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Engineering Aspects of the JAERI Proposal for INTOR (IT)
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To assess the data base for INTOR, a design study of the INTOR-J

reactor system was carried out. Purpose of the study to evaluate the

following five could be attained: N

(1) validity of the guiding parameters (especially those related to re-
actor size )},

{2) feasibility of a reactor with poloidal divertors,

(3) design problems and research/development items in respective com-~
ponents,

(4) possibility of repair and maintenance, énd

(5) design of the test sections for tritium breeding and electric

power generation.

Keywords ; INTOR-J, Tokamak Reactor, System Design, Poloidal
Divertor, Repair, Maintenance, Guiding Parameter,

Engineering Feasibility.

This report is presented at the Session TI of IAEA INTOR Workshop

held in Vienna, Oct., 1-19, 1979,
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1. General
1.7 Objective of Design Study

Tn order to assess the INTOR design data base, consistent discussion
based on a systematic reactor design is required. Isolated surveys for
individual components tend to lack balance among them. Therefore we
have performed a fdirly detailed reactor design based on the guiding
parameters which had gained a preliminary agreement in the second Work-
shop Session. The result of the design is presented in this report which
w7e hope will be used as a reference in the Workshop Session III. The
main objective of the study is to evaluate and assess the following five
items.

(1) Validity of the guiding parameters (especially those related to
reactor size),

(2) Feasibility of a reactor with poloidal divertors,

(3) Design problems and R&D items of each component,

(4) Feasibility of repair and maintenance, and

{(5) Design of test gections for tritium breeding and electric power

generation.

1.2 Design Process

Fusion Reactor System Laboratory of Japan Atomic Energy Research
Institute (JAERI) conducted the overall system design and determined
the design concept and fundamental specifications. For the technical
feasibility study and detailed design of compenents, the cooperations
of the inductries were obtained. The roles of the industries in the
design are as follows:
(1) Hitachi Ltd. conducted (a) the design of poloidal divertors and
relevant analysis such as magnetic field configuration designs for
deciding conditions required for the divertor design, (b) repair and
maintenance design of the divertor plate, (c) neutron and gamma flux
calculation around divertor, and (d) non-breeding blanket structure
design. ‘
(2) Kawasaki Heavy Industries performed, (a) breeding and non-breeding
blanket structure design, (b) cooling panel design, (c) design of cooling
systems for blanket and cooling panel including electric power generating
systems, and (d) blanket test section design.
(3) Mitsubishi Group carried out (a) the design of Modular Concept

(Concept A) reactor structure and repair and maintenance, (b) magnet
_1.._
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design (Concept A), (c¢) shielding and vacuum vegsel structure design,
and (d) design of main vacuum pump.

(4) Toshiba conducted (a) the design of In-situ Concept {Concept B) re-
actor structure and repair and maintenance, (b) magnet design (Concept
B), (c) NBI design, and (d) neutron streaming calculation through NBI
ports.

The design study was initiated just after the Workshop Session II
and this report was made in 2.5 months. Therefore there still exist
inconsistencies between component designs and insufficiency in some in-
vestigations. However, many insights are obtained on the objectives (1)
- (5) described in 1.1, and materials for discussions may be obtained

from this report.

1.3 Extent of the Design
Based on the preliminary design study(l), and considering the agree-

ments reached in the Workshop Session II, the design study of the follow-
ing items are carried out. Design problems and R&D items were enumerated
simultaneously with the design.

(1) Overall concept of reactor with poloidal divertor

{2) Neutronics design

(3) Blanket design (breeding and non-breeding)

(4) Shielding design

(5) Divertor design

(6) TF magnet design (for concept A and B)

(7) PF magnet design (for concept A and B)

(8) NBI design

(9) Main vacuum pump design
(10) Repair & maintenance of reactor, concept A and B
(11) Repair & maintenance of divertor
{12) Reactor cooling system
(13) Blanket test section

Based on the above design study, the evaluations of the following

items are appended in the report.

(1) Tritium breeding blanket,

(2) Vacuum boundary of SCM,

(3) Reactor repair and maintenance,

{(4) Structure of SCM,
(5) Minimum thickness of the inboard shield,

(6) Electric power generating system.

_2_
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1.4 General Reactor Concept

Major design parameters related to this study are summarized in
Table 1.4.1. Over view of INTOR-J is shown in Fig. 1.4.1. Vertical and
horizontal cross-sections of the reactor are shown in Figs., 1.4,2 and
1.4.3, respectively. The reactor consists of six modules each of which
has two toroidal coils. A dual purpose port for evacuation and neutral
beam injection is placed on the outer side of a module. NBI's are in-
stalled on four of the six modules, and on the remaining two, blanket
test sections are placed.

Blanket made of stainless steel cooled by water surrounds the plasma,
and poloidal divertors are placed on the top and bottom, The divertor
plate is made of copper tube panel, which will be replaced in case of
failure by a manipulator inserted through the outside port in a reactor
module.

In front of the blanket, cooling panels are installed. A TZIM pro-
tection wall is placed in front of the panel to cope with plasma disrup-
tions. Main structure material of the shielding is stainless steel.

The inner portion of the shielding, where the nuclear heating rate 1is
high, is made of stainless steel and the outer portion‘is made of heavy
concrete. As the inboard shield material, the use of tungsten as a
filling material for concrete was considered to enhance the radiation
shielding effect. Vacuum vessel is on the inner surface of the shielding
and bellows are used to obtain sufficient one turn electric resistance.

Both disk type and pancake type coil designs using Nb3Sn supercon-—.
ductor are investigated for the toroidal magnets. For poloidal SC magnets,
NbTi superconductor is used. Copper is always used as the stabilizer.

The concept for the repair & maintenance of blanket structure is
one of the main design alternatives. The concept of withdrawing radially
a module with two toroidal magnets (Concept A) and the concept of removing
a part of the shielding in-situ and take out or access the blanket (Con-
cept B) are both studied. In both concepts, the repair of magnets are
also made to be feasible. In relation to the repair and maintenance
design, the vacuum boundary of the magnets is investigated whereby the
separated type and the belljar type are designed. The former is applied
to the Concept A and the latter Concept B.

REFERENCE
(1) JAERI-M 8503, Engineering Aspects of the JAERI Proposal for INTOR{I),

(1979)
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Table 1.4.1 Main Design Parameters

average neutron wall loading

fusion power
total thermal power

burn time

dwell time ( including start up & shut down )

availability

number of pulses durihg lifetime

major radius
aspect ratio
plasma radius
first wall radius

elongation

toroidal magnetic field at plasma center

field ripple

plasma current

neutral beam injector

number of units

number of ion sources/unit

injection power
beam energy

duration

toroidal field coils

number of coils
bore, height/width
cooling method

max., field
magnetomotive force
conductor

radiation dose

poloidal field coils

number of coils
location

max. field

{ hybrid coil system)

1 Mi/n?
395 MW
415 MW
200 s
50 s
25 %
3X10
5.0 m
4.2
1.2 m
1.3 m
1.5
5.0 T
£0.75 %
4.7 MA

4

8

75 MW
200 keVv
5s

12

9 m/6 m

pool boiling
10v11 T
10.4 MA/coil
Nb_.S5n

3
vl XlO9 rad ( epoxy )

24
outside of TF ceoils

8T
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{ continued )

max. field rise v5T/0.1s (£ <0.1s)
| ~ 8T/5s (0.1<t<5s)

conductor NbTi/Cu

OHC current ramp time w5 o8

max. one turn voltage 100 V

vacuum vessel

location inner surface of bulk shield
material stainless steel
max. temperature n100°C

coolant HZO

toroidal loop resistance 0.2 mi

first wall

type cooling panel with protection wall
pfotectiOn wall cooling panel

thickness/outer dia. 4 mm 2 mm/20 mm

material low Z mat. or 316 S8

low Z covered
refractory metal

coolant none (by radiation) H20

pressure: 5 ata
inlet temp. ! 40°C
outlet temp. : 90°C

max. temp. ( structure ) n 1500°C n150°C
av, neutron wall load ( during burn ) 1 MW/m2

av. surface heat load lZ.SW/cm2 17.5W/cm2
max. surface heat load 15 W/cm2 21 W/cm2
av, nuclear heating rate 10 W/ee
max. nuclear heating rate 12 W/ce
blanket

number of modules 6

location inboard & outbeard
material : 316 SS

coolant HZO

max. temp, (structure) n150°C
thickness 0.3 m



bulk shield

inboard material
inboard thickness
outboard material
outboard thickness
coolant

max. temperature ( structure )

JAERI-M 8518

{ continued )

5SS, W and heavy concrete
0.5 m

85 and‘heavy concrete
1.0m
HZO/borated HZO

n~100°C
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1.5 Reactor Concept A

Reactor concept A is characterized by divertor and sector type
structure. Plane and sectional view of the reactor concept A is shown
in Fig. 1.5.1 and Fig. 1.5.2, respectively, and plan view is shown in
Fig. 1.5.3. As shown in the figures, the reactor concept A is mainly
composed of shield, toroidal field magnet, poloidal field magnet, movable
base, belljar and cryopumps. Functions and structural characteristics
of these components are summarized in Table 1.5.1 while the blanket is
omitted here because of its common characteristics to concepts A and B.

Major characteristics of the reactor concept A is employment of
belljar type vacuum chamber for superconducting magnets and following
advantages are resultant.

1) Assembling and disassembling procedures and associated tools are simple
and reliable.

2) Superconducting magnet structure is simple and cold support is easily
possible.

3) Space factor of machine structure is high.

