, because the flexible plates have a large compressive
stress to induce the buckling concern under the plastic bending stress region.

For the alternative design, the bending stress due to the relative thermal
displacement between TF coil and VV is classified to primary stress according to
ASME Sec. III NF. The stress due to TF coil displacement is also considered as primary
stress. The thermal stress due to non-uniform temperature distribution of the flexible
plate, which is not defined in ASME Sec III NF, is classified to secondary. The bucking
criteria are based on ASME Sec Il NH Appendix-T. Plastic buckling is not considered
because the plastic region of the flexible plate is limited.

(2) For Connecting Bolts on VV Support

' The structural design of the connecting bolts in the ITER VV support is performed
by keeping relatively high pre-loading stress on the bolt at the initial assembly. Namely,
the induced stress on the bolts at the external loads is kept to be less than the pre-
loading stress, so that the alternative stress range on the bolt at the operation is
estimated to be negligibly small, resulting that the fatigue assessment of the bolts is not
required. However, maximum stress on the bolts must be kept below the allowable
stress limits in accordance with Category loads in other design codes such as ASME, so
the bolt stress should be kept lower than that in the ITER design. From Table 2.2-2, the
allowable bolt stress limits in the ASME Sec. III-NF is found to be lowest among the
design codes, and it seems to be most conservative code for the connecting bolt design
among the several design codes mentioned above.
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(3) For Gravity Support Design

The toroidal field (TF) gravity support design, with the ﬂex1ble plates and
connecting bolts, is basically performed in the same manner as that for the VV support,
while the operating temperature is slightly different. The ASME Sec. III-NF code is
applied to the structural design assessment for the gravity support. The application of
the NF code includes the several issues, as previously described the NF code has no
description on the secondary stress and fatigue assessment in detail. The secondary
stress, of the thermal stress due to thermal gradient on the plates, is considered as the
primary stress in the gravity support, while the thermal expansion stress (Free End
Displacement Stress) is prescribed as the primary stress in the ASME Sec. III-NF code.
This consideration seems to be slightly conservative, though the thermal stress value
was considerably lower than the stress values due to other external loads. The fatigue
assessment was performed based on the ASME Sec. III-NB code because of no
description on the detailed fatigue assessment procedure in the NF code. The buckling
assessment was also conducted with the ASME Sec. III Appendix-T, for no detailed
description on NF code.

On the other hand, the connecting bolt stress on the gravity support was also
conservatively assessed by using the ASME Sec. III-NF code, so the safety margin of
the connecting bolt against the allowable limits is small but it is less than the limits.
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Table 2.2-1 Differences on Design Criteria among Desi

'n Codes for Flexible Plates

Stress Sec III-NB | Sec III-NC | Sec ITI-NF |Sec VIIIDiv.2| ITERVV Optional
Component Alternative | Support(DDD) | VV Support
Rules '
Sm Min.(2/3 Sy, 1/3 Su)
Pm 1.0 Sm 1.0 Sm 1.0 Sm 1.0 Sm 1.0 Sm 1.0 Sm
Qr 0.6x1.0Sm | 0.6x1.0Sm | 0.6x1.0Sm | 0.6x1.0Sm 0.6x1.0 Sm 0.6x1.0 Sm
Cat.1 Pm + Pb 1.5x1.0Sm | 1.5x1.0Sm | 1.5x1.0Sm | 1.5x1.0 Sm 1.5x1.0 Sm 1.5x1.0 Sm
Pm +Pb+Pe | 3.0x1.0Sm | 3.0x1.0Sm | 1.5x1.0 Sm | 3.0x1.0 Sm 3.0x1.0 Sm 1.5x1.0 Sm
Pm+Pb+Pe+Q | 3.0x1.0 Sm | 3.0x1.0 Sm - 3.0x1.0 Sm 3.0x1.0 Sm 3.0x1.0 Sm
Buckling, mk 3.0 3.0 20 3.0 2589 3.0
Pm 1.1 Sm 1.1 Sm 133 Sm 1.0 Sm 1.0 Sm 1.0 Sm
(041 0.6x1.1 Sm | 0.6x1.1 Sm | 0.6x1.33 Sm | 0.6x1.0 Sm 0.6x1.0 Sm 0.6x1.0 Sm
Cat. Pm + Pb 1.5x1.1 Sm | 1.5x1.1 Sm | 1.5x1.33 Sm | 1.5x1.0 Sm 1.5x1.0 Sm 1.5x1.0 Sm
II | Pm+Pb+Pe | 3.0x1.1Sm | 3.0x1.1Sm | 15x1.33Sm | 3.0x1.0Sm | 3.0x1.0Sm | 1.5x1.0 Sm
- Pm+Pb+Q | 3.0x1.1 Sm | 3.0x1.1 Sm - 3.0x1.0 Sm 3.0x1.0 Sm 3.0x1.0 Sm
9 Buckling, mk 3.0 3.0 2.0 3.0 207 3.0
a Pm 1.2 Sm 1.2 Sm 1.5 Sm 1.2 Sm 1.2 Sm
g Q 0.6x1.2 Sm | 0.6x1.2Sm | 0.6xL.5 Sm 0.6x1.2Sm | 0.6x1.2 Sm
Cat. Pm +Pb 1.5x1.2Sm | 1.5x1.2Sm | 1.5x1.5 Sm 1.5x1.2 Sm 1.5x1.2 Sm
I | Pm+ Pb+Pe - - ' 1.5x1.5 Sm - 1.5x1.2 Sm
Pm +Pb+Q - - - - -
Buckling, mk 25 2.5 2.0 132 2.5
Pm Max(1.5Sm, 2.0 Sm Max(1.5Sm, 2.0 Sm 2.0 Sm
1.2Sy), but 1.2Sy), but
Cat. <0.7Su <0.7Su
v Qr 0.42 Su 0.6x2.0 Sm 0.42 Su 0.6x2.0 Sm 0.6x2.0 Sm
Pm + Pb 1.5x(Max(1.5 | 1.5x2.0 Sm |1.5x(Max(1.5 1.5x2.0 Sm 1.5x2.0 Sm
Sm,1.28y), Sm,1.28y),
but <0.7Su) but <0.7Su)
Pm + Pb +Pe - - 1.5x(Max(1.5 - 1.5x2.0 Sm
Sm,1.2Sy),
but <0.7Su)
Pm+Pb+Q - - - - -
Buckling, mk 15 1.5 - - 1.5
Fatigue Based on S-N | Based on S-N No Based on S-N Not Not
Cyclic |Assessment Fatigue Curve, |Fatigue Curve, | Description in[Fatigue Curve, Assessed Assessed
Stress |Procedure and For and For Detail and For
Pm+Pb+Q+F | Pm+Pb+Q+F Pm+Pb+Q+F
(Cumulative | (Cumulative (Cumulative
Damage) Damage) Damage)
Note: 1) Pm : Primary Membrane Stress, Qv : Primary Shear Stress, Pb : Bending Stress, Pe ; Thermal

Expansion Stress (Free End Displacement Stress), Q : Secondary Stress and F : Peak Stress
(Expansion Stress of Pe is considered to be Secondary Stress in ASME Sec. III-NB, -NC, Sec
VIII and in ITER Design, but to be Primary one in ASME Sec. III-NF)
2) In ITER VV support design, load factors based on RCC-MR French Code, for Fast Breeder Reactor,
are applied as a buckling limit. Those in other codes are based on ASME Sec III NF Appendix-T.




JAERI-Tech 2002-053

Table 2.2-2 Differences on Design Criteria among Design Codes for Bolts

Shearing Stress due to External Load, and Pb : Bending Stress due to External Load

Stress Sec III-NB | Sec III-NC | Sec III-NF |SecVIIIDiv.2| ITERVYV | Optional
Component Alternative | Support |VV Support
Rules
Smb 1/3 Sy 1/3 Sy 1/3.33 Su 173 Sy - 1/3 Sy
PO (Pre-load | 2 Smb0 - Smb0 Smb0 0.8 Sy0 2 Smb0
Stress)
Pt 1.0 Smb 1.0 Smb 1.0 Smb 1.0 Smb 0.8 Sy 1.0 Smb
1041 - - 0.62xSu/5 - - -
Cat. 1 PO+Pt |20x1.0Sm | 1.0Smb - 2.0x1.0 Sm 0.8 Sy 2.0x1.0 Sm
PO+Pt+Pb | 3.0x1.0 Sm 1.0 Smb - 3.0x1.0 Sm 0.8 Sy 3.0x1.0 Sm
Pt 1.0 Smb - 1.15 Smb 1.0 Sm 0.8 Sy 1.0 Smb
Qc - - 1.15x0.62 - - -
Cat. II xSu/3
PO + Pt 2.0x1.0 Sm - - 2.0x1.0 Sm 0.8 Sy 2.0x1.0 Sm
PO+Pt+Pb | 3.0x1.0 Sm - - 3.0x1.0 Sm 0.8 Sy 3.0x1.0 Sm
Pt 1.0 Smb - 1.25 Smb - 0.8 Sy 1.0 Smb
Static Q‘II - - 1.25x0.62 - - -
Stress  |Cat. III xSu/5
PO + Pt 2.0x1.0 Sm - - - 0.8 Sy 2.0x1.0 Sm
PO+ Pt+ Pb | 3.0x1.0 Sm - - - 0.8 Sy 3.0x1.0 Sm
Pt Min.(0.7Su, - Min.(0.7Su, - 0.8 Sy Min.(0.7Su,
Sy) Sy) Sy)
Cat. IV Qr Min(0.42 Su, - Min(0.42 Su, - - Min(0.42 Su,
0.6Sy) 0.6Sy) 0.6Sy)
PO + Pt Su, but Su > - Su, but Su > - 0.8 Sy Su, but Su >
700 MPa 700 MPa 700 MPa
PO+ Pt + Pb | Su, but Su > - Su, but Su > - 0.8 Sy Su, but Su >
700 MPa 700 MPa 700 MPa
Based on S- No No Based on S- No No
N Fatigue | Description | Description | N Fatigue | Description | Description
Cyclic Fatigue Curve, in Detail in Detail Curve, in Detail in Detail
Stress Assessment and For and For
Procedure  |Pm+Pb+Q+F Pm+Pb+Q+F
Fatigue Fatigue
Strength Strength
Reduction Reduction
Factor of 4, Factor of 4,
(Cumulative (Cumulative
Damage) Damage)
Notes : 1) PO ; Pre-loading Stress at Assembly, Pt : Tensile Stress due to External Load, Qt :

2) Bolt is designed by formula in ASME Sec. III-NC Code, in which bolt stress is not
classified in accordance with load category.
3) Sy : Yield Strength at Service Temperature, Sy0 : Yield Strength at Room Temperature,
Su : Ultimate Strength at Service Temperature
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3. Investigation of Hanging Type Support System
3.1 Configuration of Support System
3.1.1 Configuration

The hanging support system of the vacuum vessel from the top of the TF coil case
is shown in Figs. 3.1-1 to 3.1-3. The vertical window space dimensions to see the VV
main body from the top of the TF coils are the inboard toroidal length of 600mm,
outboard toroidal one of 1000mm and both radial lengths of 1100mm with the
trapezoidal shape, which is surrounded with the adjacent TF coil cases. The top VV
support consists of 18-30 mm thick flexible plates with the vertical length of about 2.1m
and average toroidal width of 500mm, and top and bottom trapezoidal flanges with 100
and 150mm thickness, respectively. The top flange mounted 80 K cooling paths as the
thermal anchor is bridged on the top edges of both side support posts. The bottom flange
is connected with the top of the VV main body through 12-M72 connecting bolts, made
of Inconel-718, at 18 locations between the adjacent TF coils. The Inconel-718 washer
plate with hexagonal bolt holes to fix bolt head is installed on the back side of the VV
outer wall, because high strength stopper, with strengthened material equivalent to the
bolt heads, is necessary to fasten the bolts at the initial assembly. At both toroidal edges
of the top TF coil cases, the support posts are mounted and fixed by the 6-M60 bolts.
The VV support of the flexible plates is hung from the top of the support posts through
the flange connection. The connection of the VV support top flange and support posts is
conducted through the 20 mm thick electrical insulation made of glass epoxy laminate
and 12-M?72 dielectric bolts, to electrically insulate between the VV and TF coil case.

Four thermal shield panels mounted 80 K cooling paths are also hung from the
support post top flange, so as to surround all the flexible plates. Each panel consists of
lower and upper ones with a vertical length of ~1 m, and they are connected with the
hinge joints and flexible cooling tubes for easy insertion from the narrow side spaces
between the hanging VV support and TF coil case at the assembly. Four shield panels
are jointed each other on the side edges with the screws and formed to be a box type
panel. The schematic drawing of the thermal shield panel is shown in Fig.3.1-4.

In current design, there is a vertical gap of 200 mm between the VV outer wall and
TF case inside surface in the top region at the initial assembly, however the vertical gap
needs to be increased by an additional 100 mm for the bolt fastening and thermal shield
installation spaces. The top VV location, therefore, should be moved downward by 100
mm and top VV outer wall configuration might be flattened for the easy assembly.

The hanging type VV support system may give a concem of the horizontal
swaying with large deformation of the VV lower region at the large seismic loads. Then,
the installation of the radial stopper with the 5-25 mm thick flexible plates, on which the
80 K cooling paths are mounted at the middle portion, is also proposed as the centering
support mechanism at the lower portion on the TF coil case inside surface, as shown in
Fig. 3.1-3. The radial stopper slides on the VV main body in the vertical direction at the
joint portion, where the joint of both components is conducted by 4-M72 bolts through
the clearance bolt holes. The sliding surfaces on the joint may need to have the sliding
materials such as Teflon and/or Fiberslip.

Then, the radial and toroidal reaction forces are shared with the hanging support at
the top and radial stopper at the middle. However, the vertical force is sustained by only
the hanging support at the top.
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3.1.2 Interference with Top Correction Coil

There is a design concern on the interference between the top hanging support and
top correction coil (CC), consisting of 6 multi-turn coils arranged toroidally around
outside of the TF coils but inside the PF1 coil. Each top CC covers a 60 degree sector
and spans three TF coils in the toroidal direction. Because of this, each top CC is forms
a electrical circuit with a inboard toroidal span at the PF1 coil, a outboard toroidal span
around the PF2 coil, 2 radial spans located on the side edge of the TF coil case at 6
locations in the torus. In the current design, these radial spans are arranged just on the
vertical opening window between the adjacent TF coil cases, and therefore have the
interference with the top hanging support configuration. Figures 3.1-5(a) and (b) show
the modifications of the top CC winding configuration and CC radial spans arrangement
for the application of the hanging support structure to the VV support. If the location of
the CC radial spans is modified from the side edge to the center of the TF coil case to
avoid the interference with the hanging support, there is no interference between CC
and the top hanging supports, as shown in Fig.3.1-5(b).