The second feature of the reactor concept A is large flexibility of
repair and maintenance. Requirement for cooling and heating time of
superconducting magnet is said to be a problem. But this problem might
not be serious since preparatlon and rearrangement in repair and mainte-

nance process is possible during the cooling and warming time.
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Table 1.5.1 Functions and characteristics of main

component of reactor Concept A

Compcnent Functions Characteristics

(1) Atteruation of neutron |(1) Layered structure of

and y-ray radiation stainless steel-water and
Shield and protection of heavy concrete layers.

toroidal and peleidal

magnets.

{2) Vacuum barrier for
plasma region.

(%) Support for blanket.

(1) Production of toroidal|(l} Nbz&n guperconductor and
Toroidal field field. lig. He pool. cooling
magnet
(2) Support of peleidal (2) Disc structure for hocp

field coils. force, wedge structure for
centripetal force and beam
structure for overturning
force.

(%) Belljar type vacuum tank.

Poloidal field (1) Production of poleidal{ (1) NbTi superconductor and

) field. SHE forced flow cooling.
magnet
(2) Relljar type vacuum tank.
(1) Support of machine (1) Movable structure for
Movable base | (2) Transportation of assembling and dis-
machine assenbling
(1) Vacuum barrier for (1) Cylinder and dome
Belljar superconducting structure
magnet
(1) Bvacuation of (1) Combination of cryocsorp-
Cryopumps plasma region tion-panel for He and cryo-

panel for other gasses
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Fig. 1.5.3 Concept A Plan
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1.6 Reactor Concept B

The main objective of this design study is to make a concept of
maintenable reactor systems under the limitation of the INTOR design
conditions. This includes: to choose structure design so that the major
radius R can be 5 m; to develop structure design which accepts the
easiest way to replace failure parts of reactor systems; and to make a
concept of a reactor building of minimum space in view of reactor main-
tenance. Concerning the last two objectives, a removable blanket scheme
has been studied in this design on behalf of the module extraction scheme
which has been studied sinée the JAERI experimental Fusion Reactor (JXFR).
The removable blanket scheme means that the blanket structure can be re-
placed without removing the toroidal field magnets and the shielding
structure except for large hatches in the gshielding structure located
above the torus. The structure of the reactor concept B and NBI system
is shown in Figs. 1.6.1 and 1.6.2. The characteristic features of this
reactor system are summarized in this section.

To satisfy the design condition of R = 5 m, the following design
concepts have been chosen.

(1) The centering force acting on the toroidal field magnets is sup-
ported by the pressure acting between the surfaces of wedge parts

of the magnet cases which are located on the inner side in the major

radius direction. The toroidal magnets are attached to the center

pole in such a way that they can move inward in the major radius
direction. Small wedge pieces are used so that the surface of the
wedge parts of the magnet cases contacts each other firmly. Since
the center pole is located inside the poloidal field magnet, the
space necessary to support the centering force of the magnet is

quite limited.

(2) The vacuum boundary of the plasma chamber is located on the inner
side of the shielding structure, while the outer side of the shield-
ing structure forms the vacuum boundary for the toroidal field
magnets on the circumference near the center pele. Thus, no addi-
tional structure is necessary to form the vacuum boundary for

superconducting magnets near the center pole.

The design features, which have been chosen to simplify maintenance

procedure, are as follows.



(3)

(4)

(52

(6)

(7)
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The blanket structures can be replaced from the upper side of the

torus without removing the main vacuum system and the neutral beam
injector and without recovering the liquid helium temperature of

the superconducting magnets to room temperatures. The upper torus
shielding structure has large hatches so that blanket handling ma-
chines located in the upper part of the reactor room can reach the
blanket structures. The procedure to remove the blanket structures

is described in detail.

The blanket handling machines consist of manipulators to work on
pipe cutting and welding, and cramp mechanisms to 1lift the blanket
module and to slide the module radially in the toroidal direction.
The blanket structure is supported to the shielding structure by
screws which can be reached from the outside of the shielding struc-
ture. The vacuum boundary for the plasma chamber is located on the

outside of the shielding structure in this part.

The toroidal torsion force in the toroidal field magnets is supported
by the thick cylinder formed by the wedge parts of the magnet cases
and by the support structures between magnets. Strong support
structures radially all around in minor cross-section are located

in the sections without the neutral beam injectors. Strong struc-
tures are also located in all the bottom part of the magnet, thus

the toroidal magnets form a strong annular cylinder to support the

torsion force.

The toroidal field magnets can be replaced in the reactor room by
means of a carrier and the crane. The weight of the toroidal field
magnet is supported on the base for the center pole. Thus the
poloidal field magnets under the toroidal magnets can be replaced

easily.

The following two ideas are proposed to form the vacuum boundary
for the toroidal magnets on the outer side in the major radius
direction. First, each toroidal magnet has own vacuum chamber on
the outer side in the major radius direction. This design has
better accessibility to the shielding structure, but the space
inside the vacuum chamber is limited and many places have to be cut
when the toroidal magnet is disassembled. Second, every two

toroidal magnets have a common vacuum chamber in the section where
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ne neutral beam injector is attached., This design gives more space

inside the magnet vacuum chamber.

'(8) The reactor room has four square spaces to draw back the neutral
beam injectors and the main vacuum systems beyond circular area.
Wide space for reactor maintenance can therefore be prepared around
the torus without enlarging the reactor room. The reactor room has
one large door where any single module in the reactor room can go
through, Cranes and carriers with jacks can transport any module

to storage areas which are located next to the reactor room.

The toroidal field magnet design of the reactor concept B is de-
scribed in Sec. 6.2. The design concepts (1) and (2) allow the toroidal
magnets to have the maximum cross-section under the condition of R = 5 m.
The magnet shape has also been optimized so that the temsion force in
the magnet is uniform as far as possible. Stress analysis of the magnets
however shows that the maximum stress in the toroidal magnet is still on
the border of the limitation of acceptable stresses.

The poloidal field magnet design of this reactor system is reported
in Sec. 7.2. The two poloidal magnets located above the torus are sup-
ported on the shielding structure so that they can be removed without
recovering their cryogenic temperature considerably when the blanket
structure is replaced. Since INTOR has the D-shaped divertor, some of
the poloidal magnets are given a considerable amount of hoop force which
requires larger magnet cross-section than usually expected.

Special emphasis in this design study is put on repair and mainte-
nance of the reactor system which is reported in Chapter 11. Achievement
of the removable blanket scheme described there depends on the possibility
to find the way how to support the toroidal torsion force acting in the
toroidal magnet system. It also depends on the possibility to realize
the blanket handling machines. Although the detailed design study on
these points has not been fulfilled yet, it.appears that there is a great

possibility to achieve this maintenance concept.
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2. Neutronics

One dimensional (1D) SN code ANISN(l), two dimensional (2D) SN code
(3

pOT-3.5¢2) and three-dimensional Monte Carlo code MORSE-I were used
in the INTOR neutronics calculations. In Section 2.1, calculated neutron
and gamma-ray fluxes and nuclear heating obtained by the above three
methods are presented. The 1D calculations are used in preliminary cal-
culations and parametric surveys. The 2D calculations aimed at investi-
gating the effect of neutron streaming through the divertor channel, and
the 3D calculations, the poloidal distributions of nuclear effects in
the first wall. Section 2.2 gives the spatial dose rate from induced
activity, Section 2.3 the results of 1D shielding calculations. An
albedo Monte Carlo method presently under development for the evaluation
of neutron streaming through NBI ports is described in Section 2.4.

The blanket and shield models used in this neutronics design is not
consistent. This is due to the fact that shielding structure and shield-
ing material composition were not determined till the late stage of the
design. Comparison of various outboard shield (or sometimes called outer

shield) and the inboard shield (inner shield) are given in 2.2 and 2.3.1,

respectively.

2.1 Neutron & Gamma-Ray Fluxes and Nuclear Heating

2.1.1 One dimensional calculation

The Pg - Sg approximation was used in the calculation of neutron
and gamma-ray fluxes using the one-dimensional discrete ordinate trans-
port code ANISN(l). A 42 group-neutron, 21 group-gamma coupled cross-
section library for 40 nuclides'GICX40(4) was used. The nuclear data
base of the GICX40 Library is ENDF/B-IIT and IV(5) for neutron data and
POPOP4 Library(6) for gamma-ray production data.

Neutron and gamma-ray fluxes and nuclear heating rate distributions
are calculated with the cylindrical models in Tables 2.1.1 and 2.1.2,
respectively. These models are the ones proposed for INTOR in the Work-
shop Session II. Figures 2.1.1 and 2.1.2 show the neutron and gamma-ray
fluxes for the inner and outer models, respectively. Radial distribu-
tions of total neutron flux, neutron flux with energy greater than 0.1
MeV, 14 MeV neutron flux and gamma-ray flux are shown. Their magnitudes
are in the order written above in the first wall but the 14 MeV neutron

flux attenuates below total gamma-ray flux just inside the blankets.
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Nuclear heating rates in the innmer and outer models are depicted in
Figs., 2.1.3 and 2.1.4, respectively. Three curves for total nuclear
heating rate, neutron and gamma heating rates are shown in the figures.
Except for the blanket region in the outer model which includes 1lithium,

gamma heating rate is always greater than neutron heating rate.

2.1.2 Two Dimensional Analysis of Radiation Shielding
1. Methods | |

(1) The analysis was performed by the two dimensional radiation trans-
port calculatien code poT-3.5(2),

(2) The cylindrical calculation model is shown in Fig. 2.1.5. The
calculation mesh interval was taken about 20 cm around the di-
vertor plate. The number of the mesh intervals aleng R-axis and
7-axis were 42 and 31, respectively.

(3) The main compositions of the materials are shown in Table 2.1.3.

(4) The P3-S, approximation was used.