3.2 Initial Assembly Procedures in the Site
A sub-assembly unit of two VV sectors integrated with two TF coils is carried into
the assembly site, as an assembly set of the tokamak. The 2 VV sectors in the sub-
assembly unit have been already connected by the poloidal welding in the factory. At
that time, the hanging support and radial stopper are also mounted and jointed between
the VV sectors and TF coils in the factory. In addition, the setting of the bolts and bolt
washer plates for the 9 remaining joints has to be also performed in the factory before
the in-situ assembly, as follows.
1) Set the connecting bolts on the VV outer wall from the inside access
2) Fix the bolt heads with the washer plates, and weld the edge periphery of
washer plates to VV outer wall
3) Seal-weld the cover plate on the bolt head holes
The 9 remaining joints and assemblies of the hanging supports and radial stoppers
are conducted in the site after the in-situ VV sector welding assembly. The in-situ
assembly procedures on the VV support are followings.
1) Fix the adjacent sub-assembly units consisting of 2 TF coils and 2 VV
sectors
2) Poloidal welding assembly of VV outer wall using the splice plates
3) Insert and fix SS304 shield blocks into the space between VV outer and
inner walls for the in-situ VV welding region
4) Poloidal welding assembly of VV inner wall using the splice plates
5) Carry down the hanging support to VV top joint portion from the window
between TF coil cases, and connect VV outer wall and lower flange of
hanging support with the bolts and nuts
At that time, the shimming may need to be done between the VV top flange
and hanging flange for fitting the flange surfaces
6) Insert 80K thermal shield panels between TF coil case and the hanging
support. Mount the support posts on the both toroidal edges of the TF coil
cases with the bolts and fix the box type 80 K thermal shield panel on the
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support post top flange
7) Connect the upper flange and support posts with the di-electric connecting
bolts through G-10 insulation sheet and adjustable shims
8) At same time, connect also the lower flange of radial stopper to attachment
on the TF coil case with the connecting bolts through G-10 insulation
sheet and adjustable shims
9) Mount and fix the 80 K thermal shield panels around the radial stopper

3.3. Structural Assessments of Support System

The structural assessment of the VV support have been performed assuming that
the VV itself is rigid body and top base flange of the hanging support and the bottom
base flange of the radial stopper on the TF coil case are completely fixed.

3.3.1 Spring Constants of VV Support

The radial stiffness of the VV top hanging support is given by the followings,
taking into account the support installation.

Consider the force balance in the radial direction, when the radial force of Pr
works on the bottom edge of the support. The radial displacement of dr is expressed by
the followings under the condition with the rotation fixture on both edges, ‘Build-in
mode’ [2].

6Bl BL_ L) L
" 12EI, AG " NEwt’ NGwy
the spring constant of the top hanging support, k, can be obtained as follows.
1
L' ., L
N.Ewt®  N,Gwy,

)P, (3.3-1)

k= (3.3-2)

Similarly, the spring constant of the radial stopper, k., can be calculated as follows.

1
3
( L L )-cosch+——L2——-sin2¢

N,Ew,t,>  N,Gw,t, N,Ewy,

k, = (3.3-3)

The radial spring constant of the hanging support, k; is given by the following.
k, =k, +k, (3.3-4)

Next, consider the force balance in the vertical direction, when the vertical force of
Pz works on the bottom edge of the top hanging support.

5 - N_,éJwT P (3.3-5)
1

From the equation (3.3-5), the spring constant of the support in the vertical direction is
calculated as follows, because the radial stopper has no contribution to the vertical
stiffness of the hanging support system.
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k, =——11 (3.3-6)

The spring constant of the top hanging support in the toroidal direction is given by
the following.

- 3.3-7
o= 1, (33-7)

NEtyw  NGtw,

Similarly, the spring constant of the radial stopper, k,, can be calculated as follows.

1
L ,_L
N,Etw,” N,Gtw,

k,, = (3.3-8)

The toroidal spring constant of the hanging support, k, is given by the following.
ky=kg +kg, (3.3-9)
where, E :Young’s Modulus of Support Material (SS304, =200 Gpa)

G : Shear Modulus of Support Material (SS304, =78 Gpa)

N1 : Number of Plates on Top Hanging Support / sector (=18)

w1 : Width of Top Flexible Plate (=0.5 m in Average)

t 1: Thickness of Top Flexible -Plate (= 0.030 m)

L1 : Length of Flexible -Plate (=2.1 m)

N2 : Number of Plates on Radial Stopper / sector (=5) -

w2 : Width of Lower Flexible Plate (=0.6 m in Average)

t 2: Thickness of Lower Flexible -Plate (= 0.025 m)

L2 : Length of Lower Flexible -Plate (=2.0 m)
@ : Inclined Angle of Lower Radial Stopper to Gravity Line (=15 deg.)
kr1 : Spring Constant of Top Flexible -Plates in Radial Direction(N/m)
k01 : Spring Constant of Top Flexible -Plates in Toroidal Direction(n/m)
kr2 : Spring Constant of Lower Flexible -Plates in Radial Direction(N/m)
k@2 : Spring Constant of Lower Flexible -Plates in Toroidal Direction(n/m)
kr : Spring Constant of Hanging Support in Radial Direction(N/m)
k@ : Spring Constant of Hanging Support in Toroidal Direction(n/m)
kz : Spring Constant of Hanging Support in Vertical Direction(N/m)

3.3.2 Reaction Forces on the Support
(1) Initial Assembly

The relative displacement of 8, (assumed to be 5 mm) between the base pads of
both the VV and TF coil is considered as the mismatch displacement in the radial
direction at the initial assembly. The reaction force on the VV support at that time is
estimated as follows.

fo=k, 8, (33-10)

k k
fao =20, p =T—2—"6 (3.3-11)
1 krl + kr2 " 2 krl + kr2 0
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W
=k 0, =— 3.3-12
sz z 20 NC ( )
where, W is the total weight of VV and in-vessel components of 100 MN, and Nc is

number of the VV support locations of 18.

(2) Normal Operation
(a) Relative Displacement between VV and TF Coil
At the normal operation, the relative displacement between the base pads of both
the VV and TF coil increases because of the cool down of the TF coil and baking of the
VYV, in addition to that at the initial assembly. For the middle radial stopper support, the
effect of the axis inclination to the gravity line has to be considered on the radial

displacement component due to the relative vertical displacement between the VV and
TF coil.

Friamy = "y + O ar,) (3.3-13)
k.

Foon = k. +k *(Opmvr + Oz 771) (3.3-14)

rl re

k — -
f’Z(DP) = k. +k .[(6bk~W,2 + 6&-TF,2)COS¢+ (6[*.;/;/’2(2) + 6@.”"2(2))5111 ¢] (33-15)
rl r2

fzop -kz .610 (33-15)

where, 8, Radial Thermal expansion of VV at Top Hanging Support (=0.0073m)
O Radial Thermal shrinkage of TF coil at Top Hanging Support (=0.017m)
Suivv 2- Radial Thermal expansion of VV at Mid Stopper Support (=0.012m)
dc1r: Radial Thermal shrinkage of TF coil at Mid Stopper Support (=0.027m)
duivv 2z): Vertical Thermal expansion of VV at Mid Stopper Support (=0.0092m)
dcLtryz: Vertical Thermal shrinkage of TF coil at Mid Stopper Support
(=0.0121m)

(b) In-Plane Thermal Stress on Plate due to Longitudinal Temperature Gradient

Here, the plate stress at the normal operation has to include the thermal stress due
to the vertical temperature gradient of 80 K to 373 K on the upper hanging plates and
that of 4 K to 373 K on the middle radial stopper, on which the temperature profile was
calculated in detail by the FEM thermal analysis. Figure 3.3-1 shows the boundary
conditions for the FEM thermal stress analysis. Figure 3.3-2 shows the stress profiles on
the plate due to the vertical thermal gradient for the upper hanging support plate and
middle radial stopper one.

As the results, maximum thermal stress on the plate due to the vertical temperature
gradient is estimated to be 18 to 25 MPa according to the plate width for the top
hanging support plate, and to be 64 MPa for the middle radial stopper plate.

(c) Support Stress due to TF Coil case Overturning Deformations

The TF coil case has the relatively significant deformation due to the overturning
moment acting on the TF coil at the normal operation. The VV support, both top
hanging support plates and middle radial stopper, is deformed from the TF coil case
deformation, and may receive the large reaction forces. Then, the stress on the hanging
supports due to the TF coil case deformations has been estimated based on the simple
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calculation. The deformations on the both toroidal edges of the TF coil case for the VV
support locations at the plasma operation (End of Burn mode: EOB1) are as follows [3].

Support Location R-direction @-direction Z-direction
Top (Left Side Edge) 1.37 mm 8.45 mm 7.65 mm
Top (Right Side Edge) -1.74 mm 8.383 mm 7.61 mm
Mid (Left Side Edge) 4.11 mm -2.64 mm -1.95 mm
Mid (Right Side Edge)  2.54 mm -2.80 mm -4.17 mm

The difference between the displacements on the TF coil case left side edge and right
side one causes the torsion moment, Tzi on the VV support plates around Z-axis by R-
and O-displacements, and toroidal bending moments, M@i around R-axis by Z-
displacement. Then, R-axis and Z-axis torsional and bending moments on the VV
support locations are obtained by the following equation

GJ. .
bz g -N,-w,t,.’{g-o 21 - —L—)] (3.3-16)

I;,i = L.

El,p,. ENgtw, tP, ;
) A 24L,

where, the suffix, i=1 corresponds to upper hanging support and i=2 to middle radial
stopper. The stresses on the hanging supports due to the TF coil case deformations are
expressed by following equations using the bendmg moments obtained.

(3.3-17)

T

7, mhbi - (33-18
2,i 2‘Iz’i ( )
o, = Mo M _ My (3.3-19)

%7 oL, Niw!

Il e §

The Z- and R-rotations are estimated as follows from the TF coil case displacements
mentioned above.

Support Location Z-Rotation, pzi (Rad.)  R-Rotation, ri (Rad.)
Z-Torsion, Tzi (MN m) 6-Moment, M6i1 (MN m)
Top Support gzl =3.005 x10° grl =3.865x 10”
Tzl =8.695 x 10° Me1 =1.036x 10*
Mid Support @z2 =1.517 x10° @r2=2.145x 10
Tz2 = 9.290 x10? M@2 =2.414x 10°

The loads mentioned above are toroidally symmetrical. Next, consider asymmetric
forces in toroidal direction such as VDE and seismic loads, as below.

(3) VDE Loads

The VDE loads include the vertical load of V. p; and horizontal load of Hyp,
which act on the overall VV in the torus. Here, the Vyp; is assumed to act on the VV
uniformly in the torus, and Hyyp; to act on the overall VV in the torus.

k -8, = CHE (3.3-20)

szDE NC
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As for the Hyp, the reaction force on the support can be obtained in same way as the
seismic event. As shown in Fig. 3.3-3, the reaction force on each support due to the
horizontal seismic load of H,p; depends on its support location and stiffness in the load
direction (X).

Nej2 Ne j2 Nc
Hypp =K, 8, = 2(k > cos6, +k, Ssinz 6) 8ums = (k, +kp)0ps  (33-21)

O,v05 = e (3.3-22)

Nc(k, + k)
8, voey = Ouppi 08 6, , Syamey = O, " SN, (33-23)
e =k, cos® 6, +k,sin® 6)6,,,. (3.3-24)

The normal reaction force to the longitudinal direction on the middle radial stopper is
expressed as follows. Here, the normal force to the longitudinal direction for the middle
radial stopper is obtained with considering the inclination of ‘cos(p)’.
fr(VDE)i =k, '(6r(mz)i + 6r(0p) +d,)
k
me— . )
f;‘l(VDE)l krl"' k,z f;’(VDE)l
f - __icL
rHPE) krl +k,

fa(VDE)i =ky- 50(VDE)|' (3.3-25)
k

Foamey = —2—"Fyvom:
ODE ) 6(VDE)
ky +k,, '

'fr(mg).- ‘Cos@

faz(vms)i -k +k,, 'fe(vms)i

a

faomeyi = Fame * fao

where, V,; : Vertical Component of VDE Load (= 43, 54, 72 MN)
Hyp : Horizontal Component of VDE Load (= 15, 19, 25 MN)

(4) SL1 and SL2 Seismic Events with ground accelerations of 0.05 G and 0.2 G
When the overall VV support in the torus receives the horizontal seismic load of
Hggis (=0.15G and 0.6G, with amplification factor of 3) in X-direction and vertical load
of Vg (=0.15G and 0.6G, with amplification factor of 3), the reaction force on the
support can be obtained as follows, in the same way as the horizontal VDE load.
Nej2

Nc /2
Hgyo =K, "6 g = Ak ) cos’6, +k, Xsin2 6,)* 6 qurs -yzf(k, +k)0. s (3.3-26)

2H

Ouspry = o — 3.3-27
55 = Ne(k, +ky) (3.3-27)
0, sers)i = Ousmrs 08 6 , Op(sarsy = Ousers * SING; (3.3-28)



JAERI-Tech 2002-053

fusms =(k,cos® 6, +k,sin” )8 oo (3.3-29)
V.

=k ) an LS 3.3-30

fz(SEB)l z  2(SEIS) NC ( )

Moreover, the reaction force in each direction is expressed as follows.
Fsasyi =k, '(‘Sr(smy + 6r(op) +3,)
Foasersyi = kg
r1(SEIS)i krl + krz H(SEIS)i

k
frZ(SEB‘)i - '];r'l"f'k’—z : fr(SEB)i ‘cos@

foasy =Ko * Oasers); (3.3-31)

k
- . _
fm(ssm kp +ho fa(ssls);

k
foz(smy ‘m'quw)i

fz(SElS)i =fot -f;(SEIS)

(5) Seismic Event + VDE Loads

The reaction forces on the VV support at the seismic event and VDE loads can be
obtained by linearly adding the reaction forces at both events, with expressions as
follows. '

f r(SEIS)i k, '(6r(susy + 6r(PDE)i +6r(0p) +6r0)

frl(smy k,+k, fr(SEB)i

I

ASERY krl +kr2

Focsasy =Ko (69(5155):' + 60(VDE);‘) (3.3-32)

fm(szzs; "_kﬁ'L_ ’ fe(sm)i
kg +kg,

fez(sm)i - u 'fs(smy
kg +kg,

'fr(sus).' “cos@

feszsy = Fusesy + Foomeyi + Fa

Based on the reaction forces obtained by using the equations mentioned above, the
bending moments, shearing forces and tensile/compressive forces, acting on the flexible
plates of the top hanging support and middle radial stopper, are calculated and then the
stress induced on the plates assessed as follows.
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Here, i=land i=2 correspond to top hanging support plates and lower radial
stopper, respectively. The equivalent stress on the plate, oeq is assessed as follow.

2 .
aaqi - Jz 0i:j + 2411'»1'2’] -r,B,z (33-34)
J J

(6) Vertical Force due to VV Rocking Movement

The rocking movement of the global VV main body should be also considered on
the stress assessments of the VV support structures, which is caused by the horizontal
load component of the VDE and seismic loads. Here, the global rocking moment is
supported by the vertical tension and compression force on the supports, with the
maximum force on 6=0, 180deg. support locations. Therefore, the global rocking

moment is supported by only the top hanging supports because the middle radial stopper
supports do not have the vertical stiffness.

Ne
Mppcting = F, "LH; = f o0y Ry ZCOSZQ

' (3.3-35)
2'F 'LH,

fron = Nc R,

where, LHI : Vertical Length from VV Center to Top Edge of Hanging
Support (=7.762 m)
R1 : Center Radius of Top Hanging Support (=5.405 m)
f o0 : Vertical Tensile/Compressive Force on 8=0deg. Sector of Top
Hanging Support
Fx : Total Horizontal Load in X-direction acting on Global VV body

Then, the stresses on the supports due to the VV rocking movement are obtained
from the equations (3.3-35), as follows.
froclc,l,i(Z) - frock,l.O(Z) -cos 6,
Ob, Rock 1,i2) ™ botaun | ECLH, cos?, 0339
S 4 Nc R -Nwit
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3.3.3 Bolt Stress Assessments

Figure 3.3-4 shows a schematic drawing of the flange/bolts mechanical behavior at
the loads of the bending moment and tensile force. White background area and oblique-
lined one mean the uncontact surface (opening) region on the flange and contact surface
region due to the loads mentioned above, which are corresponding to the regions
inducing tensile force and compressive force, respectively. The loading moment, in
other words, is shared by the tensile forces induced on the bolts in the former region,
and by the compressive forces induced between the flange surfaces in latter one.
Assuming the flange to be rigid body, there is nothing of the contact surface and the
neutral axis is located on the right edge of the flange with Lc=0 shown in Fig. 3.3-4.
The flange is conservatively considered to be rigid body for the bolt stress assessment.

When the forces of fr, f8 and fz work on the hanging support in radial, toroidal and
vertical directions, following stresses are induced on the connecting bolts from the
moment and force balances.