(5} The cross-—section library GICX40(4) (42 neutron groups and 21

gamma groups) was used.

2. Results

(1) The results obtained by the two dimensional calculation are com-
pared with those by the one dimensional calculation in Table 2.1.4.
The one dimensional calculation was performed with the same
compositions and thickness along Z-axis.

(2) The fast neutron flux at the divertor plate calculated with the
two dimensional code was about a half of that with the one dimen-
sional code because of the decrease of scattering neutrons from
the surroundings. ' _

(3) The heating rate at the toroidal coil obtained by the two dimen-
sional code was about two times as much as that by the one dimen-

sional code because of the streaming effects through the divertor,

2.1.3 Three-dimensional calculation

Polaidal distributions of 14 MeV neutron flux, and helium production,
displacement damage and nuclear heating rates in the first wall system
are calculated using Monte Carlo transport code MORSE-I. The first wall
system of INTOR-J consists of the closest part of blanket to plasma (the
first wall) and a protection wall in front of it.

The blanket structure and the protection wall are made with stain-

less steel and molybdenum alloy, respectively. Figure 2.1.6 shows a
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three~dimensional calculation model of INTOR-J., The neutron source
distribution used in this calculation is shown in Fig. 2.1.7 (see Appen-
dix A.2).

Both the protection wall and first wall are divided into eighteen
regions as shown in Fig. 2.1.8. Neutron and gamma fluxes averaged in
each region are calculated using track-length estimator. The fluxes and
rates of helium production, displacement damage and nuclear heating are
shown din Fig. 2.1.9 - 2.1.16.

Real curves in the figure are the least square fittings using 5th

or 6th degree polynominal with the following limitations.

d = .
a5 ) Jgego = 0

d
0 T8 /1500 = 0

These limitations must be satisfied because a symmetrical boundary
is assumed at the mid-plane. The peaking factors of 14 MeV neutron flux
and helium production rate distributions are about 1.3 which is a little
larger than those of DPA and nuclear heating rate distributions.

Because of the above limitations the fitting curves do not agree
well with the original values at the inmermost part (9 = 0°). It is
necessary to make fractional standard deviations smaller for obtaining
more accurate information about the flux at the imnermost part. However
it is practically impossible to follow more neutron histories because of
increasing computational time.

The results of three-dimensional calculation are a little smaller
than those of one-dimensional calculation. This may be caused by the
overestimation of grazing component of particle flux in one dimensional
calculation. Infinite cylinder approximation and uniform source distri-
bution approximation overestimated the grazing component of particle

flux.



Region

No.,

i

10.

Table 2.1.1
Region
Region Radius,
ry{(cm)
Plasma 120.0
Vacuum 133.5
TZM protection wall 134.5
S5 tube wall 135.0
SS(80%) + H20(20%) 145.0
$5(90%) + H20(10%) 165.0
Vacuum 170.0
SS(30%) + W(40%) 210.0
+ Borated water

Air 220.0
SS cryostat vessel 225.0

SCM,
$S(60Z) + Cu(28%) + Nb(7%) 310.0

JAERI-M 8518

Inner model for the INTOR proposal

Mesh
No.,

ji

10

40

40

11

21

22

62

63

65

105

Mesh
Width
Arg (cm)

120.
13.

g.

0
5

5

.25

.125



Region

No.,

10.

i1.

i
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Table 2.1.2 Outer model for the INTOR proposal

Region Mesh
Region Radius, No.,
rj(cm) Ji
Plasma 120.0 1
Vacuum 133.5 1
TZM protection wall 134.5 2
SS tube + cell wall. 137.0 2
Li20(21.3%) + SS(4.74%) 155.0 6
+ He(21.3%)
Liz0(53.05%) + S5(20.15%) 181.6 i6
+ He(10.5%)
SS end wall 185.0 2
Vacuum 270.0 1
SS(90%) + Borated water(10%) 370.0 50
Alr 380.0 1
SS cryvostat vessel 385.0 2
SCM,
SS(60%) + Cu(28%) + Nb(7%) 480.0 40

12

28

30

31

81

82

84

124

Mesh
Width

120

13.

85.

10.

Arg (cm)

.25

.66

.375



Regions

Plasma

Neutralized
Particle

Blanket

Shield

Torecidal Coil
and

Poloidal Coil

Heavy

Concrete
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Materials

Hydrogen
Hydrogen

SUs 316
Water

TZM
Tungsten

5UsS 316
Borated Water
Copper
Insulator

SUS 316
Liquid Helium
Bronze

Nb35n
Magnetite
Cement

Water

Table 2.1.3 Material Composition

Density

(g/m3)
1.7 x 10!t
8.9 x 1012

7.98

1.0

10.1

19.1

7.98

1.0

8.9

1.25

7.98

0,417

8.7

8.4

3.0

1.0

Composition
(VOL %)

100
100
87.9
7.6
4.5
40
30
30
31.5
30.9
18.1
8.9
6.4
4.2
67
21

12
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Fig. 2.1.1 Neutron and gamma-ray fluxes in the inner blanket, shield and
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1 Vacuum 7 Li,0(05305)+S.5.(0.2015)
2 Protection wall +He (0.105)
3 First wall 8 End wall
4 S.S. (08)+H,0(0.2) 9 Inner shield
5S5.S.{09}+H,0 (0.1} 10 Outer shield
6 Li,0(0.213)+5.5.(0.047}

+He (0213}

4000

T
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Fig. 2.1.6 Three-Dimensional Calculation Model of INTOR-J
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Fig. 2.1.9 Polecidal Distribution of 14 MeV Neutron Flux
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Fig. 2.1.10 Poloidal Distribution of Helium Production
Rate in the Protection Wall
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Fig. 2.1.11 Poloidal Distribution of D.P.A,
: in the Protection Wall

1.4 T T ]' T T

1.3 L : 4
Average:

1.2 5.634 W/cc

Nuclear Heating Rate
=}

0.6 1 I I 1 1
0] 30 60 S0 120 150 180
POLOICAL ANGLE (DEGREE)

Fig. 2.1.12 Poleidal Distribution of Nuclear Heating
Rate in the Protection Wall
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2.2 Gamma dose rate after reactor shutdown

The thickness of the outboard shield will be determined by the
requirement of supressing dose rate ocutside the shield after reactor
shutdown. In the design of INTOR-J the target of the dose rate level
is 2.5 mrem/h which allows almost free occupations of personnel in the
reactor room.

Using THIDA code system, dose rates one day after shutdown are
calculated. THIDA is a code system which calculates Transmutation,
Hazard potential, Induced activity, Dose rate and After heat. It con-
sists of the following: one- and two-dimensional discrete ordinate trans-
port codes; Induced activity calculation code; activation chain, activa-
tion cross section, radionuclide gamma-ray energy/intensity and gamma-ray
group constant files; and gamma-ray flux to exposure dose rate conversion
coefficients.

Figure 2,2.1 shows a schematic layout of an outboard calculational
model of INTOR-J. Dose rates are calculated for two cases. The shields
in the both cases have the same thickness but different compositions.
Table 2.2,1 shows cempesition of the shields.

The major sources of gamma ray outside the shield are stainless
steel structures of toroidal field coil when special materials such as
tantalum are not used in the reactor., In this calculation iron, nickel
and chromium are considered to be activated and become gamma-ray source.

Figures 2.2.2 and 2.2.3 show dose rates around the reactor one day
after shutdown. In both cases the maximum dose rate outside the shield
is larger than 102 mrem/h. The time for personnel to access the reactor
is severely limited. The outboard shield of INTOR-J reference design is
the combination of stainless steel cooled by water and heavy concrete.

As the neutron attenuation by the reference design shield is expected to
be smaller than the above two cases,it will be necessary tc increase the

thickness of the outboard shield.
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Table 2.2.1 Compositions of shielding
Composition
(a) ()
Case 1 $.5.(0.90) H,0(0.1) Pb
Case 2 $.5.(0.60) H,0(0.4) Pb
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2.3 Magnet Shielding

In this section, the results of two parametric surveys of inboard
shield material change, radiation damage calculations and a summary dis-

cussion on the minimum shield thickness are given.

2.3.1 First parametric survey
An optimizing composition of the inboard shield was determined
mainly from neutronics point of view and was presented to the Workshop
Section II.
In the design of JAERI Experimental Fusion Reactor (JXFR)(7), an
4(8)

attempt was made to minimize the thickness of the inner shiel under

the following three limitations; (1) Inner blanket will be cooled by
helium gas and hence about 10% of the volume must be left for the coolant
path. (2) Stainless steel structure will occupy at least 17% of the
volume of the inmer blanket. (3) Heavy concrete will be the main struc-
tural material for the inmner shield. _

As a result, the configuration shown in Table 2.3.1 was selected for
the inner blanket and shield of JXFR. The total thickness of the bulk
blanket and shield at mid-plane was 84.5 cm. It was found that stainless
steel was effective in attenuating 14 MeV neutrons and‘that tungsten was
excellent as the shield material for the fast neutrons with energies
greater than 1 MeV.

Based on the result of the JXFR shielding design, an optimization
of the inner shield material for INTOR was carried out. The limitations
are as follows.

(1) The thickness of the blanket is 31.5 cm.

(2) The thickness of the shield is 40 cm.

(3) The coolant for the blanket was supposed to be helium in the begin-
ning of the design but was changed to water at the later stage.

(4) Stainless steel is to be used as the structural material occupying
more than 30% of the volume of both the blanket and shield.

(5) The displacement damage in copper stabilizer of the superconducting

toroidal field magnet is the quantity to be minimized.