M, 'di,B(n_;)_ - fi, L "4 p 1o
Ny N
2 2
Ay 2 di,B(rj) Ay, 2 di.B(rj)
i 7
fi,o ‘L 'di,ngw)
Na ’
2
Ay, 2 di,B(Bj)
J

O o) ™

O s ™

r =L | (3.3-37)
' Ny Ay,

S 72
i,BO N, ‘A ’
Bi Bi
where, Nj; : Number of Bolts ( =12 for Top Bolts, =14 for Mid Bolts)
dBrj : Radial Distance from neutral axis to each bolt center( m)
dB6j : Toroidal Distance from neutral axis to each bolt center( m)
Ay, : Section Area of Bolt (=0.25ndy” )
dy, : Effective Bolt Diameter(=For example, 0.056 m for M60 bolt,
0.068 m for M72 one and 0.076 m for M80 one)
Here, i=1 and i=2 correspond to the bolts of the top hanging support and ones of the

lower radial stopper, respectively. The equivalent bolt stress is expressed by the
following.

2 .
UBMIJ = JZ OB.i,j +2_41"'B,i,j2’.] -r90’z (33'38)
J J

For the top hanging support bolts, the tensile and compression stress should be also
assessed due to the rocking movement of the global VV body, as follows.
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(o4 - frock,!llgz) - F;'LHI'COSB‘:
rock,k, B(z) NBI .AB1 Nc- Rl 'Nﬂl 'ABI

k=1,18 location (3.3-39)

Moreover, the joint bolts are fastened with an appropriate pre-loading stress through
the flanges at the initial assembly, so that the shearing force applied to the flanges in the
horizontal direction is generally supported by the friction force induced on the flange
interface. Therefore, the shearing stress does not occur on the bolt as long as the enough
friction force can be expected between the flanges. However, the shearing stress on the
bolts is conservatively assessed. The total friction force in the torus is estimated
considering the bolt pre-loading stress to be 500 MPa, as follows.

T
Qpiction = Hs “NCN, 'zdbkz'sbb.pn-loadiag (3.3-40)

where, ps : Friction Coefficient between SS316 Flanges (=0.20-0.40)
Dy, : Effective Bolt Diameter (=0.068 m for M72 Bolt)
Sbitpre-loading - Pre-loading Stress on Bolts at Initial Assembly (=500 MPa)

The total friction force in the torus is estimated to be 78-157 MN, which is enough
beyond the horizontal force component of the applied forces at the operations. Then, the
shearing stress does not occur on the bolt. Tables 3.3-5 (b) and (c) show the maximum
bolt stresses for all load combinations with and without the friction forces between the
joint flanges.

3.3.4 Numerical Calculations

(1) Load Combinations used in Structural Assessments

The following load combinations are taken in the structural assessments of the VV
support as shown in Table 3.3-1, according to the VV support design described in the
DDD of the FDR for ITER [4].

(2) Numerical Calculations

Using the equations (3.3-1) to (3.3-40), the reaction force on the each VV support
has been calculated for several load combinations, and next stresses on the support also
estimated.
At first, substituting the values into the equations (3.3-1) to (3.3-9), the spring constants
of the top and bottom supports are given as follows.

krl =5.244 x 10° N/m
k01=1273x 10° N/m
kr2=1.255x 10° N/m
k@2=5.484 x 10 N/m
The spring constants of the hanging support are given as followings.

kr=6.499 x 10° N/m

kz =2.571x 10" N/m (= kz1)
k6=1821x10° N/m

Next, the tensile/compressive, bending and shearing stresses on the support can be
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calculated using the equations (3.3-33) to (3.3-39).

Tables 3.3-3(a) to3.3-3(g) indicate the stress calculation results of the flexible plate on
the upper hanging support and middle radial stopper for several load combinations. In
addition, the stress calculation results of the joint bolts on the VV-side flange are also
shown in Table 3.3-4 (a) to 3.3-4(f).

3.3.5 Stress Assessment of VV Support
(1) Structural Materials for VV Support

In general, austenitic stainless steels of SS316LN(IG) and SS304 are considered as
the material candidates of the flexible plates for the case with relatively low stress
values induced on the plates, however high Ni alloy of Inconel-625 should be also
considered. From the stress assessment results shown in Table 3.3-3(a) to 3.3-3(g),
Inconel-625 seems to be better for the flexible plate material. The material
characteristics of the austenitic stainless steels are shown in Table 3.3-2(a), and those of
Inconel-625 in Table 3.3-2(b), respectively. For the joint bolt materials, the austenitic
stainless steels and Inconel-718 are considered. Table 3.3-2(c) shows the mechanical
properties of Inconel-718. The limiting stress intensity values, Sm of these materials are
shown in the Tables as a function of service temperatures from 4K to 573K, which are
determined according to the design code of ASME Sec. VIII-Div. 2 [4], as follows.

Sm = Min. (2/3Sy, 1/3 Su), at Service Temperature

(2) Allowable Stress Limits

The limiting stress intensity value of Sm can be applied to the shell components at
the normal operation, but not to the joint bolts. The stress limits for the components
except the bolts are as follows [4]:

Membrane Stress <1.0KXSm (3.3-41)
Membrane + Bending Stress <1.5KXSm
Pure Shearing Stress <0.6KXSm

where, the limit factor of K is set to be 1.0 for the Normal conditions (Load Category-I),
1.0 for the Anticipated Upset conditions (Load Category-II),1.2 for the Unlikely Upset
conditions (Load Category-III) and 2.0 for the Extremely Unlikely Event (Load
Category-IV) [5]. For the secondary stress such as thermal stress due to thermal gradient
on the plate, the following design criteria are taken in ASME Sec. VIII-Div.2 Code.
Primary + Secondary Stress < 3.0XSm (=2Sy), for Cat. I & II Loads

For the bolt materials, the limiting stress intensity of Smb and allowable stress
limits for the loading of category I, are prescribed as the followings in the ASME Code,
Sec. III-NB-3230 [6].

Limiting Stress Intensity Smb=Sy/3 (3.3-42)
Average Tensile Stress <2.0XSmb (=2/3 Sy)

(Including pre-loading)

Tensile + Bending Stress <3.0XSmb (=1.0 Sy)

where, Sy means the yield strength of bolt material at service temperature.
Accordingly, maximum pre-load stress is limited to 0.67 times Sy at room temperature
during the initial assembly, if additional external load on the bolt is negligibly small.
In addition, the same allowable limit is also used for the loads of categories II and
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III. However, the allowable stress limits for the load of category-IV are determined as
follows from the ASME Code, Sec. III-NB, APPENDIX-F [7].

Average Tensile Stress < Min. (Sy, 0.7 X Su) (3.3-43)
(Including pre-loading)
Tensile + Bending Stress <Su, 1f Su> 700 MPa

where, Su means the ultimate strength of bolt material at service temperature.

As the results, the VV support structure has an enough structural integrity for the
most of the load combinations within the allowable stress limit of the material, except
the primary stress on the middle radial stopper flexible plates with the maximum stress
of 361 MPa for the load combination of DW + THL11 +VDE-I + SL-1. The maximum
primary stresses on the flexible plates for the top hanging support and middle radial
stopper are estimated as shown in Table 3.3-5 (a). The maximum stress in all cases
appears on the VV support located at 45 deg. for the connecting bolts or 90 deg. for the
flexible plates in the torus. Tables 3.3-5 (b) and (c) show maximum stresses of the
connecting bolts on upper hanging support and middle radial stopper for all load
combinations with and without the friction forces between the joint flanges, which are
enough within the allowable stress limits.

(3) Sensitivity of Mechanical Stiffness Combination on Support Stress

The radial and toroidal reaction forces on each support of the upper hanging
support and middle radial stopper are determined in the mechanical stiffness
combination of the upper and middle supports as understood from the equations (3.3-
13) to (3.3-15). The stress induced on each support also depends on the mechanical
stiffness combination of the upper and middle supports. The proposed design of the
hanging support has the mechanical stiffness ratios of 0.24 on kr2/krl and of 0.46 on
ko2/kol.

Then, the stresses on the each support has been investigated varying the
mechanical stiffness ratios of kr2/krl and k82/k@1. The calculated results are shown in
Table 3.3-5(a) for the plate stress and in Table 3.3-5(b) for the bolt stress. For the design
of mechanical stiffness ratios of 0.10 on kr2/krl and of 0.20 on k62/k@1, the stress on
flexible plates and bolts are within the allowable values for all of the load combinations.

3.3.6 Buckling Strength of VV Support for Vertical loads

In the hanging type VV support system, the flexible plate on the top hanging
support essentially does not have the compressive loads, however the VV can have
vertically upward loads at the upward VDE and seismic load. Then, the buckling
strength of the flexible plates on the VV support has been assessed for the upward
forces mentioned above. In addition, the radial stopper does not also have the
compressive force because of its sliding mechanism in the vertical direction.

The calculation is based on the following Euler’s equation [2]:

2
JATEL (3.3-44)

R L2

where, P : Critical Buckling Load (N)
E :Young’s Modulus of Stacked Plates (=200 GPa)
Ir : Radial Inertia Moment of Stacked Plates (=9.375x10° m?)
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L :Length of Stacked Plates (=2.10 m)

From the results shown in above Table 3.3-6, the VV support has the enough safety
margin on the buckling strength for the VDE and seismic events.

3.3.7 Natural Frequency of VV Support System

The knowledge of the natural frequency of the global VV support system is
basically important for the structural assessment against the horizontal seismic load,
which can be calculated by the following equation.

fk=i !K'G_iJNc(k +k,)G (3.3-45)
22Y W 2x 2W

where, K : Spring Constant of Global VV Support System
G : Gravity Acceleration (=9.8 m/s® )
W : Total Weight of Vessel and In-vessel Components (=100 MN)
Nc : Number of VV Support Locations (=18)
kr, k0 : Radial and Toroidal Spring Constants of each VV support
(=6.499 x10° 1.821 x10° N/m, respectively)

Substituting the valuables into the equation (3.3-45), the natural frequency of the
global VV support system is estimated to be 6.39 Hz. This value is slightly larger than
that of the global TF magnet support system of about 4 Hz.

3.4. Heat Load Assessment of Support System
3.4.1 Conduction Heat Load

It is important to estimate the conduction heat loads from the support structures
thermal anchors on the VV supports to the magnets for the design of the cooling system
of the magnet system, in addition to the heat load from the gravity support thermal
anchor. Then, the conduction heat loads from the thermal anchors on the hanging type
of VV supports have been estimated based on the simple calculation.
(1) Top Hanging Support

The thermal anchor is mounted on the upper flange of each flexible plate of the VV
support, which is connected with the adjacent TF cases through the support posts with
thickness of 100 mm, width of 1120 mm and height of about 1000 mm.

Then, the heat load to the TF coils is represented as follows.

W-t, B0
L = Ne- Nf -——= [ A(T)dT 3.4-1
g, = Ne:Nf =2 [T (3.4-1)

where, Nc : Number of VV Supports in the torus (= 18)
Nf : Number of Support Posts per Support (= 2)
W : Averaged Width of Support Post (= 1.12 m)
t2 : Thickness of Support Post (= 0.10 m)
L2 : Length of Support Post (= 1.0 m)
T : Temperature at the interface of Mid and Lower Plates ( K)
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80K
[ Ass(T)AT = 349 (w/m)

From the equations (2.4-1), the following is obtained.

10
q, =18:2-1.12 %— *0.349 = 1.407 (kW) (3.4-2)

(2) Radial Stopper

Thermal anchor with 80 K temperature is also mounted on the mid-location of the
flexible plates, as well as the present design of the VV support described in DDD.
Substituting the design dimensions of the radial stopper into equation (3.4-1), the
conduction heat load from the radial stopper to TF coil is estimated to be 0.47 kW in
total.

The conduction heat load from the thermal anchor to the TF case through the VV
supports is estimated to be 1.88 kW in total, which is slightly increased by about 18 %
from that (1.6 kW) in the current design of VV support in the DDD. Total conduction
heat load to the TF coils is estimated to be 3.8 kW in addition to 1.9 kW of the heat load
of the gravity support thermal anchor to the TF coils.

3.4.2 Radiation Heat Load
(1) Top Hanging Support

The radiation heat load, from 80 K thermal shield mounted on the surrounding of
the top hanging VV support to the TF Case, has been preliminarily estimated based on
the simple calculation. The thermal shied of the cooling panels, on which the cooling
tubes with 80 K gas helium coolant are welded, is installed and covered surrounding the
VV support structure. The radiation heat load is given by the following equation.

9(rad) 'chwi,j4(1;4 - 7}4) (3.4-3)
€= 1 1 for Infinite Parallel Plates
+ -1
Emy &

where, Nc : Number of TF coils (=18)
o : Stephan-Boltzmann Constant (=5.99x10”7 W/m’K*)
Ai : Surface Area of Thermal Shield Panel ( m?)
ei,j : Equivalent Emissivity between Thermal Shield Panel and TF coil case
Surface
€l.r;) - Emmissivity of Stainless Steel (Thermal Shield Panel) at 80 K (= 0.05) [9]
&)z - Emmissivity of Stainless Steel (TF coil case Surface) at 4 K (= 1.0) [9]
Ti : Temperature on Thermal Shield Panel (= 80 K)
Tj : Temperature on TF coil case Surface (= 4 K)

Estimating roughly the radiation heat load with the use of the equation (3.4-3), it
leads to about 0.16 kW.
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(2) Radial Stopper

Similarly, the radiation heat load, from 80 K thermal shield mounted on the
surrounding of the middle radial stopper to the TF coil case, has been preliminarily
estimated based on the simple calculation, estimated to be 0.08 kW with Ai=3.2 m’,

Therefore, the total radiation heat load from 80 K thermal shield mounted on the
surrounding of the VV support to the TF coil case, is estimated 0.24 kW, which is
corresponding to about 13 % of the conduction heat load.

3.5. Summary

The hanging type VV support concept has been studied as one of the VV support
design options, instead of the outboard support with flexible plates mounted between
the VV and TF coil case around the outboard mid plane. The preliminary structural
design study of the hanging type VV support has been also performed to confirm the
structural feasibility.

From the studies, following conclusions are drawn.

1) The hanging type VV support concept, consisting of top hanging flexible plates and
middle radial stopper, has been studied to avoid the buckling structural concem of
the flexible plates. They are mounted, on 18 locations in toroidal direction, at the TF
inboard top region (R~5400 mm) using the narrow window space surrounded by
PF1, top intercoil structure and TF coil cases, and around the TF outboard middle
region (R~9700 mm), respectively. The radial and toroidal reaction forces are shared
with the hanging support at the top and radial stopper at the middle, while the
vertical force is sustained by only the hanging support at the top.

2) The initial assembly procedures of the hanging VV support have also been studied,
including the pre-assemblies in the factory and in-situ assemblies. The 9 in-situ
joints and assemblies of the hanging supports and radial stoppers are conducted in
the site after the in-situ VV sector welding assembly. However the vertical gap,
between the VV outer wall and TF coil case inside surface in the top region, needs
to be increased by an additional 100 mm length for the joint bolt fastening and
thermal shield installation spaces. The top VV location, therefore, should be moved
downward by 100 mm and top VV outer wall configuration might be flattened for
the easy assembly. In addition, the location of the top CC radial spans needs to be
modified from the side edge to the center of the TF coil case to avoid the
interference with the hanging support.

3) The structural assessments of the hanging support structures have been performed for
all load combinations. For the reference design, the VV support structure of the
flexible plates has enough structural integrity for the most of the load combinations
except the primary stress on the middle radial stopper flexible plates for the load
combination of DW (Dead Weight) + THL11 (Radial Displacements of VV and TF
coil case) + VDE-I + SL-1.