The choice of the copper displacement damage as the minimizing para-
meter arises from the fact that it was the eritical quantity in the JXFR
shielding design, and that the resistivity increase of copper by irradia-
tion is better known experimentally than the critical dose for organic

insulator, which is another important quantity. As an indicator of
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radiation induced resistivity, neutron fluence listed in the INTOR guiding

parameters is a poor one because the resistivity increase depends not
only on the number of neutrons but also on their energy. DPA rate should
be used instead of fluence. The maximum copper DPA rate in the toroidal
coil for five configurations are shown in Table 2.3.2,

Among the first four cases with helium-cooled blanket, Case 3 with
tungsten (W) volume ratio of 50% yielded the lowest DPA-rate. The volume
ratio of 40% for tungsten was considered better because it uses less
tungsten (which is quite expensive) with little increase in the DPA-rate
(Case 4). By changing the blanket coolant from helium to water, further
decrease of the DPA-rate was obtained as shown for Case 5, resulting in
the value of 4.3 x 107° DPA per year under 25% availability condition.
This means the toroidal field coil can be operated for more than two
years without room temperature annealing under the assumed design condi-
tion of the magnet.

The composition of the inner blanket and shield adopted for further
investigation is shown in Table 2.3.3,

Table 2.3.4 summarizes the tentative criteria and the results ob-
tained from one-dimensional shielding calculations for the inner and
outer superconducting magnets (SCM) of the INTOR proposal. Cumulative
fluences are calculated assuming 257 availability and 10 years lifetime.
Copper is supposed to be annealed to room temperature once every year.

At the cumulative dose of 9.8 x 10~ DPA for copper, the resistivity
increase of copper becomes 2.5 x 10~¢ ohm.cm at 4.2K and 12T field(g).
In the design of JXFR the above increase made the total resistivity at
4.2K, 12T to be 8 x 10” ohm.cm which was the design limit imposed by the
magnet design.

As shown in Table 2.3.4, the inner model of Table 2.3.3 with the
total bulk thickness of 71.5 cm satisfies all of the tentative criteria
adopted for the SCM irradiation by a factor of two. This means the total
shield thickness can be reduced a few centimeters if the present criteria
proves to be reliable. But with the estimated error of the calculated
result being a factor of 2, there is little sense in the reduction,

The minimum thickness of 71.5 cm is obtained under several limita-
tions based on a thermal and structural analysis. By choosing the shield
material considering only the shielding effectiveness, the shield thick-
ness may be reduced another ten centimeters under the same tentative
shielding requirement criteria. However 71.5 cm seems to be practical
limit for a realistic design.
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2.3.2 Second parametric survey

In the Workshop Session II, the annealing of toroidal magnets once
every two yeafs was considered to be too frequent because only a part of
the defects in copper can be recovered by annealing. Therefore the in-
board shield thickness was increased by 10 cm to make the total bulk
shield thickness 81.5 cm. ‘

Secondly, the composition of W(AOZ)+SS(30%)+Water(30%) was pointed
out to be difficult to fabricate and also structurally inappropriate.

Thirdly, the additional cost and weight brought on by the use of’
tungsten and stainless steel was believed to he too large to offset the
merit of making the reactor compact.

Considering the above three comments, four additional cases changing
the composition of 50 cm bulk shield thickness in pair with the same
31.5 cm water cooled inner blanket were surveyed. The result of the
calculations are summarized in Table 2.3.5. The composition of the Case
W in the table is the same as the previous inner model of Table 2,3.3
with the thickness increased to 50 cm. The case W-HC, SS-HC and HC
corresponds to more structurally feasible, fabricatable designs. The
structure designs of the Cases W-HC and S5-HC are described in detail in
Chapter 4 of this report. The result of Table 2.3.5 shows that with the
Case W, there will be no need to anneal the magnet for 17 years, if the
permissible accumulation is set at 9.8 X 10~° DPA for copper. With the
other three cases, the magnet must be annealed every 1.6 " 2.5 years.
Also the total neutron fluence and epoxy dose accumulation for the last
three cases become close to the maximum allowable values listed in the

second columm of Table 2.3.4.

2.3.3 Radiation damage in the magnet

Distribution of copper DPA rate and epoxy dose rate in the Case
W-HC inboard shield are shown in Figs. 2.3.1 and 2.3.2. The stainless
steel DPA rate is also shown in Fig. 2.3.1. To obtain the copper DPA-

rate per year,

10™2% (cm?/barn) x 5x10!® (neutrons/s) x 3.15x107 % 0.25(s/year)
= 0.394
must be multipled to the values in Fig. 2.3.1. Figure 2.3.2 shows that

epoxy dose rate is predominantly due to neutron rather than gamma-rays

in the magnet.
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2.3.4 Summary

Although the inboard shield design was made more realistic from the
viewpoint of structural design and fabrication technique, the neutronics
characteristics of such designs were shown not to be satisfactory. In
order to achieve the copper DPA rate less than 9.8 x 1076 per year,
either the thickness of the shield must be increased another 5 cm in the
Case W-HC, 10 em in the Cases SS-HC, or tungsten content must be increased.

Due to the short time allowed for this survey, only a limited range
of material compesition for the inboard shield has been investigated.
There may be a better combination than the four listed in Table 2.3.5.
Wider range of material composition together with iterations in the
structure designs must be explored in order to obtain the optimum shield

configuration.

Table 2.3.1 Composition of inner blanket and shield for JXFR(l)

No Region composition Thickness(cm)
1. Carbon coating 0.5
2. Stainless steel (58S) 1.0
3. Helium (He) 5.0
4. S5 1.0
5. 85 (90%) + He(1l0%) 9.0
6. 8S(17%) + He(1l0%) + W(73%) 24.0
7. 55 4.0
Subtotal for the blanket 44.5
8. Heavy concrete(90%) + Borated water(10%) 30.0
9. SS(40%) + B4C(40%) + H,0(20%) .10.0
Subtotal for the shield 40.0
Total of the blanket and shield 84.5
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Table 2.3.2 Optimization of inner blanket and shield
Limitations Case 1 Case 2 Case 3 Case 4 Case 5
8§ > 30%
Blanket | Coolant > 10% He-cooled | He-cooled | He-cooled | He-cooled | Water-cooled
thickness 31.5¢cm
55 > 30% S5 90% SS  30% S8 30% SS  30% S5 30%
Shield H20 > 10% H20 10% H,0 10% 11,0 20% Ho0 30% H,0 30%
W 60% W 50% W 40% W 40%
thickness 40c¢cm
—u* - - - - -
Cu-DPA 107 3x107* 9x10”° 5.5x107% | 6.0%x107° 4,3x107°
[DPA/y]

* If once a year annealing of the copper is allowed, the limit for the

DPA-rate becomes ~10 * DPA/year, corresponding to the resistivity

increase of 2.5 x 10~ 2% Q-cm,

Table 2.3.3 Composition of imnner blanket and shield for the INTOR proposal
Reiion Region composition Thickness(cm)
1. TZM protection wall 1.0
S5 tube wall 0.5
3. SS(80%) + HL0(20%) 10.0
S5(90%) + H-0(10%) 20.0
Subtotal for the blanket 31.5
5. 55(30%) + W(40%) + Borated water(30%) 40.0
Subtotal for the shield 40.0
Total of the blanket and shield 71.5
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Table 2.3.4 Results of bulk shielding design calculations
of superconducting magnets for the INTOR proposal

Tenitative

Ite *) desi Values at Values at
s >SL1En inner SCM outer SCM**)
criteria

Maximum DPA in copper 9.8x10" ° 4.3x107° 4,7x107 ®
(DPA/year)

Maximum neutron. fluence 2,0x10'°8 1.1x1018 2.4x1015
(n/cm?)

Maximum nuclear heating 1071 1.2x107" 2.4x1077
(Watt/cm®)

Maximum epoxy dose 2.4x10° 1.2x10° 1.5%10°
(rad)

*) Availability and the réactor lifetime are assumed teo be 25% and
10 years, respectively.

*%) The values at outer SCM surface should be multiplied by -~30

if the effect of neutron streaming through the injection
ports are taken into account.
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Table 2.3.5 Maximum nuclear characteristics value in the inner SC magnet
for 4 types of inboard shield
Case mame W W-HC §5-HC HC
Material composition W 40% W 21.0%
HC 21.0% HC 21.0% HC 42.0%
55 30% SS 30.5% 58 51.5% $5 30.5%
Water 30% Water 27.5% Water 27.5% Water 27.5%
(Borated)
DPA in copper, -6 _s _s _s
DPA/year 5.78 x 10 3,87 x 10 5.72 x 10 6.09 x 10
Total neutron fluence
. n/ (emZ 10years) 2.26 x 1017 1.45 x 1018 2.02 x 1018 1.74 x 1018
Nuclear heating rate, _5 4 _4 4
Watt/cm? 2.14 x 10 1.07 x 10 1.95 x 10 2.29 % 10
Epoxy dose, 8 9 9
rad/10years 3.23 x 10 1.04 x 10 1.60 x 10 1,73 x 109

Availability and the reactor lifetime are assumed to be 25% and l0years,

respectively.
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2.4 Neutron streaming through_NBI port

Neutral Beam Injectors (NBI) are installed for plasma heating. As
a path of neutral beam, a long vacuum duct region is comstructed for each
reactor module. Since neutral beam port directly comnects ion source and
a part of plasma which is the neutron source, the neutron which happens
to proceed toward an ion source can easily reach the farthest portion of
NBI. And this causes such nuisance as induced activity, radiation damage,
nuclear heating and so on there. Therefore it becomes very important to
estimate the magnitude of radiation which streams along NBI port.