However, the optimization of the mechanical stiffness ratio combination of top
hanging plate and mid radial stopper plate leads to relatively low stress within the
allowable limit for all load combinations. The optimized stiffness ratio are
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kr2’/krlof 0.10 and k82°/k61 of 0.20, corresponding to 30 mm thick and 500 mm
wide for top hanging plate and 20.5 mm thick and 490 mm wide for the mid radial
stopper plate.
The joint bolts have enough structural integrity for all of the load combinations
within the allowable stress limit
4) The conduction heat load from the thermal anchor to the TF coil case through the VV
supports is estimated to be 1.88 kW in total, which is slightly increased by about
18 % from that (1.6 kW) in the current design of VV support in the DDD. Then,
total conduction heat load to the TF coils is estimated to be 3.8 kW in additionto 1.9
kW of the heat load of the gravity support thermal anchor to the TF coils.
5) The restrictions to apply the hanging type support are as follows:
(i) The vertical location of the VV outer wall in the top region must be moved
downward by 100 mm;
(ii) Top VV outer wall configuration might be flattened for the easy assembly;
(iii) The top CC radial spans need to be modified from the side edge to the center of
the TF coil case.
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Table 3.3-1 Loads and Load Combinations considered
for VV Support Structural Assessments

Cat. Loads and Load Combinations "~ Load Magnitude (MN) Allowable Stress Limit
Vertical Horizontal for Primary Membrane
Stress , Sm (MPa)
Loads Considered
1) Dead Weight (DW) -100 SS316LNIG:
2) Thermal Load1by R-Disp. AR1=0.024m | Sm~=453,at 80K
I (100 C Expansion :THL11) AR2=0.040 m =137,at 100 C
3) Temperature Gradient Load on AT1=293 K =130, at 200 C
Plate (from 80K-373K :THL12) AT2=369 K
4) Thermal Load1by R-Disp. AR1=0.033m Inconel-625
(200 C Expansion :THL21) AR2=0.056m | Sm= -,at80K
5) Temperature Gradient Load on AT1=393 K =217,at 100 C
Plate (from 80K-473K :THL22) AT2=469 K =193,at200C
6) VDE-I -43 15
Load Combinations Inconel-718
1) DW -100 Sm=523,at 80K
2) DW + THL11+ THL12 -100 =453,at 100 C
3) DW + THL21+ THL22 -100 =453,at 200 C
4) DW + THL11 +THL12 + VDE-I -143 15
Additional Loads
II (1) VDE-II -54 19
2) SL-1 015G 015G Smy= Sm;
Load Combinations
DW + THL1 +VDE-II -154 19
DW + THL1 +VDE-I + SL1 -158 30
Additional Loads
I |1) VDE-1II -72 25
Load Combinations Smy= 1.2 Smy
1) DW + THL11 + VDE-III -172 25
2) DW + THL11 + VDE-II + SL1 -169 34
Additional Loads
IV {1)SL-2 06G 06G Smyy= 2.0 Smy
Load Combinations
1) DW + THL11 + VDE-I + SL2 -203 75

Notes : 1) Thermal Loads ‘THL1’ means both the imposed radial displacement due to thermal
expansion/contraction of VV main body and TF case ‘THL1!’, and longitudinal

temperature gradient load on the plate ‘THL12’.

2) For the load categories III and IV, the secondary stresses do not need to be assessed,
so that the longitudinal temperature gradient load on the plate of ‘THL12’ is
eliminated for the load categories III and IV. In addition, the imposed radial
displacement due to thermal expansion/contraction of VV main body and TF case
‘THL11’, corresponding to ‘End Free Displacement’, is taken as the primary stress.

3) The allowable stress limit for membrane stress component of the materials is
determined based on the VV Design Criteria described in the ISDC on the FDR for

ITER-FEAT.
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Table 3.3-2(a) Mechanical Properties of Austenitic Stainless Steel
for Flexible Plate Material-1

Material Properties of Austenitic Stainless Steel (SS316LNIG & SS304)

Temp. [C] -269 -193 20 100 200 300
Young’s Modulus,E [GPa] 207 200 192 186 178 170
Poisson’s Ratio, v 0.28 0.29 0.30 0.30 0.30 0.30
Shear Modulus, G [GPa] 80.9 77.5 73.8 71.5 68.5 65.4

Thermal Expansion, a(1x10%C)| 10.2 13.0 16.3 16.8 17.2 17.7

Ultimate Strength, Su (MPa) 1450 1360 517 517 510 500

Yield Strength, Sy (MPa) 900 | 820 | 206 | 206 | 195 | 173

Allowable Stress, Sm (MPa) (483) | (453) 137 137 130 115

Table 3.3-2(b) Mechanical Properties of Inconel-625 for Flexible Plate Material-2

Material Properties of Inconel 625

Temp. [C] -269 -193 20 100 200 300
Young’s Modulus,E [GPa] 200 200 197 191 182 175
Poisson’s Ratio, v 0.29 0.29 0.28 0.28 0.28 0.29

Shear Modulus, G [GPa] 77.5 77.5 77.0 74.6 71.1 67.8

Thermal Expansion, a(1x10°%/C) - 12.0 12.3 12.6 12.7

Ultimate Strength, Su (MPa) (-) (-) 820 780 740 730
Yield Strength, Sy (MPa) (-) | (=) | 362 | 325 | 200 | 270

Allowable Stress, Sm (MPa) (-) (-) 241 217 193 180

Note : Here, the allowable stress of Sm value for plate material is determined according
to the design code of ASME Sec. VIII, Div. 2, as follows.
Sm = Min. (2/3 Sy, 1/3 Su), at Service Temperature

Table 3.3-2(c) Mechanical Properties of Inconel-718 for Joint Bolt Material

Material Properties of Inconel 718

Temp. [C] -269 -193 20 100 200 300
Young’s Modulus,E [GPa] 205 204 200 196 190 185
Poisson’s Ratio, v 0.29 0.29 0.30 0.30 0.30 0.30

Shear Modulus, G [GPa] 79.5 79.1 76.9 75.4 73.1 71.2

Thermal Expansion, a(1x10%C)| 7.40 9.20 12.5 13.0 13.5 13.8

Ultimate Strength, Su (MPa) 1600 1570 1360 1370 1360 1340

Yield Strength, Sy (MPa) 1350 | 1280 | 1079 | 1030 | 990 | 980

Allowable Stress, Smb (MPa) | (450) | (427) 360 343 330 327

Note : Bolt limiting stress intensity of Smb is determined based on ASME Sec.III-NB
(=1/3 Sy at service temperature).
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Table 3.3-3(a) Stress on Flexible Plates for the load combinations.

Load Combinations Torus  [Stress Plate Stress, MPa Allowable Limit, MPa
Angle,§ |Comp. Top Middle |[SS316LNIG| Inco-625
Category 1 (1) Sbr 20 19 206 325
Assembly (DW and - Str 0.1 0.1 82 130
Radial Mismatch Sz 21 0 137 217
Disp. 5 mm) SS 41 19 206 325
Category 1 Primary Sbr 119 194 206 325
2) Stress Sbodp 0.5 32 206 325
Str 0.6 0.8 82 130
Normal Operation-1 Stdp 1.7 07 82 130
(DW+THLII Sz 21 0 137 217
+THL12) SS 140 226 206 325
Prim.+ Sth 25 64 411 650
Second. SS 165 290 411 650
Category I Primary | Sbr 155 227 206 325
(3) Stress Sbodp 0.5 32 206 325
Str 0.7 1.1 82 130
Normal Operation-2 Stdp 17 07 82 130
(DW+THL21 Sz 21 0 137 217
+THL22) SS 177 297 206 325
Prim .+ Sth 33 84 411 650
Second. SS 210 381 411 650

Note: 1) Stress component of Sth means the in-plane thermal stress on the flexible plate due to
the vertical temperature gradient of 80-400 K for the top support and of 4-400 K for

, middle one, which are assessed as the secondary stress.
2) Stress Components mean as follows;
Sz : Vertical Tensile Stress Component due to Vertical Force
Sbr : Radial Bending Stress Component due to Radial Force and Displacement
Sbe : Toroidal Bending Stress Component due to Toroidal Force and Displacement
Str : Radial Shear Stress Component due to Radial Force and Displacement
St0 : Toroidal Shear Stress Component due to Toroidal Force and Displacement

Sbedp :

Toroidal Bending Stress Component due to TF Coil Overtumning
Displacement

Stdp : Toroidal Shear Stress Component due to TF Coil Overtumning Displacement
Szrok : Vertical Tensile Stress Component due to VV Rocking Movement
SS : Total Equivalent Stress
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Table 3.3-3(b-1) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle |SS316LNIG| Inco-625
Sbr 122 198 206 325
Sbe 0 0 206 325
Categoryl |6=0 | Primary Svr 0.6 0.8 82 130
4) Stress St 0 0 82 130
Sz 29 0 137 217
| Sbadp 0.5 32 206 325
gg;‘;‘m Svdp 1.7 0.7 82 130
3 Srokz 9 0 137 217
SS 161 230 206 325
Prim.+ Sth 25 64 411 650
(DW + Second. SS 186 294 411 650
THL11 + Sbr 121 197 206 325
THL12 + Sbe 38 47 206 325
VDE-1) [0=45 | Primary | Syr 0.6 0.8 82 130
Stress St6 3 5 82 130
Sz 29 0 137 217
Sbadp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz 6 0 137 217
SS 196 276 206 325
SS 203 293 206 325
Prim.+ Sth 25 64 411 650
Second. SS 228 357 411 650

Note: Total Stress of SS includes the stresses due to TF case overtuming deformation effect.
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Table 3.3-3(b-2) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle |[SS316LNIG| Inco-625
Sbr 116 192 206 325
Sbo 38 47 206 325
CategoryI 6=135 | Primary | Sqyr 0.6 0.8 82 130
(4) Stress St0 3 5 82 130
Sz 29 0 137 217
Normal Sbodp 0.5 32 206 325
0 . Stdp 1.7 0.7 82 130
peration
3 Srokz -6 0 137 217
SS 178 271 206 325
Prim + Sth 25 64 411 650
(DW + Second. SS 203 335 411 650
THLI11 + Sbr 115 191 206 325
THL12 + Sbo 0 0 206 325
VDE-I) 6 =180 | Primary Str 0.5 0.8 82 130
Stress St 0 0 82 130
Sz 29 0 137 217
Sbodp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz -9 0 137 217
SS 136 223 206 325
Prim.+ Sth 25 64 411 650
Second. SS 161 287 411 650
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Table 3.3-3(c-1) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle |SS316LNIG| Inco-625
‘ Sbr 123 199 206 325
Sbo 0 0 206 325
Categoryll 6=0 | Primary Str 0.6 0.9 82 130
(0 Stress St0 0 0 82 130
Sz 32 0 137 217
. Sbodp 0.5 32 206 325
Sgggpated Stdp 1.7 0.7 82 130
Condition Srokz 11 0 137 217
SS 167 231 206 325
Prim.+ Sth 25 64 411 650
(DW + Second. SS 192 295 411 650
THL11 + Sbr 122 197 206 325
THL12 + Sbo 49 60 206 325
VDE-II) [0=45 | Primary Str 0.6 0.8 82 130
Stress St 4 6 82 130
Sz 32 0 137 217
Sbadp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz 8 0 137 217
SS 211 289 206 325
Prim.+ Sth 25 64 411 650
Second. SS 236 253 411 650
Sbr 119 194 206 325
Sbo 69 84 206 325
6=90 | Primary Str 0.6 0.8 82 130
Stress St0 5 8 82 130
Sz 32 0 137 217
Sbodp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz 0 0 137 217
SS 220 311 206 325
Prim.+ Sth 25 64 411 650
Second. SS 245 375 411 650
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Table 3.3-3(c-2) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle [SS316LNIG| Inco-625
Sbr 115 191 206 325
Sbe 49 60 206 325
Category Il |6=135 | Primary | Sqr 0.5 0.8 82 130
¢)) Stress Sto 4 6 82 130
Sz 32 0 137 217
. Sbadp 0.5 32 206 325
f}gg:t‘pated Svdp 17 0.7 82 130
Condition Srokz -8 0 137 217
SS 188 283 206 325
Prim.+ Sth 25 64 411 650
(DW + Second. SS 213 347 411 650
THL11 + Sbr 114 190 206 325
THL12 + Sbe 0 0 206 325
VDE-II) |6=180 | Primary Str 0.5 0.8 82 130
Stress St0 0 0 82 130
Sz 32 0 137 217
Sbadp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz -11 0 137 217
SS 135 222 206 325
Prim.+ Sth 25 64 411 650
Second. SS 160 286 411 650
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Table 3.3-3(d-1) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle |[SS316LNIG| Inco-625
Sbr 126 201 206 325
Sbe 0 0 206 325
Category I |8=0 | Primary Str 0.6 0.8 82 130
(2) Stress St 0 0 82 130
Sz 33 0 137 217
. Sbodp 0.5 32 206 325
ths‘:t‘pated Svdp 1.7 0.7 82 130
Condition Srokz 9 0 137 217
SS 168 233 206 325
Prim.+ Sth 25 64 411 650
(DW + Second. SS 193 297 411 650
THL11 + Sbr 124 199 206 325
THL12 + Sbe 77 94 206 325
VDE-I+ |8=45 | Primary Str 0.6 0.8 82 130
SL-1) Stress St 6 9 82 130
Sz 33 0 137 217
Sbodp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz 6 0 137 217
SS 240 326 206 325
Prim.+ Sth 25 64 411 650
Second. SS 265 390 411 650
Sbr 119 194 206 325
Sbo 108 133 206 325
=90 | Primary Str 0.6 0.8 82 130
Stress St 9 13 82 130
Sz 33 0 137 217
Sbadp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz 0 0 137 217
SS 261 361 206 325
Prim.+ Sth 25 64 411 650
Second. SS 286 425 411 650
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Table 3.3-3(d-2) Stress on Flexible Plates for the load combinations.