Since NBI port has a very complicated configuration, it is almost
impossible to estimate radiation streaming by Sn transport calculation.
In the present work, an Albedo Monte Carle (A.M.C.) method is used to
obtain radiation streaming with reasonable computing time and core memory.
An A.M.C. calculational method has been developed by improving the MORSE-I
code(B) which is the revised version of_ the MORSE-GG code(lo). The code
can treat torus geometry which is represented with biquadratic equation,
as well as apply A.M.C. method which reduce computing time remarkably by
omitting the calculation of particle random walk behind the albedo surface.
Now the albedo data of stainless steel for the blanket plate, stainless
steel with borated water for main shielding and heavy concrete for NBI
shielding were prepared. And the A.M.C. calculation of NBI radiation
streaming is now in progress. The object of this calculation is to obtain
the following.
(1) Induced activity of ion source, neutralizing cell and cryo pump.
(2) Nuclear heating in cryo panels,
(3) Neutron and gamma-ray dose rates in ion source room.

(4) Required shielding thickness of NBI room.
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3. Blanket

The design of the blanket has been carried out for the non-divertor
system. In the case of the system with divertor, as the heat flux at
the cooling panel is decreased by the amount of the heat flux to the
divertor plate, there are some cases where the design of the cooling

panel will be easy.

3.1 Design Conditions

(1) Outer Blanket
a The coolant is water at 5 kgf/cmz.
b The coolant flows horizontally from one end of the outer blanket
to the other.
(2) Inner Blanket
a The coolant is water at 5 kgf/cm?.
b The coolant flows vertically from the lower side of the inner
blanket to the upper side.
(3) Cooling Tube.
a The cooling tube which is provided at the plasma side on the inner
and outer blanket is cooled by water at 5 kgf/cm’.
b The flow direction of the coolant is similar to the one of each
blanket.
(4) Heat Flux and Nuclear Heating Rate
a The maximum heat flux is 30 w/cm?.

b The maximum nuclear heating rate is 12 w/cc.

3.2 Blanket Structure

Non-breeding blanket which surrounds a plasma serves for a cooling
and shielding purpose. It consists of six blanket modules, as shown in
Figs. 3.2.1 and 3.2.2. Each module is formed with inner and outer
blanket. The inner blanket is shown in Fig. 3.2.3 and the outer blanket
is shown in Fig. 3.2.4. A cooling panel is provided at the plasma side
of the blanket.

The inner blanket, which is 30 cm in thickness and is made of Type
316 stainless steel, consists of six modules. Each module is formed with
16 blanket blocks. Each block is formed with the layers of two plates
that the cooling tube is sandwiched between the gap of the two semicircle.

The gap between the inside of the plate and the outside of the cooling
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tube will be brazed in order to increase the thermal conductivity.
The structure of the outer blanket is similar to the inner blanket.
The cooling panel is formed with a membrane wall structure which is
assembled with a lot of fin-tubes having a small diameter made of Type

316 stainless steel.

A protection wall, which will be made of a semicircular TZM, is
attachéd in a line at the plasma side of the cooling panel.

The inlet and outlet of each blanket and the cooling panel are
collected with a common header and the coolant is transported to the

cooling system being separated into two lines.

3.3 Design Analysis

3.3.1 Blanket Design Analysis
One dimensional steady state thermal analysis has been carried out
to decide the cooling tube arrangement of the inner and cuter blankets,
Using this configurations, thermal analysis with two dimension and
tranéient thermal analysis with one dimension have been also carried out.
{1) One Dimensional Thermal Analysis
Fig. 3.3.1 and 3.3.2 shows the temperature distributions obtained

from the following conditioms.

q = qp © —0.105 x » 9p = 11 W/cce

where x is a distance from the wall of the plasma side (cm).
Flow rate is 0.5 m/sec.
The coolant temperature is 90°C.
(2) Thermal Analysis with Two Dimensional Model
Fig. 3.3.3 shows the analytical model and Fig. 3.3.4 shows the
results of the temperature distribution.
(3) Transient Thermal Analysis with One Dimensional Model
Fig. 3.3.5 shows the analytical model and Figs. 3.3.6 and 3.3.7

show the results.

3.3.2 Cooling Panel Design Analysis
Two types of water cooling panels have been considered.
(1) Cooling Panel Type A
Fig. 3.3.8 shows the analytical conditions of Type A. Fig. 3.3.9
shows the temperature distribution and Fig. 3.3.10 shows the'

transient temperature change.
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(2) Cooling Panel Type B
Fig. 3.3.11 shows the analytical conditions of Type B. Figs. 3.3.12
and 3.3.13 show the temperature distributions. Fig. 3.3.14 and

Fig. 3.3.15 show the transient temperature change.

3.3.3 Stress Analysis of Outer Blanket

The elastic thermal stress analysis of the outer blanket has been
carried out under temperature distribution during operation which was
already shown in Fig. 3.3.4,

Fig. 3.3.16 shows the analytical model of the outer blanket. An
axisymmetrical finite element was employed for the stress analysis. The
internal pressure in the cooling tube was not considered because the
pressure is very small 0.05 kgf/mmz). 

The material properties of Type 316 stainless steel at 150°C were
used and Young's modulus is 18,800 kgf/mm?, Poisson's ratio v is 0.3 and
mean coefficient of thermal expansion o is 1.7 x 107°/°C, respectively.

The boundary conditions are as follows;

(1) the lower side in Fig. 3.3.16 is fixed in Z direction, but is free
in R direction.
(2) the upper side in Fig. 3.3.16 is free in R and Z directions or is
gimilar to the lower side.
In the above boundary coéondition (2), the former is named case 1 and the
latter is named case 2.

Figs. 3.3.17-a and 3.3.17-b show the pre and post deformations of
case 1 and case 2. Figs. 3.3.18~a and 3.3.18-b show the distributioms
of the stress intensities of case 1 and case 2.

In case 1, the maximum stress is generated at point A and the stress
intensity is 9.8 kgf/mmz. In case 2, the maximum stress is generated at
point B and the stress intensity.is 26.9 kgf/mm?.

As the effect of the flange, which is provided to fix the outer
blanket, was not considered for the above boundary conditions, it seems
that the two values obtained from the stress analysis in this section.

The inner blanket is a similar shape to the outer blanket and has
a similar temperature distribution during operation. Therefore, it seems
that the stress which is similar to the outer blanket will generate,.

Thermal cyclic fatigue of the blanket seems to be allowable from

‘above results.
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3.4 Atternative Design

When the first wall receives high heat flux from plasma, there will
be a large temperature gradient which causes large deformation and/or
thermal stress around it. One of the methods to avoid this problem is
to use a cooling panel which consists of the 58 cooling tubes covered
with sleeves made of high thermal conductivity materials such as Cu, Al,
Mo and their alloys. They can be attached by brazing.

T7M is chosen as the sleeve material in the thermal analysis. Spe-
cial processing, for example using stripe type sleeve 1s necessary to
reduce thermal stress and/or deformation caused by the difference in
thermal expansion between S5 and TZM. Stainless steel blanket structure
and cooling panel are unificated by brazing in this design. High in=
tegrity brazing is necessary and special design consideration such as
the use of block wise sleeves is also necessary. It is necessary to
investigate the fabrication process to decide whether these panels can
be separated from blanket structure or not. Such investigation is a
future task. Thermal analysis is made under the conditions of the re-
actor with divertor. This structure is tolelable against higher heat
1oad. Furthermore, it has the possibility to eliminate the use of
protection walls.

(1) Conditions for Analysis

Heat Load
Radiation 15 W/cm? on the first wall (with divertor)
Neutron 15.6 W/cc around the first wall
Coolant Water, 100°C, 10 kg/cm?

{2) Structure
The cross section of a block is shown in Fig. 3.4.1

(3) Results of Analysis
Figure 3.4.2 shows steady state temperature distribution in the
first layer of the innmer blanket. Figure 3.4.3 shows steady state
temperature distribution in the third layer of the inner blanket.
Maximum temperature on the surface of the inner blanket is 149°C
and temperature difference in the first layer is about.30°C.
Therefore, couviing of the inner blanket presents no problem from

thermal point of view.
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3.5 Design Problem

3.5.1 Main Fabrication Technique
(1) 1Ianner and Outer Blanket

Inner blanket consists of Type 316 block, cooling tube and header.
In the fabrication of inner blanket, automatic orbital TIG welding tech-
nique of butt joint of small-sized tube (12 mm and 1 mm in outside dia-
meter and wall thickness, respectively) and automatic brazing technique
of this tube and block are considered to be main fabrication technique.

In the TIG welding of small-sized tube, it .is clamped by the welding
head specially desired and welded by automatically rotating electrode.

In this welding procedure, it is designed due to close tube arrangement
and its thin wall thickness that automatic high-integrity orbital TIG
welding technique, such as, controlling technique of shield gas pressure
is applied without filler metal by the special welding machine with very
compact welding head.

Meanwhile, brazing foil material is wrapped uniformly around the
tube, and then tube bundle is pressed by one pair of block with many
semicircular grooves machined. Later, hydraulically internal pressure
is applied to the tube so that brazing foil material wrapped around the
tube come closely into contact with the groove surface. Brazing is
performed automatically by feeding tube bundle and block into the furnace

of inert gas atmosphere.

(2) Cooling Panel

Cocling panel consists of fin tube and prbtection wall. Straight
fin tubes are joined with each other by fin-to-fin electron beam welder,
and bent in the ambient temperature. Protection wall is completed by
attaching semi~circular TZM piece continuously around the cooling tube.

The fin tube is produced by hot extrusion and following cold drawing.
However, single cold drawing causes large tolerance on wall thickness
around 507 which results from cross-sectional unsymmetry with respect to
point. Therefore, fin tube should be produced by several times of cold

drawing process.