Load Torus | Stress Components Plate Stress, MPa Allowable Limit, MPa
Combinations | Angle,0 Top Middle [SS316LNIG| Inco-625
Sbr 113 189 206 325
‘ Sbo 77 94 206 325
Category I |0 =135 | Primary Str 0.5 0.8 82 130
) : Stress S0 6 9 82 130
Sz 33 0 137 217
.. Sbadp 0.5 32 206 325
I’}Bts‘gpated Svdp 1.7 0.7 82 130
COl’lditiOﬂ Srokz -6 0 137 217
SS 217 316 206 325
Prim.+ Sth 25 64 411 650
(DW + Second. SS 242 380 411 650
THL11 + Sbr 111 187 206 325
THL12 + Sbo 0 0 206 325
VDEI+ |0=180 | Primary |  Ser 0.5 0.8 82 130
SL-1) Stress St 0 0 82 130
Sz 33 0 137 217
Sbadp 0.5 32 206 325
Stdp 1.7 0.7 82 130
Srokz -9 0 137 217
SS 177 219 206 325
Prim.+ Sth 25 64 411 650
Second. SS 202 283 411 650




Table 3.3-3(e) Stress resultants on Flexible Plates for the load combinations.
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Load Combinations |{Torus Stress Plate Stress, MPa Allowable Limit, MPa

Angle,6  |Comp. Top Middle SS316LNIG | Inco-625

Sbr 125 200 247 391

Sbo 0 0 247 391

=0 Su 0.6 0.8 97 156

S0 0 0 97 156

Sz 35 0 164 260

Sbedp 0.5 32 247 391

((';‘)‘“g"'y'm Sdp 17 07 97 156

Srokz 15 0 164 260

OW + SS 176 232 247 391

THL11 + Sbr 123 198 247 391

VDE-III) Sbe 64 79 247 391

6=45 Swr 0.6 0.8 97 156

S0 5 8 97 156

Primary Sz 35 0 164 260

Stress Only Sbedp 0.5 32 247 391

Svdp 1.7 0.7 97 156

Srokz 10 0 164 260

SS 233 309 247 391

Sbr 119 194 247 391

Sbe 90 111 247 391

8=90 S 0.6 0.8 97 156

St 7 11 97 156

Sz 35 0 164 260

Sbodp 0.5 32 247 391

Svdp 1.7 0.7 97 156

Srokz 0 0 164 260

SS 245 338 247 391

Sbr 114 190 247 391

Sbe 64 79 247 391

6=135 S 0.5 08 97 156

St0 5 8 97 156

Sz 35 0 164 260

Sbedp 0.5 32 247 391

Stdp 1.7 0.7 97 156

Srokz -10 0 164 260

SS 204 301 247 391

Sbr 113 188 247 391

Sbe 0 0 247 391

6 =180 Su 0.5 0.8 97 156

St 0 0 97 156

Sz 35 0 164 260

Sbedp 0.5 32 247 391

Stdp 1.7 0.7 97 156

Srokz -15 0 164 260

SS 134 220 247 391
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Load Combinations |Torus Stress Plate Stress, MPa Allowable Limit, MPa

Angle,6  |Comp. Top Middle SS316LNIG | Inco-625

Sbr 127 202 247 391

Sbe 0 0 247 391

6=0 S 0.6 0.8 97 156

St 0 0 97 156

Sz 35 0 164 260

Sbedp 0.5 32 247 391

g’)‘t"g“'y'm Swdp 17 07 97 156

Srokz 9 0 164 260

DOW + SS 171 234 247 391

THL11 + Sbr 125 200 247 391

VDE-II + Sbe 87 107 247 391

SL-1) 6=45 S 0.6 0.8 97 156

St 7 11 97 156

Sz 35 0 164 260

Primary Sbedp 0.5 32 247 391

Stress Only Stdp 1.7 0.7 97 156

Srokz 6 0 164 260

SS 253 340 247 391

Sbr 119 194 247 391

Sbo 123 151 247 391

8=90 Su 0.6 0.8 97 156

St0 10 15 97 156

Sz 35 0 164 260

Sbodp 0.5 32 247 391

Svdp 1.7 0.7 97 156

Srokz 0 0 164 260

SS 277 379 247 391

Sbr 113 188 247 391

Sbo 87 107 247 391

8=135 Stu 0.5 0.8 97 156

Sto 7 11 97 156

Sz 35 0 164 260

Sbadp 0.5 32 247 391

Stdp 1.7 0.7 97 156

Srokz -6 0 164 260

SS 229 328 247 391

Sbr 110 186 247 391

Sbo 0 0 247 391

8 =180 Swu 0.5 0.8 97 156

St 0 0 97 156

Sz 35 0 164 260

Sbedp 0.5 32 247 391

Stdp 1.7 0.7 97 156

Srokz -9 0 164 260

SS 180 218 247 391
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Load Combinations |Torus Stress Plate Stress, MPa Allowable Limit, MPa

Angle,6  Comp. Top Middle SS316LNIG | Inco-625

Sbr 137 212 411 650

Sb 0 0 411 650

6=0 Su 0.7 0.9 164 260

St 0 0 164 260

Sz 42 0 274 434

Sbedp 0.5 32 411 650

8‘)'“"'"”'“’ Stdp 17 07 164 260

Srokz 35 0 274 434

OW + SS 215 244 411 650

THL11 + Sbr 132 207 411 650

VDE-I + Sbo 192 236 411 650

SL2) 6=45 Swr 0.6 0.9 164 260

St 15 24 164 260

Sz 42 0 274 434

Primary Sbedp 0.5 32 411 650

Stress Only Stdp 17 0.7 164 260

Srokz 25 0 274 434

SS 392 477 411 650

Sbr 119 194 411 650

Sbo 271 333 411 650

6 =90 Su 0.6 0.8 164 260

St 21 33 164 260

Sz 42 0 274 434

Sbedp 0.5 32 411 650

Svdp 1.7 0.7 164 260

Srokz 0 0 274 434

SS 434 564 411 650

Sbr 106 182 411 650

Sbo 192 236 411 650

6=135 Su 0.5 0.8 164 260

St 15 24 164 260

Sz 42 0 274 434

Sbedp 0.5 32 411 650

Svdp 1.7 0.7 164 260

Srokz -25 0 274 434

SS 316 452 411 650

Sbr 100 176 411 650

Sb 0 0 411 650

9=180 Swu 0.5 0.7 164 260

St 0 0 164 260

Sz 42 0 274 434

Sbedp 0.5 32 411 650

Stwdp 1.7 0.7 164 260

Srokz -35 0 274 434

SS 104 209 411 650
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Table 3.3-4(a) Stress on the Joint Bolts for the load combinations.

Load Combinations |Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle,_  |Comp. | Top(12-M72) | Middle(14-M60) [SS316LNI | Inco-718
G
Category 1 (1) Sz0 128 0 137 687
Assembly at RT Primary Sbr 2 0.7 137 687
(DW and Radial Stress Sur 0.6 0.2 82 412
i h Disp. 5 : -

Mismatch Disp. Smm) sS 128 08 137 687
Category 1 (2) Sz0 128 0 137 687
Normal Operation-1 |Primary Sbr 9 7 137 687
(DW + THL11 + Stress Str 4 2 82 412
THL12) at 100 C Sbodp 08 21 137 687
Svdp 0.3 0.1 82 412
SS 138 28 137 687
Category 1 (3) Sz0 128 0 137 687
Normal Operation-2  |Primary Sbr 14 10 137 687
(DW + THL21 + Stress Str 5 2 82 412
THL22) 1 200 C Sbedp 08 21 137 687
Svdp 03 0.1 82 412
SS 141 31 206 687

Note : 1) The total stress of SS includes the stresses due to TF case overturning deformation effect.
2) Stress Components mean as follows;

Sz0 : Vertical Tensile Stress Component due to Vertical Force

Sbr : Radial Bending Stress Component due to Radial Force and Displacement

SbO : Toroidal Bending Stress Component due to Toroidal Force and Displacement

Str : Radial Shear Stress Component due to Radial Force and Displacement

St0 : Toroidal Shear Stress Component due to Toroidal Force and Displacement

Sbedp : Toroidal Bending Stress Component due to TF Coil Overturning Displacement
Stdp : Toroidal Shear Stress Component due to TF Coil Overturning Displacement
Szrok : Vertical Tensile Stress Component due to VV Rocking Movement

SS : Total Equivalent Stress
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Table 3.3-4(b) Stress on the Joint Bolts for the load combinations.

Load Combinations Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle,  |Comp. Top(12-M72) | Middle(14-M60) [SS316LNIG| Inco-718

Sz0 182 0 137 687

Sbr 10 7 137 687

6=0 Sbe 0 0 137 687

Category I (4) Su 4 2 82 12

S0 0 0 82 412

Normal Operation-3 Sbodp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 55 0 137 687

(DW + THL11 SS 248 28 137 687

+THL12 + Sz0 182 0 137 687

VDE-) Sbr 10 7 137 687

9 =45 Sbo 66 30 137 687

_ Sw 4 2 82 412

Primary St 19 10 82 412

Stress Only Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 39 0 137 687

SS 301 63 137 687

Sz0 182 0 137 687

Sbr 9 7 137 687

8=90 Sbe 94 43 137 687

Sw 4 2 82 412

Sto 27 15 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 0 0 137 687

SS 293 78 137 687

Sz0 182 0 137 687

Sbr 9 7 137 687

8=135 Sbe 66 30 137 687

Swr 3 2 82 412

St0 19 10 82 412

Sbodp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok -39 0 137 687

SS 224 63 137 687

Sz0 182 0 137 687

Sbr 9 7 137 687

6 =180 Sb 0 0 137 687

S 3 2 82 412

S0 0 0 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 55 0 137 687

SS 137 28 137 687
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Table 3.3-4(c) Stress on the Joint Bolts for the load combinations.

Load Combinations Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle, Comp. Top(12-M72) | Middle(14-M60) |SS316LNIG| Inco-718

Sz0 196 0 137 687

Sbr 10 7 137 687

6=0 Sbo 0 0 137 687

Category I (1) Su 2 2 82 a12

S0 0 0 82 412

Anticipated Sbedp 0.8 21 137 687

Upset Stdp 0.3 0.1 82 412

Condition Szrok 70 0 137 687

SS 277 28 137 687

Sz0 196 0 137 687

(DW +THL11 Sbr 10 7 137 687

+THL12 + 0=45 Sbe 84 38 137 687

VDE-II) Swr 4 2 82 412

St8 24 13 82 412

Primary Sbadp 0.8 21 137 687

Stress Only Stdp 0.3 0.1 82 412

Szrok 49 0 137 687

SS 344 73 137 687

Sz0 196 0 137 687

Sbr 9 7 137 687

0=90 Sb@ 119 54 137 687

Su 4 2 82 412

St8 34 18 82 412

Sbedp 0.8 21 137 687

Svdp 0.3 0.1 82 412

Szrok 0 0 137 687

SS 334 92 137 687

Sz0 196 0 137 687

Sbr 9 7 137 687

8=135 Sbe 84 38 137 687

St 3 2 82 412

St0 24 13 82 412

Sbodp 0.8 21 137 687

Svdp 0.3 0.1 82 412

Szrok -49 0 137 687

SS 247 72 137 687

Sz0 196 0 137 687

Sbr 9 7 137 687

9 =180 Sbe 0 0 137 687

Sw 3 2 82 412

St8 0 0 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok -70 0 137 687

SS 137 28 137 687
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Table 3.3-4(d) Stress on the Joint Bolts for the load combinations.

Load Combinations Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle,_ Comp. Top(12-M72) | Middle(14-M60) [SS316LNIG| Inco-718

Sz0 201 0 137 687

Sbr 10 7 137 687

6=0 Sb 0 0 137 687

Category I1 (2) S 4 2 82 412

S0 0 0 82 412

Anticipated Sbedp 0.8 21 137 687

Upset Stdp 0.3 0.1 82 412

Condition Szrok 110 0 137 687

SS 322 28 137 687

Sz0 201 0 137 687

(DW + THL11 Sbr 10 7 137 687

+THL12 + 6 =45 Sbo 133 61 137 687

VDE-1+SL1) St 4 2 82 412

St0 38 21 82 412

. Sbedp 0.8 21 137 687

qmary iy Stdp 03 0.1 82 412

Szrok 78 0 137 687

SS 430 99 137 687

Sz0 201 0 137 687

Sbr 9 7 137 687

=90 Sbe 188 86 137 687

Swr 4 2 82 412

Sth 53 29 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 0 0 137 687

SS 415 129 137 687

Sz0 201 0 137 687

Sbr 9 7 137 687

=135 Sbo 133 61 137 687

Su 3 2 82 412

St8 38 21 82 412

Sbadp 0.8 21 137 687

Sedp 0.3 0.1 82 412

Szrok 78 0 137 687

SS 279 99 137 687

Sz0 201 0 137 687

Shr 9 7 137 687

6=180 Sbe 0 0 137 687

Swr 3 2 82 412

St0 0 0 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok -110 0 137 687

SS 101 28 137 687
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Table 3.3-4(e) Stress on the Joint Bolts for the load combinations.

Load Combinations Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle,_ Comp. Top(12-M72) | Middle(14-M60) |SS316LNIG| Inco-718

Sz0 219 0 137 687

Sbr 10 7 137 687

8=0 Sbo 0 0 137 687

Category I (1) Sw 3 2 82 412

StH 0 0 82 412

Upset Stdp 0.3 0.1 82 412

Condition Szrok 92 0 137 687

SS 322 28 137 687

Sz0 219 0 137 687

(DW +THL11 Sbr 10 7 137 687

+THL12 + 0=45 Sbe 111 51 137 687

VDE-III) Suw 4 2 82 412

St0 31 17 82 412

Primary Sbadp 0.8 21 137 687

Stress Only Stdp 0.3 0.1 82 412

, Szrok 65 0 137 687

SS 411 87 137 687

Sz0 219 0 137 687

Sbr 9 7 137 687

0=90 Sbo 156 72 137 687

Str 4 2 82 412

Sth 44 24 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok 0 0 137 687

SS 398 112 137 687

Sz0 219 0 137 687

Sbr 9 7 137 687

0=135 Sbo 111 51 137 687

Sr 3 2 82 412

S0 31 17 82 412

Sbodp 0.8 21 137 687

Stdp 03 0.1 82 412

Szrok -65 0 137 687

SS 284 87 137 687

Sz0 219 0 137 - 687

Sbr 9 7 137 687

6=180 Sbo 0 0 137 687

S 3 2 82 412

St6 0 0 82 412

Sbedp 0.8 21 137 687

Stdp 03 0.1 82 412

Szrok -92 0 137 687

SS 138 28 137 687
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Table 3.3-4(f) Stress on the Joint Bolts for the load combinations.

Load Combinations Torus Stress Plate Stress, MPa Allowable Limit, MPa
Angle, (Comp. Top(12-M72) | Middle(14-M60) [SS316LNIG| Inco-718

Sz0 215 0 137 687

Sbr 10 7 137 687

8=0 Sb 0 0 137 687

Category I1 (2) Sw 4 2 82 412

Sto 0 0 82 412

Unlikely Sbadp 0.8 21 137 687

Upset Svdp 0.3 0.1 82 412

Condition Szrok 125 0 137 687

SS 351 28 137 687

Sz0 215 0 137 687

(DW +THL11 Sbr 10 7 137 687

+THL12 + 8=45 Sbo 150 69 137 687

VDE-II +SL1) Su 4 2 82 412

Sto 43 23 82 412

. Sbedp 0.8 21 137 687

gﬁ’;‘;%my Sedp 03 0.1 82 412

Szrok 88 0 137 687

SS 474 109 137 687

Sz0 215 0 137 687

Sbr 9 7 137 687

8=90 Sbe 213 97 137 687

Sw 4 2 82 412

St 60 33 82 412

Sbadp 0.8 21 137 687

Svdp 03 0.1 82 412

Szrok 0 0 137 687

SS 457 143 137 687

Sz0 219 0 137 687

Sbr 9 7 137 687

8=135 Sbe 150 69 137 687

S 3 2 82 412

St0 43 23 82 412

Sbedp 0.8 21 137 687

Svdp 0.3 0.1 82 412

Szrok -88 0 137 687

SS 302 109 137 687

Sz0 215 0 137 687

Sbr 9 7 137 687

8 =180 Sbe 0 0 137 687

Su 3 2 82 412

St0 0 0 82 412

Sbedp 0.8 21 137 687

Stdp 0.3 0.1 82 412

Szrok -125 0 137 687

SS 101 28 137 687




Table 3.3-4(g) Stress on the Joint Bolts for the load combinations.
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Load Combinations Torus  |Stress Plate Stress, MPa Allowable Limit, MPa
Angle, |Comp. Top(12-M72) | Middle(14-M60) [SS316LNIG| Inco-718

Sz0 259 0 206 959

Sbr 11 8 206 959

8=0 Sbe 0 0 206 959

CategoryIV(1) S 4 2 124 412

St8 0 0 124 412

Extremely Sbadp 0.8 21 206 959

Unlikely Sxdp 03 0.1 124 412

Event Szrok 275 0 206 959

Condition SS 545 29 206 959

Sz0 259 0 206 959

Sbr 10 8 206 959

(DW +THL11 9=45 Sbe 331 152 206 959

+THLI2 + Su 4 2 124 412

VDE-I+SL2) St 94 51 124 412

Sbodp 0.8 21 206 959

. Svdp 0.3 0.1 124 412

};Eg;’;%my Szrok 194 0 206 959

SS 820 209 206 959

Sz0 259 0 206 959

Sbr 9 7 206 959

8=90 Sbe 469 215 206 959

Su 4 2 124 412

Sto 133 73 124 412

Sbodp 0.8 21 206 959

Svdp 0.3 0.1 124 412

Szrok 0 0 206 959

SS 787 284 206 959

Sz0 259 0 206 959

Sbr 8 7 206 959

9=135 Sb@ 331 152 206 959

Sw 3 2 124 412

Sto 94 51 124 412

Sbadp 0.8 21 206 959

Stdp 0.3 0.1 124 412

Szrok -194 0 206 959

SS 450 208 206 959

Sz0 259 0 206 959

Sbr 8 6 206 959

9=180 Sbo 0 0 206 959

Ser 3 2 124 412

St0 0 0 124 412

Sbedp 0.8 21 206 959

Svdp 0.3 0.1 124 412

Szrok -275 0 206 959

SS 10 27 206 959
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Table 3.3-5(a) Primary Stress on Plate as a function of Mechanical Stiffness Ratios of kkr’ and kk6’

Load Load Max. Stress on Plate, (MPa) Allowable
Combination |Category|  (kkr’, kk@’) (kkr’, Kk©’ ) (kkr’, kk@’)  |Limit at 120
=(0.10, 0.20) =(0.24, 0.46) =(0.30,0.60) |C, (MPa)
Top Mid Top Mid Top Mid |(Inco-625)
DW 41 16 41 19 41 21
DW(+THL1) I 140 185 140 226 140 243
DW(+THL?2) 177 244 177 297 177 319
DW+VDE-I 213 255 203 293 199 307 325
DW+VDE-II 233 273 220 311 214 324
DW+VDE-I II 281 324 261 361 252 372
+SL-1 _
DW+VDE-II 262 301 245 338 238 350
DW+VDE-II I 301 343 277 379 268 389 391
+SL-1
DW+VDE-I Iv 485 533 434 564 412 567 650
+SL-2

Note : 1) (kkr’, kkO’) mean mechanical stiffness ratios of kr2/kr1 in radial direction and of k62/k01
in toroidal direction.
2) Combinations of mechanical stiffness ratios are corresponding to followings:

Ratio (kkr’, kk@’) Thickness (t1, t2) Width (w1, w2)

(0.10, 0.20) (30 mm, 20.5mm) (500 mm, 490 mm)

(0.24, 0.46) (30 mm, 25 mm) (500 mm, 600 mm) Reference
(0.30, 0.60) (30 mm, 26.8mm) (500 mm, 643 mm)

3) Suffixes 1 and 2 indicate to upper hanging support plates and middle radial stopper,
respectively.