This fin tube is joined to the stub which is welded to the header.
This is the same technique as the automatic TIG welding of small-sized

tube mentioned in inner blanket.
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Cuttest Sub- heoder [Outer Blanket & Cooling Panel )

Ring ._flch

Outer Blanket
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) \ v T )T = Main Pipe {Outlet )
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| Y I |

1600
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Iniet Header

Unit = mm

Fig.

3.2.2 Plane View of Blanket Module
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Quter Blanket
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.mm

Unit

3Py 5t

23%x1.5" 23%x 1.5 25%x 1.5' 25% (.51

162

211.5

269

300

Cooling Panel

Cooling Tube {316SS)

Detail of Cooling Panel

Fig. 3.2.4 Cross Section of Outer Blanket
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Fig.'3.3.2 Temperature Profile of Outer Blanket
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Panel

]

——— 500 cm : S
_%. L
Case 1 Case 2 Case 3

x (cm) 1.5 11.9 26.9

q {(W/ece) 8.47 3.04 0.69

r (cm) 1.0 1.0 1.1

R (¢m) 1.693 2.257 3.498

h (cal/em’s°C) | 0.101 0.101 0.085

™

: distance from top (see in Fig. 3.3.3)

: heat generation rate ¢q = 11 o~0-1x

: inner radius

W™ o0

: outer radius (equivalent)

h : heat transfer coefficient

{ Coclant ; H.O

; 2
! inlet temperature : 40 °C
flow rate : 161.5 g/s

Panel ; 316S5S

| thermal conductivity : 0.036 cal/cm s °C

heat capacity : 0.13 cal/g°C
density : 8.0 g/ce
Operation Cycle
-
@
K
3]
o
' 0 .
0 200 250 450 500

Time(sec)

Fig.3.3.5 Analytical Model for Thermal Analysis

I ! _ N I
\ Coclant '
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Protection Wall (TZM)

Cooling Tube (316SS)

Coolant {Water)

Souface Heat Flux: 30 W/cm? (Flat top)
Heat Generation Rate: 12 W/cc( " )

Radiation; g€g = 0.4 €1 = 0.7, e = 0.7

Coolant; H»0
Temperature: 90°C, Flow Velocity: 5 m/s

Heat Transfer Coeff.: 0,65 cal/cm?s°C

Material; 31688 TZM
Thermal Conductivity(cal/cm s°C) 0.036 0.34-9.09%x107°-£(t:°C)
1 Heat Capacity (cal/g°C) 0.13 0,068
? Density (g/cc) 8.0 10.2

Fig. 3.3.8 Analytical Conditions of Type A

260
1320 280

240
{318 — 220
200
180

1860
40

120

110
105

DN

1422 06

at 800 sec (Unit: °C)

Fig. 3.3.9 Temperature Distribution
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Heat flux :30w/cm?
Temperature Change 'Cb'Olan_t + H20,90°C

1500

1350 |
1200 |
§$1050 |
2900 |
750
600 |

e {

Temperatu

450

150

| L i ] I 1 1 1

0
0 {00 200 300 400 500 €00 700 800 900

300

200

150

Temperature (°C)

100

250

Time (sec)

0 300 600 . 900

Time (sec)

’Fig.'3.3.10 Transient Temperature Change

_66_
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Protection Wall (}'ZM)
[~ 81

Coolant (Water)

Surface Heat Flux: 30 W/cmz(Flat top)

Heat Generation Rate: 12 W/ee( " )

Radiation; €, = 0.7, €2

Il

0.75 (P/D=1.25)
0.745(P/D=1.5)

€2

Coolant; Ho0
Temperature: 90°C, Flow Velocity: 5 m/s
Heat Transfer Coeff.: 0.65 cal/cmZs°C

Material; 31688 TZM
Thermal Conductivity(cal/cm s°C) 0.036  0.34-9.09x107°-t(t:°C)
Heat Capacity (cal/g°C) 0.13 0.068
Density {g/cc) : 8.0 10.2

. Operation Cyle |

Power

0 200250 450500 700750

Time (sec)

Fig. 3.3.11 Analytical Conditions of Iype B
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(P/D)=1.25

165

82

at 700 sec (Unit:°C)

150 125

Fig.3.3.12 Temperature Distribution (P/D=1.25)

(P/D)=1.5 320 300

at 700 sec (Unit:°C)

Fig.3.3.13 Temperature Distribution (P/D=1.5)
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Heat flux . 30 w/cm?2

Temperature Change (P/D)=1.25 Coolant - Hz0,80°C
200 T S B s S M S T T T 17
23 175
e
o 150
=
2 125
@
a
| £ 100
t —
75
[
\
1 50 R I U N TS UV TNy SN O SR S S
O 100 200 300 400 500 600 700
Time (sec)
| Fig. 3.3.14 Transient Temperature Change (P/D=1.25)
Heat flux : 30 w/cm2
Temperture Change (P/D=1.5) Coolant : Hz0O, 80°C
350 | T 1 | 1 'I’ | I i } | 1 1 1
. 9
S 300 | o) .
L
® 250 | : =
3
o
o 200 F
2 5O
£ ‘
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&
100 B it i
3 @®®
50 | i 1 | ] | | | [ | 1 1 1 L
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Fig. 3.3.15 Transient Temperature Change (P/D=1.5)
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P m ey

A : LT JATAN LT

2.98 >l—e 3.13>L<

UNIT(mm)
Fig. 3.3.17-a Shape of Pre and Post Deformation Case No. 1
i.
b
!
z

—
'
1
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: !
Fig. 3.3.17-b Shape of Pre and Post Deformation Case No., 2
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UNIT (kgf/mm?2)

Fig. 3.3.18-a2 Distribution of Stress Intensity Case No. 1

UNITCkgf/ mm2)

Fig. 3.3.18-b Distribution of Stress Intensity Case No. 2
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4. Shield

Shield is required to protect the superconducting coils and other
reactor components external to the shield from the effects of intense
neutron radiation generated by burning plasma, and to provide a high
quality vacuum boundary for plasma confinement.

The main characteristics of the shield is shown in Table 4.1.

Table 4.1 Main Characteristics of the Shield

priaary | bo2d | Oaboatd | otners
Shield .
Structure
Number of sectors 6 - - -
| Number of bellows/ 2 - - -
j sector
1 Number of parts/sectoq] 1 - - -
’ Structure Multi-layered panel structure
j Layer structure SS—-water SS-water Heavy-
W~Heavy SS-Heavy concrete
concrete concrete
S5 SS
%
; Dimensions
? Major radius 5m - - -
i Inner diameter 4. 59%7, 3Hn - - -
; OQuter diameter 5.9%x9, 3Hn - - -
} Total thickness - | 50 em 100 cm 80 cm
SS-water layer - 25 ecm 25 cm -
j Concrete layer - 21 cm | 71 cm 80 cm
S5 layer - 4 cm 4 cm -
i Surface area
l Inner surface 660 m? - - -
Outer surface 800 m? - - -
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Table 4.1 continued
PE?Z;iy Inboard Qutboard Others
Shield Shield Shield
Cooling
Coolant Water - - -
Operation temperature - - -
Composition
SS—Water S85-Water Concrete
layer layer layer
SS: 55% 88: 50% SS:  10%
Water: 45% | Water: 45%| Heavy
Concrete Concrete Concrete:
layer layer 90%
W: 50% S8: 50%
Heavy Heavy
Concrete; Concrete:
50% 50%
SS layer 8§ layer
SS:  1007% SS:  100%
Electrical Resistance
Per bellow 17 py—ohm - - -
Total 0.2 m-ohm - - -
Weight
Total 4200 ton 1150 ton 3050 ton

* Heavy concrete:

40% SS containing concrete
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4.1 Design Conditions

(1) Configuration
The configuration of shield of which shape is a hollow doughnut as
a whole is determined as shown in Fig. 1.5.1 and Fig. 1.5.2 with consid-

eration for the spacing with other components.

{2) Compousition
The standard composition of the shield is shown as follows,
(i) INBOARD SHIELD
8§ (36%) + W (21%) + Heavy Concrete (21%) + Water (22%)
(ii) QUTBOARD SHIELD
$S (53%) + Heavy Concrete {(35%) + Water (127%)
(iii) OTHERS
S5 (10%) + Heavy Concrete (89%) + Water (1%)
Lead shield is not considered in the present design, because necessi-

ty for lead shield has not been clarified by the neutronics analysis.

(3) Operalbing Temperature
less than 100°C

(4) Space for the Blanket

The blanket is installed within the primary shield. The shield
leaves space necessary for the blanket (shown in Fig. 1.5.1 and Fig.
1.5.2) and the support leg for dead weight of the blanket. Maximum

temperature of the blanket is assumed to be less than 150°C.

(5) Assembling and Disassembling

On account of the requirement for assembling and disassembling, the
shield is divided into six sectors. Each sector is connected to adjacent
ones by bolting at the flange, and is sealed by seal-welding.

It is possible to cut off a part of the shield for the automatic
welding machine. However thickness of cut-off part is kept less than

100 mm.

(6) Electric Condition
The electrical resistance of the shield along the torus is higher

than 200 p~ohm.

(7)Y Vacuum Condition
The shield is required to provide a ultra high vacuum boundary. So
the material of the shield of a vacuum side is stainless steel which is

treated for high vacuum quality.
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(8) Cooling Condition

The shield is cooled by water, and inlet temperature of cooling

water is 35°C.

(9) Operating Condition
(a) The plasma burn and dwell times are 200 and 50 seconds, respectively.
(b} The Distributions of Neutron and Gamma Ray Flux and heating rate

in the shielding are reported previously (JAERI-M 8503).

4.2 Shielding Structure

The reactor consists of six sectors along the torus. So the shield
is divided into 1/6 sector similarly.