Table 3.3-5(b) Primary Stress on Bolt as a function of Mechanical Stiffness Ratios of kkr’ and kk@’

Load Load Max. Stress on Plate, (MPa) Allowable
Combination |Category|  (kkr’, kk@’) (kkr’, kk@’) (kkr’, kk@’)  |Limit at 120
=(0.10, 0.20) =(0.24, 0.46) =(0.30, 0.60)  |C, (MPa)
Top Mid Top Mid Top Mid |(Inco-718)
DW 128 0.4 128 0.8 128 1
DW(+THL1) I 138 13 138 28 138 37
DW(+THL?2) 141 14 141 31 141 41
DW+VDE-I 315 41 301 78 296 96
DW+VDE-II 361 49 344 92 324 112
DW+VDE-I | I 454 70 430 129 419 156 687
+SL-1
DW-+VDE-III 434 60 411 112 402 136
DW+VDE-II I 504 78 474 143 461 173
+SL-1
DW+VDE-I v 889 158 820 284 791 340 959
+SL-2

Note : The bolt stresses include the shearing stress components assuming no friction
forces between the joint flanges.
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Table 3.3-5(c) Primary Stress on Bolt as a function of Mechanical Stiffness Ratios of kkr’ and kk6’

Load Load Max. Stress on Plate, (MPa) Allowable
Combination |Category|  (kkr’, kk@’) (kkr’, kk®’) (kkr’, kk@’)  (Limit at 120
=(0.10, 0.20) =(0.24, 0.46) =(0.30, 0.60)  |C, (MPa)
Top Mid Top Mid Top Mid |(Inco-718)
DwW 128 0.3 128 0.7 128 0.9
DWHTHLD| 1 138 12 138 28 138 37
DW(+THL2) 141 14 141 30 141 40
DW+VDE-I 310 37 298 71 293 87
DW+VDE-II 356 43 340 82 333 101
DW+VDE-1| II 447 61 422 114 412 138 687
+SL-1
DW+VDE-III 426 53 404 99 396 121
DW+VDE-II I 493 67 464 125 453 152
+SL-1
DW+VDE-I v 858 134 796 242 769 290 959
+SL-2

Note : The bolt stresses include no shearing stress component assuming the enough friction forces
between the joint flanges to resist the external horizontal loads.

Table 3.3-6 Buckling Strength and Safety Factor for several Load Combinations

Load Load | Max. Reaction Buckling Safety Factor, | Allowable
Combinations | Category | Force, Fv (MN) |Load, Pcr (MN) mk Limit [8]
DW +5.56 -18.5 [
DW (+THL) I +5.56 -18.5 0 >3
DW+VDE-I +3.17 -18.5 00
DW+VDE-II I +2.56 -18.5 0
DW-+VDE-I +1.72 -18.5 00 >3
+SL-1
DW+VDE-III I +1.56 -18.5 00
DW+VDE-II +1.72 -18.5 ) >2.5
+SL-1
DW+VDE-I v -0.167 -18.5 111 >1.5
+SL-2

Note : 1) The vertical component of all VDE forces is conservatively considered to be
upward only for the buckling assessment of the flexible plates.
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Fig. 3.1-1 Overall VV Support System with Top Hanging Support and Mid Radial Stopper
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Fig. 3.1-2 Detailed Cross-Sections of Top Hanging VV Support with Flexible Plates
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Fig. 3.1-5(b) Modification of Top CC Radial Spans Arrangement



JAERI-Tech 2002-053

Case tl (m) W (m) L (m) T1 (K) Remarks
1 0.03 0.5 2.1 80 Top Hanging Support
2 0.025 0.6 2.0 4 Middle Radial Stopper
Temp, 393K
%
Flange Edges:
X_-Rotation is
Plate: Fixed: ¢x=0.
Thickness,
t1=0.03 m,
0.025m L=2.1m, Y
2.0m I
V4
Y
I Flange:
Z X Thickness,
% 2=0.12m
Temp. T1
W=0.5m
0.045m
—— 06m ___

Fig.3.3-1 FEM Model and Boundary Conditions for Thermal Stress Calculations on
Plate due to Vertical Temperature Gradient
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Fig. 3.3-2(a) In-plane Thermal Stress on Flexible Plate (with 30 mm Thickness and 500
mm Width) of Top Hanging Support duc to Vertical Temperature Gradient from 80
K to 400 K
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Fig. 3.3-2(b) In-plane Thermal Stress on Flexible Plate of Mid Radial Stopper Plate (with 25

mm Thickness and 600 mm Width) due to Vertical Temperature Gradient from 4 K to
400 K
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In-Plane Thermal Stress on Flexible Plate due to
Vertical Temperature Gradient (MPa)

& 60
Q >0 —e—Top Plate
£ 40 (80-400 K)
2 30 —=—Mid Plate
c 10
@
> 0

200 400 600 800

Plate Width (mm)

Fig. 3.3-2(c) Max. In-Plane Thermal Stress on Top Hanging Flexible Plates due to
Temperature Gradient from 80 K to 400 K as a function Plate Width
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Fig. 3.3-3 VV Support Location in Toroidal Direction
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Fig. 3.3-4 Schematic drawing of flange/bolts behaviors at the loading
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4, Investigation of Compressive Type Support in Divertor Region

The compressive type support concept using the region of alternate divertor port is
another option of VV support design. Two designs are investigated for the compressive
VV support. One is mounted on TF inter-coil structures (OIS) and the other is on
cryostat ring,

4.1 Support System on TF Coil Outer Inter-coil Structure
4.1.1 Configuration

The compressive type support on TF coil OIS is shown in Fig.4.1-1~Fig.4.1-3. The
VV support system consists of nine supports in toroidal direction. Each support has
sixteen flexible plates. The main parameters of the support system are as follows;

Table 4.1-1 Main Parameters of VV Support System on TF coil OIS

VV Support
Number of supports 9
Dimensions of flexible plate
length X width X thickness 2000 X 1400 X30 [mm]
Number of flexible plates 16
Material of flexible plates SS316LN
Material of bolt Inconel 718

The flexible support is sustained on the TF coil outer inter-coil structures which are
located in divertor port region between TF coils.

As the support is located in field joint regions, the connection flanges of VV wall
and TF coil case are divided into two parts in order not to weld the connection flanges at
VV initial assembly. The flanges of flexible plates are bolted to the connection flanges
of VV wall with insulation shims.

A thermal anchor of gas helium is attached in the middle of flexible plates.

4.1.2. Structural Assessment of Support System
(1) Membrane stress

Membrane stress of flexible plate includes vertical compressive and horizontal shear
stresses. The vertical compressive stresses can be obtained by dividing total vertical
downward load by area of all flexible plates.

The horizontal shear loads are produced by horizontal swaying displacement due to
seismic and VDE events. The horizontal loads can be calculated by multiplying spring
constants of the flexible plate by displacement of VV swaying movement. In the
calculation of horizontal displacements, it is assumed that the VV is a rigid structure,
therefore the displacement is the resultant of shear and bending deformation of the
flexible plates, shown in chapter 3. The spring constant of a flexible plate for horizontal
displacement is given as follows,
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(4.1-1)

where E : Young’s modulus (200GPa)
I: Moment of inertia (6.86X10°m*)
L : Length of flexible plate (1.4m )
A : Area of cross section of flexible plate (0.042m?)
G : Shear modulus (77GPa)

Supposing two spring constants of flexible plate about principal axes of the cross
section are k, and k, the transformed spring constant in the horizontal displacement
direction is as follows;

" (4.1-2)
k,cos® 0 +k,sin’ 6

where 0Ois the angle between a principal axis of a flexible plate and the VV
horizontal displacement direction. The total spring constant can be obtained by the
summation of spring constants of all flexible plate supports. The shear and bending
loads of each support are obtained by multiplying the VV displacement and the
corresponding spring constants.

The maximum shear stress appears at the VV support perpendicular to the
movement direction. Table 4.1-2 shows the membrane stresses of flexible plates for
load combinations. All VV supports sustain the vertical load and about a half of the VV
supports sustain the horizontal load. The shear force of the plate in the radial direction is
negligible because it is two order less than that of circumferential direction.

The resultant stress intensity of compressive and shear stresses is given by a
following formula.

2
’ ( g) o (4.1-3)
2
The stress intensities of the flexible plate are within the allowable values, shown
in Table 4.1-2.

(2) Bending stress

Two kinds of bending stresses are induced in the flexible plate. One is due to the
vertical downward load under the bending deformation caused by the difference of
thermal displacement between VV and TF coil. The other is due to the horizontal load
caused by VV movement.

(i) Bending stress due to vertical downward load with deformation of thermal
displacement
The relative thermal displacements between VV and TF coil at cooling down are
as follows;
Normal operation(100C) 40.9 mm
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Baking (200C) 56.9 mm
The bending moment and stress are obtained by following formula.
Bending moment

M =6EIS | I’
Bending stress

o = 3Edt | I*

where E: Young’s modulus
6 : Relative displacement between VV and TF coil due to thermal
contraction
t : Thickness of flexible plate
L : Length of flexible plate
The maximum bending moment of the flexible plate with deformation of
thermal displacement is as follows;

ol sin(~xL /2)

2 %cos(KL/ 2) - sin(kL / 2)

(4.1-4)

P

K? - —

EL

where P is the vertical downward load. The maximum bending stress appears at the
point

P=EIx* | I* Z=L/2-7*/1?
P < EIx* | I? Z=0

where Z is the coordinate of longitudinal direction of the flexible plate. In this
design, maximum bending stress is induced at the edge of the flexible plate because
of the condition of P = EI 7t? /L2 Table 4.1-3 shows the bending stress due to
vertical downward load with deformation of thermal displacement. The bending
stresses are 155~273MPa which are more than half of total primary stresses.

(ii) Bending stress due to horizontal load

VV movements due to horizontal load are horizontal swaying and vertical
rocking assuming that VV is a rigid structure.

The stiffness of the flexible support in the radial direction is much smaller than
that in circumferential direction. Therefore horizontal load caused by swaying
movement is mainly sustained by the supports perpendicular to the movement
direction and the maximum bending stress is induced in the flexible plates of the
supports. Table 4.1-3 shows the bending stress due to horizontal load. The stresses
are 21~105 MPa which are similar magnitude as membrane stress except tha case
of Cat. IV event.

For the rocking movement, the maximum stress is induced in the flexible
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supports parallel to the movement direction. The dominant stress of flexible plate is
membrane one of 4 MPa. The bending stress due to rocking movement is negligible
to calculate the primary stress because the location of the maximum bending stress
is different from that due to swaying movement.

(iii) Bending stress due to TF coil deformation
The bending stress due to the deformation of TF coil OIS is also calculated from
the rotation of the VV support around the radial direction of the machine. The TF
coil rotation was calculated to be 7.87X10-4rad[11]. The bending stress of the
flexible plate due to the rotation of TF coil OIS is calculated to be 55MPa. The
stresses shown in Table 4.1-3 include the bending stress due to the deformation TF
coil OIS as primary stress.

(3) In-plane thermal stress

In-plane thermal stress due to non-uniform temperature distribution has been
calculated using FEM analysis. Figures 4.1-4 and 4.1-5 show the analysis model and the
boundary condition, respectively. The analysis model includes a flexible plate and the
corresponding flange. Thermal anchor of 80K helium gas is located in the middle of the
flexible plate in the longitudinal direction.

Figures 4.1-6 and 4.1-7 show the deformation and the maximum shear stress profiles
in the flexible plate. The plate deforms in the middle of the plate and the maximum
Tresca stress of 105 MPa is induced at that point. The stress of the plate edge is almost
the same as that in the middle of the plate. The in-plane thermal stresses are evaluated
as secondary stress for the assessment, shown in Table 4.1-4. The primary plus
secondary stresses are within the allowable values.

4.1.3 Buckling Assessment

The buckling load is calculated from the formula of elastic buckling of bar under the
condition of both fixed ends. In the buckling theory, the equivalent length of the bar for
the condition is 0.5L. In reality, recommended length of the load calculation is 0.65L
because the ends are not completely fixed. The buckling load N is given as follows;

7
N = (TngI)zn = 5.30x10°[N]

(4.1-5)
where n is total number of flexible plates.

Transverse buckling moment can be obtained as follows for rectangular plate with
the condition of both fixed ends.

Mcr = 2.56 x ZL—” x JEIGJ = 6.28x10°[N] (4.1-6)

where I is moment of inertia of the cross section about the central axis parallel to plane
of buckling and GJ is stiffness of torsion. The transverse buckling load is given by
dividing buckling moment by plate length.

Table 4.1-5 shows the load factor (safety factor on buckling strength) for
longitudinal and transverse buckling. The calculated load factors are within the
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allowable values.

4.1.4 Natural Frequency

Two vibration modes are considered for horizontal movement; swaying and rocking
movements. The natural frequency can be obtained by the total spring constant of the
horizontal movements. The spring constants and the natural frequency are as follows;

Spring constant of swaying movement 6.29X10"° N/m
Spring constant of rocking movement 1.84X10" N/m
Equivalent horizontal spring constant 6.08X10" N/m
Natural frequency
1 [k
- ———"— =3.92]H: 4.1-
f 2 Y M 2{Hz]

4.1.5 Heat Load Assessment of Support System
Heat loads from VV to thermal anchor and that from thermal anchor to TF coil are
given by following formulas.

4.1-

where L1 and L2 are lengths of heat conduction, and A is the area of flexible plates.
Supposing that the flexible plates are made of Inconel 625 and the thermal anchor is
located in the middle of a flexible plate, total heat load of the support to TF coil is as
follows;

0.03x1.4x16x9
1" 1

x 324.5=1.96 x 10°[W] (80K—4K)

Total heat load to thermal anchor is

0.03x1.4x16x9
1

2, x 2829.4 = 17.1x 10°[W] (300K—80K)

4.1.6 Bolt Stress Assessment

The tensile stresses of bolt are produced by upward electromagnetic load and by
bending momient due to the relative thermal displacement between TF coil OIS and VV
wall. Horizontal load also causes the tensile stresses of bolts by bending moment due to
the shear load of swaying displacement. The shear load between flanges is sustained by
friction between flanges.

The strength of Inconel 718 for bolt material is

100C  Yield strength 1030 MPa Ultimate strength 1370 MPa
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4K Yield strength 1350 MPa  Ultimate strength 1600 MPa

The integrity assessment of bolt has been performed for the bolts of the support
flange. According to the criteria of ASME Sec. III-NB, allowable value in operation
condition is two third of yield strength (2/3 0 y =687MPa). Initial pre-load stress of bolt
is assumed to be 500 MPa in this design.

(1) Tensile load of bolts due to bending moment at cooling down
Shear load F, of a flexible plate edge is

12EI6 (4.1-9)
F, = I
where E. 1. 0. andL are Young’s modulus, moment of inertia, thermal displacement,
and length of flexible plate, respectively. The total shear load of sixteen flexible plates
of a VV support is 0.67 MN.
The tensile load F, of flange edge due to the shear load is

F, = —2 = 0.62[MN] (4.1-10)
Lﬂange ‘
where Lg,,, is the length between the location of bolt and the flange edge. The tensile
load of bolt due to bending moment can be obtained assuming that ten bolts along a
flange edge sustain the total tensile load of F,.

For the cases of seismic and VDE events, upward load is sustained by bolts when
the upward load exceeds the total weight. Table 4.1-6 shows upward loads for load
combinations. Only in the case of CatIV event, the upward load exceeds the total
weight but is negligible small.

(2) Tensile load of bolts due to swaying and rocking movement

For the case of swaying movement, the maximum shear load is induced for the
support perpendicular to the swaying movement displacement. The maximum shear
load F; in 6 direction is 6.56 MN under the condition of horizontal load of 30MN.
Supposing that a half of bolts of the VV support flange sustain the moment, the total
tensile load F, of six bolts at the flange edge is given as follows;

Fyx L = 6F, XL g, +2(0.875°F Ly, +0.75°F L, +0.625°F,L,,..)

+6x0.5°F L,

where Ly, is the length between the location of bolt and the flange edge.
The maximum tensile stress of bolts due to swaying movement for the horizontal
load of 30 MN is
F, / (nd2/4) =181X10°(Pa)

The maximum tensile load of a VV support due to rocking movement is 2.7 MN



JAERI-Tech 2002-053

which is induced in the VV support parallel to the movement direction. Thirty six bolts
of a support flange sustain the tensile load. The tensile stress of the bolt is
2.7X10°/ (d*/4) /36=17.0X10°(Pa)

(3) Proof bolt stress
Bolt is tightened with an initial pre-load of F; which is usually greater than that due
to applied load of F,;,s . The poof bolt stress F,, is given as follows;

F,, = F, +-o X Fopiea (4.1-11)

‘ (k bolt + kﬂange)

where ki, and k.. are spring constants of bolt and flange, respectively. In order to
estimate the spring constant of flange, the compressed area of flange is assumed to be
three times the bolt-hole diameter.

Table 4.1-6 shows the stresses of bolt for load combinations. The initial pre-load of
‘bolt is assumed to be SO00MPa in the calculation. The tensile stress due to horizontal
load is the summation of loads due to swaying and rocking movement. All of bolt
stresses are within the allowable values of ASME Sec. IIL

(4) Friction support of shear load between flanges

Shear load between flanges due to horizontal load is sustained by friction between
flanges. Because the bolt hole of flanges should be a little larger than the bolt cross
section for assembly adjustment of flange contact. As the initial pre-load of bolt is 500
MPa, the compression between flanges is as follows;

500X (md®4) X36=80.8 [MN]/support

According to ASME Sec. III NF, the friction factor between flanges is 0.25 for
clean- surface condition (5). The friction factor is assumed to be half of the friction
factor because some shims will be inserted between the flanges.

Table 4.1-7 shows the upward loads due to weight, electromagnetic and seismic load,
and due to swaying and rocking movement. The friction force depends on the
compression between flanges. If the friction is larger than shear load, the friction can
sustain the shear load. Table 4.1-8 shows the comparison between shear load and
friction. The friction can sustain the shear load except the case of Cat. IV. For the case
 of Cat. IV events, the machine is not required to be operatable after these events
however no significant releases should occur. Even if the shear load exceeds the friction
force for the specific support perpendicular to the movement direction, horizontal load
can be sustained by the supports as a whole. No significant damage of the machine is
expected to occur.
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Table 4.1-2 Membrane stress intensity of flexible plate of VV support on TF OIS

Cat.| Load Combination Vertical Load Horizontal load Mem- | Mem-
brane | brane
Total | Com- | Total | Max. | Shear | str ess allow-
load pres- | load |[load/ | stress |intensity| ables
(MN) sion (MN) support (MP a) (MPa) SS316
(MPa) (MN) LN
I |Weight(100°C) 100 | 16.5 . - - 165 | Sm
Baking(200°C) 100 16.5 - - - 16.5 =207
Weight +VDEI 143 236 15 33 49 255
I  |Weight +VDEI 154 254 19 42 6.2 28.2 Sm
Weight+VDEI+SL1 158 | 26.1 30 6.6 9.8 326 | =207
I (Weight +VDEIII 172 28.4 25 55 8.1 327 1.2Sm
Weight+VDEII+SL1 173 | 285 | 34 74 | 11.1 | 355 | =248
IV |Weight+VDEI+SL2 203 335 75 16.4 24 4 592 |2*Sm=
414

Table 4.1-3 Primary stress intensity of flexible plate of VV support on TF OIS

Cat.| Load combination Vertical load | Horizontal load | Mem- | Mem- Primary
brane | branet+ | stress
Total | Bend- | Total | Bend- | stress [bending | allow-
load ing load ing |intensity| stress able
(MN) | stress | (MN) | stress (MPa) intensity | SS316
(MPa) (MPa) (MPa)* LN
I [Weight(100°C) 100 196 0 0 16.5 213 1.5Sm
Baking(200°C) 100 273 0 0 16.5 290 =311
Weight +VDEI 143 | 172 15 21 25.6 274
I |Weight +VDEII 154 168 19 26 28.2 278 1.5Sm
Weight+VDEHSL1 | 158 | 167 30 42 32.6 296 | =311
III |Weight +VDEII 172 162 25 35 32.7 285 [1.2*1.5S
WeighttVDEII+SL1 | 173 | 162 | 34 47 | 355 | 300 |7
IV |Weight+VDEI+SL2 203 155 75 105 59.2 374 |2*1.5Sm
=621

* The bending stress of 55MPa due to TF coil deformation is included.
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Table 4.1-4 Secondary stress intensity of flexible plate of VV support on TF OIS

Cat.| Load combination Membrane | Membrane + | Secondary Secondary
stress (MPa) |bending stress stress stress
o) | o | o
I [Weight(100C) 16.5 213 318 3 Sm
Baking(200C) 16.5 290 395 =621
Weight+VDEI 25.6 274 379
II |Weight+VDEII 28.2 278 383 3 Sm
Weight+VDEI+SL1 32.6 296 401 =621
III |Weight+VDEII 327 285 390 -
Weight+VDEII+SL1 35.5 300 405
IV |Weight+VDEI+SL2 59.2 374 479 -

Table 4.1-5 Buckling load factor of VV support on TF OIS

Cat.| Load combination Vertical load Horizontal load Load factor
(Ct()) m;l:;e sstve (Transverse buckling) allowable
uckling) (ASME Sec.
Total Load |Maxload/| Load III)
load[MN]| factor | support | factor
[MN]
I [Weight(100C) 100 53 - -
Baking(200°C) 100 | 53 - - 3
Weight+VDEI 143 3.7 3.3 8.6
II |Weight+VDEII 154 34 4.1 6.9 3
Weight+VDEI+SL1 158 3.4 6.6 43
III |Weight+VDEII 172 3.1 5.5 51 2.5
Weight+VDEII+SL1 173 31 74 3.8
IV (Weight+VDEI+SL2 203 2.6 16.4 1.7 1.5
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Table 4.1-6  Tensile stress of bolts of VV support on TF OIS

Cat. Load Upward load Horizontal load Max. | Max. | allow-
combination . _ tensile | tensile | able
Swaying Rocking | |5ad* |stress* | Inconel

718
Up- | Ten- |Shear,| Ten- | Ten- | Ten- |/ bolt /bolt ASME
ward | sile [load,”| sile | sile | sile |[MPal|[Mpa]

Sec III
load”|load | sup- |load,”|load,” |load,” NB
flange| bolt | port | bolt | sup- | bolt
edge [[MPa]| [MN] |[MPa]| port |[MPa]

[MN] [MN]

I |Weight(100C) | 057 | 127 | - - 128 | 503 | 2330y
Baking(200C) | 080 | 17.8 | - - 17.8 | s05 | ~ 687
Weight +VDEI | .63 | 127 | 33 | 91 | 14 | 85 | 103 | 527

II [Weight+VDEIl | -5.1 | 127 | 42 115 1.7 | 10.8 | 127 533 [2/30y
Weight+VDEL | 47 | 127 | 66 | 181 | 27 | 170 | 194 | s51 | ~ %7
+SL1

Il |Weight +VDEIII | -3.1 | 12.7 | 5.5 151 | 23 | 142 | 164 | 543 | 230y
Weight +VDEIL | 30 | 127 | 7.5 | 205 | 3.1 | 193 | 217 | s57 | =687
+SL1

IV Weight +VDEI 03 [13.0 165 | 453 | 6.8 | 425 | 465 | 622 |Min.(0.7
+SL2 ou,o

y)=957

*The tensile load is the summation of loads due to swaying and rocking movement.

*The tensile stress is proof bolt stress including the initial pre-load of 500 MPa
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Table 4.1-7 Shear load between flanges of VV support on TF OIS

Cat| Load combination | Upward load* Horizontal load

Upward | Upward [Horizon | Load in | Upward | | oad in | Upward
load | load |talload | direc-|load due| g girec-|load due
(EM + |(include| (MN) |tion due t(,) rock- tion due t9 rock-

seismic welght) to sway- ll‘lg/ to sway- lng/
load) | sup- ing,/ |SuPPOrt| ino / |sup-port
port support (0" ) support (180 )

(90° ) (180° )

I [Weight(100C) 0 -11 0 0 0 0 0
Baking(200C) 0 -11 0 0 0 0 0
Weight +VDEI 43 -6.3 15 3.3 035 | 115 | 135

II |Weight +VDEII 54 -5.1 19 42 0.47 1.46 1.71
Weight+VDEI+SL1 58 -4 30 66 | 074 | 230 | 2.70

III (Weight +VDEIII 72 -3.1 25 55 0.62 1.92 2.25
Weight +VDEII +SL1| 73 -3.0 34 75 | 084 | 261 | 3.06

IV [Weight +VDEI+SL2 [ 103 0.3 75 16.5 1.85 5.75 6.75

* Minus means downward load.
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Table 4.1-8  Shear force and friction between flanges of VV support on TF OIS

Cat.| Load combination Angle of 90 ° [MN] Angle of 160 ° [MN]
Load in |Compress| Friction |Load in @ |Compress | Friction
2] ion / | dueto | direction| ion due to
direction | support | comres- | dueto | support | comres-
due to sion/” | swaying sion,/”
swaying support | ~support support
/support '

I |[Weight(100C) 0 74 9.3 0 74 93
Baking(200C) 0 74 93 0 74 9.3
Weight +VDEI 3.3 69 8.6 1.15 69 8.5

II  |Weight +VDEII 42 68 34 1.46 68 8.3
Weight+VDEI+SL1 6.6 67 8.4 2.30 67 8.1

I |Weight +VDEIII 5.5 65 8.2 1.92 65 8.0
Weight +VDEII+SL1| 75 65 8.1 2.61 65 7.9

IV |Weight +VDEI +SL2 16.5 61 7.6 5.75 61 7.0

* Initial pre-load of bolt is 500 MPa. Compression of flange is 80.8 MN

* Friction coefficient is assumed to be 0.125 which is a half of that of clean surface.
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Fig. 4.1-4 Analysis model for in-plane thermal stress
Fig.4.1-5 Analysis condition
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4.2 Support System on Cryostat Ring
4.2.1 Configuration

The compressive type support on cryostat ring using the space of alternate divertor
port is shown in Fig.4.2-1~Fig.4.2-3. The VV support system consists of nine supports
in toroidal direction. The VV supports have no interaction with TF coil. Therefore, The
structural integrity of the VV and TF support increases because of the load reduction for
each support.

The main characteristics of the support system are as follows;

(1) The VV supports are connected between VV wall and cryostat ring. The
temperature difference between support edges is only 80°C. The stress due to the
relative thermal displacement between the support edges is much less than that
of the VV support on TF coil OIS.

(2) There is no interference between the VV and TF supports. The TF coil case has
no effect on VV support. The increase of reliability of VV support is expected.

(3) The load of TF coil support is also decreased to the weight of coil system and
reaction load of VV for plasma disruption.

For locating VV support in PFS outside, PF5 winging pack tumns are changed from
14(R) X 16(Z) tumns to 12(R) X 20(Z) tumns in order to make space between VV support
and PFS. The sizes of the PF5 coil are changed from 843.2mm(AR) X 968.8mm(AZ) to
725.6mm(AR)X 1206.0mm(AZ). The outboard edge of PFS moves 118mm to the
direction of machine center. It is confirmed that there is no effect on the PF coil
performance.

If the space is required between cryostat ring and PF5 coil on the bottom of cryostat
for the winding of PF5 coil repair, cryostat ring support may be designed to move the
direction of machine outboard.

The design of TF coil support follows that of DDD in ITER FDR [13]. The design
loads of the TF support are the weight of coil system and the reaction loads of VDE
vertical and horizontal force.

The main parameters of VV and TF support are as follows;

Table 4.2-1 Main Parameters of VV Support System on Cryostat Support Ring

VV Support

TF Support

Number of supports

9

18

Dimensions of flexible plate

length X width X thickness | 1500 X 1200 X 28 [mm] | 2200 X 1035 X 25 [mm]

Number of flexible plates 18 22

Material of flexible plates SS316LN SS316LN
Material of bolt Inconel 718 Inconel 718
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4.2.2. Structural Assessment of Support System

The structural assessment of the support system is the same as that of the previous
section. The results of the assessment of VV and TF support are shown in Table 4.2-1
for membrane stress and Table 4.2-2 for bending stress.

The thermal displacements of VV support between support edges are 12.4 mm for
normal operation and 27.9 mm for baking operation. The thermal displacements are
much less than that of the VV support on TF coil case.

The membrane and bending stresses for VV and TF coil support are within the
allowable values.

Table 4.2-3 shows the secondary stresses of VV and TF flexible plates. The
thermal stresses due to non-uniform temperature distribution in the flexible plates are
assumed to be 30MPa and 64MPa for VV and TF coil support respectively. The
secondary stresses are much less than the allowable values.

The buckling assessment is shown in Table 4.2-4. The VV and TF flexible plate
have enough buckling integrity.

The assessment for tensile bolt stresses and shear forces between flanges are also
performed as that of previous section. The tensile bolt stresses are almost the same as
that of VV support on TF coil OIS. The VV and TF tensile bolt stresses are within the
allowable values and the shear loads between flanges can be sustained by friction force
between flanges except the case of Cat. IV events.