Fig. 4.2.1 shows the plane and section views of the whole shield.
The shield consists of the layered structure of stainless steel-water
shield and heavy concrete shield, from plasma sidel).

Since there are two bellows parts in a 1/6 sector of the shield,
each sector is divided into two outer blocks and one central block by
bellows as shown in Fig. 4.2.2. The primary shield is divided into the
inboard and the outboard shield, and the boundary is located at R= 5.0 m

as shown in Fig. 4.2.3. The plane section of the bellows structure is

shown in Fig. 4.2.4.

Note: 1) According to the design condition (2), lead layer is not set
up. But addition of lead layer is mnot difficult from struc-

tural point of wview.

2) The assembling procedure of the shield structure is shown in

Fig. 10.2,1 and Fig. 10.2.2,
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Connecting Structure of Sectors

Bglrows Structure

QOuter Block

Central Block

Outer Block

Bellows Structure

Connecting Structure of Sectors

Fig. 4.2.2 Block of Shield Structure

—

Plasma Center

M.P

k;'
Inboard Shield —=——-+——= Outboard Shield
5000

Fig. 4.2.3 Inboard and Outboard Shield
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(1) Stainless Steel - Water Shield

Since the heating rate in the shield structure near to the blanket
is high, stainless steel-water shield with high cooling efficiency is
installed at plasma side. The thickness of the stainless steel-water
shield is designed to be 25 om.

As assembling of the stainless steel-water shield, the frame of the
shield is set up at first except outer frame. For next step the stain-
less steel plate divided along the poloidal direction is inserted from
outside and is welded. This procedure is carried out from inner to
outer. In this process, considering to insert from the outside of the
shield, the length of one stainless steel plate along the torus is shorter
than that of one division (Fig. 4.2.5). On the other hand, since the
stainless steel plate near the port shield canmnot be inserted from the
outside of the shield, it is inserted from side of the shield (Fig. 4.2.6).

Cooling water flows in the inboard and the outboard shield inde-
pendently.

Support rails for the blanket are set up on the inside of the
shield. The rails are also used for the maintenance manipulator.

The inside frame of the shield also functions as vacuum boundary.

The bellows and seal-welded parts function as vacuum boundary, too.

(2) ~ Heavy Concrete Shield

Heavy concrete is used for outside shield. Tungsten chips are used
in the inboard shield for aggregates, and stainless steel chips are used
in the outboard shield.

In order to enhance the shielding effect, the ratio of aggregate is
desired to be as high as possible. So the concrete shield by prepacked
method using rough chips of about 20 ~ 40 mm diameter is employed. In
case of this method, it may be possible to increase the volume rate of
rough chips up to about 50%. The heavy concrete of inboard shield is
cooled through the stainless steel-water shield and the outer frame with
cooling pipes. Because the outboard shield is thick, cooling panel is
attached within heavy concrete to decrease the maximum temperature and

its gradient in the heavy concrete to persimmible values.

(3) Bellows Structure
The bellows structure is shown in Fig. 4.2.4. Two bellow sections
are set in one sector and twelve in total. The thickness, effective

height, and pitch of bellows, are 1.5 mm, 2.0 mm, 6.0 mm, respectively.
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Side Plate

)

;—:._—-_—_—_zﬁ One Division

Plasma

Stainless Steel

Plate
]
+4e—— Frame
Fig.4.2.5 Assembling of Stainless Steel-Water Shield
/\\\J
ﬁe Plate Outboard Shield
i
%
Port Shield
1
Stainless Steel
N
Frame W

Fig.4.2.6 Assembling of Stainless Steel-Water Shield near Port Shield
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Detonation coating of ceramics is applied to the walls of central
and outer blocks facing each other. Between the blocks key structure
is used in order to offset magnetic force mutually. At the outdide the
blocks are bolted each other. Since the space between the shield and
the TF coils is narrow, bolting is only possible at the outside of the
outboard shield and inside of the inboard shield, Tying at other places

is under study.

(4) Port Shield
The port shield is constructed at the same time with the primary
shield. The port shield consists of heavy concrete. Cooling panels

are set on the port structure.

(5) Connecting Part of the Sectors
Sectors are automatically welded and bolted each other, A part of
the shield is cut off for installation of the automatic welding machine.

(Fig. 4.2.1 and Fig. 6.1.2)

{(6) Cooling Path
The coolant inlet pipes are set at the bottom of the shield avoiding
the shield support leg as shown in Fig. 4.2.1.
The coolant flows upwards along the poloidal direction in inboard
and outboard shield independently, and flows out from outlet at the top
of the shield.

4.3 Design Analysis

4.3.1 Thermal Analysis
1) The Maximum Temperature of the Stainless Steel-Water Shield

The highest heat load in the stainless steel-water shield is ex-
pected at the stainless steel plate facing the blanket. Therefore, one
dimensional steady—statel) thermal analysis of the innermost plate is

carried out.

Note 1) Since burn time is long enough (200 seconds) compared to dwell
time (50 seconds), steady state analysis, which is more severe,

is carried out.
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Figure on the right shows the
model of the analysis. Radiation
from plasma and nuclear heating
are considered as heat load. The
temperature of the place which

contacts with cooling water 1is Inucleay haating
n

assumed to be equal to that of radiatiq

-

water because heat flux is suffi- éﬁf - —_
{/ &g inless —* =
cientlly low. Blanket 4 >[55ga{, | ¥ater
. . s —
Basic equation: /] —_——
?-"__—“‘9- —
92T -ux // —
ox? + qpe =0 (4.1) 6%
150°C x=0) x=1
Boundary condition:
gaén ess
{_,9T h5Esr Shield
1—)\8_)(_—: di1» at x = 0

4.2
( ) Model of Analysis

I}
o

T = Tw, at x

Here, T ; temperature
x 3 distance from inside of the plate

% 3 thermal conductivity of stainless steel, 0.156 w/cm®C

qoe ** ; term of nuclear heating
n ; attenuation factor
q1 ; thermal radiation from the blanket (assumed to be the

infinite parallel plate)

q1 = 01—%—1 {273 + Ty - (273 + Tp)*}  (4.3)
€1 €g
Tp ; surface temperature of the blanket
;  emissivity (assumed the stainless steel emissivity to
be 0.4 and e = €3)

o ;3 Stefan-Boltzmann's constant, 5.67 X 10712 w/cmz'ﬂkL+

From (4.1) and (4.2) the temperature distribution of the stainless

steel is expressed as

do _ug y a; 4z
T=— (e - ™) + (—+—/) @ - x) + Tw (4.4)
3,2 A uA
u
The maximum temperature which is appeared at x = 0 is
dy - q1 4z
Tmax = Tg = - — (1 - + (— +— + Tw 4.5
x =Ty o 1 - e + (G~ + e (4.5)
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We substitute ¢y = 0.4 W/cm3, 2 =14 cm, Tw = 35°C into (4.3) and (4.5),

and after iterative calculation, we get Tmax = 52.96°C.

2) The Maximum Temperature of the Heavy Concrete Shield
(1) Model of Analysis
One dimensional steady-state thermal analysis of the heavy
concrete layer is carried out.
Figure on the right shows the
model of the analysis. The heat load
considered is nuclear heating in the T=Tw T=Tw
heavy concrete layer. And the temper-
ature at the place which contacts with Hegggrete

cooling water is assumed to be equal

to that of water because of low heat

flux.
Basic equation:
q x=0 x=1
92T x
ABXZ + qpe =0 (4.6) Model of Analysis
Boundary condition:
{ T=Tw, at x=20
4,7
T=Tw, at x = § ( )
Here, T ; temperature
X ; distance from inside of the concrete shielding
% 3 thermal conductivity of heavy concrete

qpoe ** ; term of nuclear heating

W ; attenuation factor

From (4.6) and (4.7) the temperature distribution aleng the
thickness of heavy concrete layer is expressed as
q0 X

(

x
=—— UL oTHX 41 =) 4 4.8
T )\UZ 3 e e 3 ) Tw ( )

Temperature gradient is

—us

dT q0 e 1
—-— = 5 THX _— 4.9
dx An2 ( L t e g ) ( )
The maximum temperature appears where E—*= 0, that is
X
1 1
—Ug

= -— — - .10

X . in 0 (1-e ) (4.10)

The maximum temperature gradient appears at x = 0
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(2) Estimation of the Thermal Conductivity of Heavy Concrete

The thermal conductivity of heavy concrete is 0.025 ™ 0.030
w/ecm-°C. In case of this design, since stainless steel and tungsten
are used for aggregates, we estimate the thermal coﬁductivity of the
heavy concrete by the method to compute the thermal conductivity of
filling layer. The effective thermal conductivity of filling layer

is given as

a D l1-¢
de? = g Le (14 _IV_ Py 4 (4.11)
Ao 1 + 2 hg
_l_+ urs'DE 3 ?\S
® A
g
Here, 2e® ; effective thermal conductivity of filling layer

Ag ; thermal conductivity of mortar, ~ 0.01 w/ecm® °C
As ; thermal conductivity of aggregates
SS : 0,151 w/cm- °C
{ W : 1.30 w/cme°C
€ ; percent of mortar volume
Dp ; diameter of aggregate
Cpys Org 3 radiative heat transfer coefficient

In this case we omit radiation among aggregates and Opy = Opg = 0.

The volumetric ratio of aggregates to mortar is 1 : 1.