4.2.3Natural Frequency

Two vibration modes are considered for horizontal movement; swaying and rocking
movement. The natural frequency can be obtained by the total spring constant of the
horizontal movement. Each spring constant and natural frequency are as follows;

Table 4.2-8 Natural frequencies of VV and TF coil supports

VV Support TF Support
Spring constant of swaying movement[N/m] 7.27% 10" 5.60%10"
Spring constant of rocking movement [N/m] 1.62X 10" 1.27 X 10"
Equivalent horizontal spring constant [N/m] 6.96%10" 5.36X%10"
Natural frequency [Hz] ' 4.20 3.68

4.3Summary

Compressive type VV supports have been investigated using alternate divertor port
region. Two designs have been performed for the compressive VV support concept. One
is mounted on TF coil OIS and the other is on cryostat ring.

For both VV supports, the flexible plates stresses, load factors of buckling and bolt
stresses are within allowable values for all load combinations. The shear load between
flanges can be sustained by friction force between flanges except the case of Cat. IV
events.

For the VV support on cryostat ring, the loads of VV and TF supports are decreased
comparing with those for the VV support on TF coil OIS. The load of TF coil support is
also decreased to the summation of weight of coil system and reaction load for plasma
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disruption.

The VV supports of cryostat ring have no load interaction with TF coil performance.
The independency is preferable because of no requirement for the structural integrity of
TF coil.

Table 4.2-2(a) Membrane stress intensity of VV flexible plate

Cat.| Load Combination Vertical Load Horizontal load Mem- | Mem-
brane | brane
Total | Com- | Total | Max. | Shear .stres-s allow-
load | pres- | load |load/ | stress [intensity| ables

(MN) | sion | (MN) isupport | (MPa) | \py) | SS316

(MPa) (MN) LN

I [Weight(100°C) 100 18.4 - - - 18.4 Sm

Baking(200°C) 100 | 18.4 - - - 184 | =207
Weight +VDEI 143 | 263 15 33 54 | 285

II [Weight +VDEI 154 | 283 | 19 42 | 68 | 314 | Sm

Weight+VDEI+SL1 158 | 29.1 30 6.6 108 | 363 | =207

III [Weight +VDEII 172 | 316 | 25 55 9.0 364 | 1.2Sm
Weight+VDEII+SL1 173 31.0 34 74 122 | 395 | =248

IV |Weight+VDEI+SL2 203 | 373 | 75 | 164 | 271 | 658 |2*Sm=
414

Table 4.2-2(b) Membrane stress intensity of TF flexible plate

Cat.| Load Combination Vertical Load Horizontal load Mem- | Mem-
brane | brane

Total | Com- | Total | Max. | Shear | stress | allow-
load | pres- | load |load/ | stress [intensity| ables

(MN) | sion | (MN) |support | (MP2) | vpa) | $S316

(MPa) (MN) LN

I [Weight(100°C) 100 9.8 - - - 9.8 Sm
Weight +VDEI 132 | 129 | 11 12 | 29 | 141 | =207

I |Weight +VDEI 141 | 137 | 14 15 | 36 | 155 | Sm
Weight+VDEI+SL1 147 | 144 | 26 28 | 68 | 198 | =207
III |Weight +VDEII 154 | 150 | 18 20 | 48 | 178 | 12Sm

Weight+VDEII+SL1 156 | 152 | 29 3.1 75 214 | =248

IV [Weight+VDEI+SL2 | 192 | 188 | 71 | 77 | 187 | 418 |2*Sm=
414
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Table 4.2-3(a) Primary stress intensity of VV flexible plate

Cat.| Load combination Vertical load | Horizontal load | Mem- | Mem- | Primary
brane | branet+ | stress
Total | Bend- | Total | Bend- | stress |bending | allow-
load | ing load ing |intensity| stress | able
(MN) | stress | (MN) | stress | \fpy) intensity | SS316
LN
(MPa) (MP a) (MPa)

I Weight(100°C) 100 87 0 0 18.4 105 1.58Sm
Baking(200°C) 100 195 0 0 18.4 213 =311
Weight +VDEI 143 84 15 91 26.3 201

II |Weight +VDEII 154 83 19 115 28.3 , 227 1.5Sm
Weight+VDEI+SL1 158 83 30 181 29.1 294 | =311

III |Weight +VDEIII 172 82 25 151 31.6 265 [1.2*1.58
Weight+VDEII+SL1 | 173 | 82 34 205 | 310 | 319 |™37

IV |Weight+VDEI+SL2 203 80 75 453 373 572 |2*1.5Sm

=622

Table 4.2-3(b) Primary stress intensity of TF flexible plate

Cat.| Load combination Vertical load Horizontal load | Mem- | Mem- | Primary
brane | branet+ | stress

Total | Bend- | Total | Bend- | stress |bending | allow-

load ing load ing intensity | stress able
(MN) | stress | (MN) | stress | (\vpy) intensity | ¢g316

(MPa) (MPa) (MPa)* | LN

I [Weight(100°C) 100 | 89 0 0 9.8 98 | 1.5Sm
Weight +VDEI 132 89 11 41 14.1 221 =311

I |Weight +VDEI 141 85 14 52 15.5 231 1.5Sm

- [Weight*VDEI+SL1 | 147 | 85 26 99 | 198 | 279 | =311

III |Weight +VDEIII 154 84 18 69 17.8 249 {1.2*1.5S

. =37
Weight+VDEII+SL1 | 156 | 84 29 109 | 214 | 289 | ™7

IV [Weight+VDEI+SL2 192 81 71 271 41.8 453 {2*1.5Sm

=622

* The bending stress of 80MPa due to TF coil deformation is included.




Table 4.2-4 Secondary stress intensity of VV and TF flexible plates
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Cat.| Load combination VV Flexible Plate TF Flexible Plate
Secondary | Allowable | Secondary | Allowable
stress™ SS316LN stress™** SS316LN
(MPa) (MPa) (MPa) (MPa)

I  |Weight(100°C) 135 3 Sm 162 3 Sm
Baking(200°C) 243 =622 - =622
Weight+VDEI 231 285

II |Weight+VDEII 257 3Sm 295 3 Sm
Weight+VDEI+SL1 324 =622 343 =622

III [Weight+VDEIII 295 - 313 -
Weight+VDEII+SL1 349 353

IV |Weight+VDEI+SL2 602 - 517 -

* The thermal stress of 30MPa due to temperature distribution is included.
** The thermal stress of 64MPa due to temperature distribution is included.
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Table 4.2-5(a) Buckling load factor of VV flexible plate

Cat.| Load combination Vertical load Horizontal load | Load factor
(Ct? m;lzlrfesswe (Transverse buckling) allowable
uckling) (ASME Sec.
Total Load |Max.load/| Load I0I)
load[MN]| factor support | factor
[MN]
I  |Weight(100°C) 100 74 - -
Baking(200°C) 100 74 - - 3
Weight+VDEI 143 52 33 214
II |Weight+VDEII 154 4.8 4.1 17.1 3
Weight+VDEI+SL1 158 4.7 6.6 10.7
III |Weight+VDEIII 172 43 5.5 12.8 25
Weight+VDEII+SL1 173 4.4 74 95
IV |Weight+VDEI+SL2 203 3.6 16.4 43 1.5
- Table 4.2-5(b) Buckling load factor of TF flexible plate
Cat.; Load combination Vertical load Horizontal load | Load factor
(Cl;) m;lg.esswe (Transverse buckling) allowable
uckling) (ASME Sec.
Total Load [Max.load/| Load I0)
load[MN]| factor support | factor
[MN]
I  [Weight(100°C) 100 52 - -
Weight+VDEI 132 39 12 20.7 3
II [Weight+VDEII 141 3.7 1.5 16.6 3
Weight+VDEI+SL1 147 35 28 87
III |Weight+VDEIII 154 33 20 124 25
Weight+VDEII+SL1 156 33 3.1 78
IV |Weightt+VDEI+SL2 192 2.7 7.7 32 1.5




Table 4.2-6(a) Tensile bolt stress of VV support
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Cat. Load Upward load Horizontal load Max. | Max. | allow-
combination : : tensile|tensile| able
Swaying Rocking | |aq* | stress* | Inconel
718
Up- | Ten- |Shear,| Ten- | Ten- | Ten- /bolt| /bolt ASME

ward | sile [load/| sile | sile | sile |[MPal|Mpa]

Sec.IlI
load/|load/| sup- |load/|load/|load,/ NB
flange| bolt | port | bolt | sup- | bolt
edge |[MPa]| [MN] |[MPa]| port |[MPa]

[MN] [MN]

I [Weight(100°C) | 027 | 60 | - - 60 | 502 |23 0y
Baking(200°C) | 061 | 135 | - - 135 | so4 | =87
Weight +VDEL | 63 | 6.0 | 33 [ 167 | 1.4 | 85 | 173 | 545

II |Weight +VDEI -5.1 6.0 42 | 212 1.7 | 108 | 218 557 {230y
Weight+VDEL | 47 | 60 | 66 | 334 | 27 | 170 | 340 | ss0 | =687
+SL1

III |Weight+VDEII | -3.1 | 6.0 55 | 278 | 23 | 142 | 284 | 575 | 230y
Weight +VDEIL | 30 | 60 | 75 | 376 | 3.1 | 193 | 385 | 601 | ~ %7
+SL1

IV |Weight +VDEI 03 6.3 16.5 | 845 68 | 425 | 819 720 (Min.(0.7
+SL2 ou,o

y)=957

*The tensile load is the summation of loads due to swaying and rocking movement.

*The tensile stress is proof bolt stress including the initial pre-load of 500 MPa
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Table 4.2-6(b) Tensile bolt stress of TF support

Cat. Load Upward load Horizontal load Max. | Max. | allow-
combination : - tensile|tensile | able
Swaying Rocking | j5a4* |stress* | Inconel
718
Up- | Ten- |Shear,| Ten- | Ten- | Ten- /bolt| /bolt ASME
ward | sile |load/| sile | sile | sile [IMPalipMPa}| oo i
load / |load,/| sup- [load/ |load/ |load,/ NB

flange| bolt | port | bolt | sup- | bolt

edge |[MPa]| [MN] |[MPa]| port |[MPa]

[MN] [MN]

I |Weight(100°C) | 0.18 | 68 | - - 68 | 502 |230y
Baking(200°C) | 0.18 | 6.8 | - - 68 | s02 | ~ 687
Weight +VDEL | 32 | 68 [ 14 | 91 | 12 | 128 | 97 | 530

II |Weight+VDEINl | 26 | 68 | 1.7 | 113 | 1.5 | 162 | 120 | 538 |23 0y
Weight+VDEL | 23 | 68 | 33 | 216 | 23 | 256 | 223 | 558 =687
+SL1

Il [Weight+VDEII | -16 | 68 | 23 | 151 | 1.9 | 213 | 158 | 549 |2/30y
Weight +VDEIl | .15 | 68 | 36 | 239 | 2.6 | 29.0 | 246 | 566 =687
+SL1

IV [Weight+VDEI | 02 | 87 | 91 | 594 | 58 | 640 | 602 | 644 |Min.(0.7
+SL.2 : ou,o

y)=957

*The tensile load is the summation of loads due to swaying and rocking movement.

*The tensile stress is proof bolt stress including the initial pre-load of 500 MPa
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Table 4.2-7(a) Shear force and friction between flanges of VV support

Cat. Support load at angle of 90 ° due|  Support load at angle of 160 °
Load to swaying,/ support [MN] due to swaying / support [MN]
combination Load in | Upward |Compre | Friction | Load in | Upward |Compre | Friction
O direc-| load ssion | dueto |9 direc-| load ssion | dueto
tion comress | tion comress
ion ion
I [Weight(100°C) | 0 70 8.7 0 70
Baking(200°C) 0 70 8.7 0 70
Weight +VDEL | 33 | 037 64 8.1 115 | 135 63 7.9
I  |Weight +VDEIl| 42 0.47 63 7.9 1.46 1.71 62 7.7
Weight+VDEI+| 66 | 074 | 62 78 | 230 | 270 | 60 7.5
SL1
III |Weight 5.5 0.62 61 7.6 1.92 225 59 7.4
+VDEIII
Weight +VDEII 7.5 0.84 61 7.6 2.61 3.06 58 7.3
+SL1
IV |Weight +VDEI | 16.5 1.85 56 7.0 5.75 6.75 51 6.4
+SL2

* Initial pre-load of bolt is 500 MPa. Compression of flange is 58.5 MN
* Friction coefficient is assumed to be 0.125 which is a half of that of clean surface.

— 80
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Table 4.2-7(b) Shear force and friction between flanges of TF support

Cat. Support load at angle of 90 ° due|  Support load at angle of 160 °
Load to swaying,/ support [MN] due to swaying / support [MN]
combination |y . 4 in |Upward |Compre | Friction | Load in |Upward |Compre |Friction
O direc-| load | ssion | dueto | direc-| load | ssion | dueto
tion comress | tion comress
ion ion
1 Weight(100°C) 0 59 7.4 0 59
Baking(200°C) 0 59 7.4 0 59
Weight +VDEI | 1.9 1.2 56 70 | 095 | 1.00 56 7.0
I |Weight +VDEII} 23 1.5 55 69 | 120 | 127 55 6.9
Weight+VDEI+ 37 2.3 54 68 | 190 | 2.00 54 6.8
SL1
III [Weight 3.1 1.9 54 6.7 1.58 1.67 54 6.7
+VDEIII
Weight +VDEII 42 2.6 53 6.6 2.15 227 53 6.6
+SL1
IV |Weight +VDEI 93 58 48 6.0 4.75 5.00 49 6.1
+SL2

* Initial pre-load of bolt is 500 MPa. Compression of flange is 53.9 MN
* Friction coefficient is assumed to be 0.125 which is a half of that of clean surface.
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Fig 4.2-1 Compressive VV support on cryostat ring
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5. Conclusions

Two optional design concepts of VV support have been investigated in order to
increase structural integrity of the VV support in current design. The preliminary design
study for the VV support concepts has been performed to confirm the structural
feasibility. From the studies, following conclusions are drawn.

1) One optional design is a hanging type support that consists of top hanging flexible
plates at the top of VV and middle radial stoppers in the middle of outboard VV.
Top hanging flexible plates are mounted at the TF inboard top region (R~5400 mm)
using the narrow window space surrounded by PF1 and TF coils. Middle radial
stoppers are located inside TF coil case around the outboard mid plane. The upper
flange connection of the radial stopper should slide in vertical direction to eliminate
thermal stress produced by relative thermal displacement between VV wall and TF
coil case. Both supports are mounted on 18 locations in toroidal direction. The radial
and toroidal reaction loads are shared with both supports. However, the vertical load
is sustained by only the hanging support at the top.

2) The other option is a compressive type support that consists of nine VV supports
located in alternate divertor port regions in toroidal direction. The location of the VV
support corresponds to the position of VV field joint.

Two designs have been performed for the compressive VV support. One is mounted
on TF coil OIS and the other is on cryostat ring. The compressive support on TF coil
OIS is dependent on TF coil movement but that on cryostat ring is independent. The
loads of VV and TF coil supports are decreased comparing that of support system in
which VV support is mounted on TF coil OIS. Stresses of VV support on cryostat ring
are less than that on TF coil OIS.

3) All supports have enough structural integrity for all load combinations and the
stresses are within the allowable limit. In the optional designs, the stresses produced
by the relative thermal displacement between VV wall and TF coil case are considered
as pnmary stress according to ASME Sec. III NF. The stress due to TF coil
displacement is also considered as primary stress. The thermal stresses produced by a
non-uniform temperature distribution are considered as secondary stress.

4) The restrictions to apply the optional designs are as follows;

For the hanging type support, the spaces to mount the supports are the TF inboard top
region and the VV outboard middle region inside TF case. They are 18 locations in
toroidal direction. The location of top VV wall should be moved downward by 100
mm for the joint bolt fastening and thermal shield installation. Top VV outer wall
configuration might be flattened for the easy assembly. The top CC radial spans need
to be modified from the side edge to the center of the TF case.

For the compressive type support, the spaces to mount the supports are alternate
divertor port regions. Then the divertor ports should be limited to nine ports.
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