Hence
material of aggregates effective thermal conductivity
SS 0.03 w/cm- °C
W 0.06 w/cm- °C

(3) Thermal Calculation of the Tnboard Heavy Concrete Shield
Because of uncertainty of thermal properties of heavy concrete,
we consider two values for effective thermal conductivities of heavy
concrete layer. Ome is x = 0.06 w/cm-°C which is computed from the
above method and ancther one is A = 0.03 w/cm-°C, which is standard
heavy concrete value. Numerical calculation of (4.8) ~ (4.10) under

following values is carried out.

n o= 0.173/cn

£ =21 cm

qg = 0.015 w/cm®
Tw = 35.0°C
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The results are summarized in Table 4.3.1.

Table 4.3.1 Results of Thermal Analysis of the Inboard
Heavy Concrete Shield

Effective thermal condust1v1ty 0.06 0.03
of heavy concrete w/cm-°C

Location of maximum temperature cm % 7.61 7.61
Maximum temperature °C 38,17 41.33
Maximum temperature gradient °C/em 1.06 2.12

* Distance from inside of heavy concrete

{4) Thermal Calculation of the Outboard Heavy Concrete Shield

In case of the outboard shield, cooling panel should be set among
the heavy concrete layer of the outboard shield. So the temperature
distribution within the heavy concrete is analyzed as a function of
the position of cooling panel. <Calculation 1s carried cut under the

following values.

u = 0.138/cm

qq = 0.015 w/cm?

A o= 0.03 w/em-°Cc D)
Tw = 35.0°C

The results for inner and outer heavy concrete layers are

summarized in Table 4.3.2 and Table 4.3.3, respectively.

Table 4.3.2 Results of Thermal Analysis of the Outboard
Heavy Concrete Shield (I)

Distance from 1n§1de of heavy om 25 15 10
concrete to cooling panel

iocation of maximum * em 9.91 6.25 4. 43
emperature

Maximum temperature °C G452 40,61 38.30

Maximum temperature gradient °C/cm| 2,61 2.09 1.66

* Distance from inside of heavy concrete

Note 1) 1In this case, the thermal conductivity is 0.03 w/cm°C
referring to 3.3 (2) (i) and standard heavy concrete’s

value.
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Table 4.3.3 Results of Thermal Analysis of the Outboard
Heavy Concrete Shield (II)

Distance from inside of heavy 25 15 10
concrete to cooling panel cm

Distance from cooling panel to 46 56 61
outside of heavy concrete cm

. , %

Location of maximum 13,41 14.82 15.44
temperature cm

Maximum temperature °C 35.97 36.59 37.20
Maximum temperature gradient °C/cm 0.20 0.32 0.43

* Distance from cooling panel

(5) Summary

The design criteria of concrete structure are that the maximum
temperature be lower than 70 ™ 80°C and the maximum temperature gradient
be lower than 1°C/em.

Tn case of the inboard shield, the maximum temperature for both
thermal conductivities satisfy the design criterion.

Bowever, the maximum temperature gradient for both thermal con-
ductivities are higher than the design criterion. But this criterion
is applied to the concrete to which the strength is expected. Since
the strength of concrete is unexpected in this design, higher thermal
gradient might be permissible. But this. argument should be confirmed
through the research and development of thermal characteristic of
concrete.

The outboard shield is under the same situation as the inboard
shield, but temperature gradient of outboard shield depends on the
location of cooling panel. The location of the cooling panel is de-
cided as shown In Fig. 4.2.1 from the structural consideration. But

this is not deterministic.

3) Temperature Rise of Coolant
Calculation of temperature difference between inlet and outlet
coclant is carried out.

Following formula through energy balance is obtained.

SLA, = Sw Vw pw Cw AT x 4.186 (4.12)
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Here, S ; cross section area of the shield
L ; length of cooling path
Ao ; bulk heating wvalue 1

Sw ; cross sectional area of cooling path

Vw ; velocity of coolant

ow ; density of coolant

Cw ; specific heat of coolant

AT ; coolant's temperature difference between inlet and

outlet

The temperature rises of coolant of the inboard and outboard shield

are calculated as follows.

(1) Inboard shield AT = 4,86°C
(ii) Cutboard shield at general part AT = 8.60°C
at port AT = 10.83°C

Consequently the temperature rise of coolant 1s not crucial.

4.3.2 Analysis of Electromagnetic Force for Vacuum Vessel

The electromagnetic load analysis of the vacuum vessel requires an
evolution of currents induced in the vessel with the magnetic fields
generated by the surrounding magnetic flux changing with time. The
induced currents for an unintentional plasma disruption are much greater
than those for the start up and shutdown situations.

Tn this analysis, a l0-msec disruption of a 4.7-MA plasma 1is assumed,

and then induces a maximum current 1.91 MA in the vessel.
Ip = 4.7 x exp(-100t) Ma)

The method used for analyzing the transient behavior of the eddy
currents induced in a vacuum vessel is based on the integro-differential
equations with magnetic vector and electrostatic scalar potentials. The

basis equations are as follows.

. T
A(r,t)=4a° (1, t) 4+ HO 3G, ) g
4rlt | r - r'|

V2 = 0

Note 1) For simplification, the constant nuclear heating value within
the shield is assumed to be the same to the value of innermost

part. Therefore, the result is conservative enough.
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34 3o
B.C. 3ply “al, 7 (g
and
3A
i o=-0 (57t

where integration is over the region acting as the conducting medium and
A° is the part of A due to all sources outside of this region. The
boundary condition for the electrostatic scalar potential is a consequence
of the continuity across the boundary for the normal components of the
magnetic vector potential and current demsity. Subscripts I and 2 denote
the shell sections composed of thick plates and the bellows composed of
thin sheet, respectively. For thin conductors, which mean neglect of

the eddy current distribution perpendicular to the conductor, the elec-—
trical conductivity o, of the bellows is less than that of ¢ , by a few
orders of magnitude.

The effective area conductivity is given as follows.

g =g = 8.333 x 10% (o™
o] T
(at the shell section)
o, = 2.097 x 103 . ®/7.7 (1)
o = 4.092 % 103 - 7.7/R (1)

{at the bellows)
where R is the distance from the symmetric axis of the torus. The de-
pendence of the effective area conductivity on R reflects the bending of
the bellows in the toroidal directiom.
The external magnetic field which induces the eddy currents in the
vacuum vessel is produced by the line current at the major radius 5.0 m

attenuated with a time constant of 10 m$, that is,

Ip = 4.7 x exp (-100t) (MA).

The eddy currents in the vessel consist of a transit component which
goes around the torus and is uniform in the direction of the symmetry
axis, and a localized component which makes a closed circuit within each
shell section. The latter is an axially non-symmetric component. More~
over, the transit component is resolved intc three components. The first

is the uniform component, which has a flat distribution in the transverse
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cross—-section, the second is the dipole comperent, which is distributed
in proportion to cosf (8 is the poloidal angle), and the last one is the
quadrupole component and the residue of the transit component. The
maximum values of the uniform, the dipole, the quadrupole component, and
iocalized components are 1.91 MA at 15 mS, 330 kA at 7 mS, 276 kA at
8 mS, and 134 kA at 56 mS respectively.

Figure 4.3.1 shows the eddy current density distribution of the
localized component and 54 mS and Fig. 4.3.2 shows the distribution of
the electromagnetic force produced by the interaction of the toroidal

fields and the eddy currents at the edge of the center block.

4.4 Design Probiems

1. Heavy concrete
(1) Thermal characteristics of heavy concrete
0 contraction at solidifing
o dehydration of cement
o suppression of temperature gradient

(2) The construction of heavy concrete at narrow part

2. Part of electrical insulation
(1) Fragility of bellows structure
(2) Lack of bolting location

(3) Material of thin electrical insulatien
3. Connecting structure between sectors
4, Transport of the shield
3. Vacuum treatment

6. Nuclear characteristics
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5. Divertor
5.1 Design Conditions of the Divertor Plate

(1) Design Parameters

Material : Copper
Coolant : Water
Pressure temperature : 10 ata
inlet : 70°C
outlet ¢ 90°C
Heat load 50 MW (total) due to ions and electrons
duration : 200 s

dwell time : 100 s
pulse shape: step function
distribution: Gaussian
FWHH 10 cm.
incident angle of particles to the toroidal

direction 5°

{2) Magnetic Field Configuration

The axially symmetric MHD equilibria with arbitrary cross-section
have been investigated by the method expanding the poloidal magnetic
flux function ¢ with the orthogonal series of the first-order associated
Legendre function in the spherical coordinatesl). Tdeal magnetohydro—
dynamic equilibria with axial symmetry are described by solution of the
equation.

3% 1 3% 324

5R2 7 R 3R T 872

= - pORJd)

for the flux function ¢ and

dp 1 d12
+ —

Jy = R 2R do

¢ dé
where P is the plasma pressure, and I is the current stream function.
Figure 5.1.1 shows that the desired MHD equibrium of the plasma realized

by the configuration of the poloidal field coils arranged outside of the

toroidal field ceoils.

(3) Arrangement of coolant channels

When the coclant path runs along the torcoidal direction, the maximum
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heat load along the coolant path becomes 9.3 MW/m?. This amount of heat
load exceeds the burn-out heat flux on the surface of the coolant channel.
Furthermore, in arrangement of the above coolant path, it is very diffil-
cult to design coolant inlet and outlet structures which are compatible
with demands of exchange of divertor plate by remote handling.

In order to reduce the heat flux on the divertor plate, it is
desirable that the divertor plate is arranged nearly parallel to the
beam line. The coolant pipe with cylindrical cross section cannot meet
this condition, therefore, the surface of coolant pipe was flatened and

tapered which faces the beam line.

(4) Numerical calculations of helium ash enrichment and exhaust by a

simple divertor

A simple poloidal divertor which can enrich and exhaust helium ash
has been proposed for the INTOR. Monte Carlo simulations are carried
out to investigate the motion of DI fuel and He ash particles after
they are re—injected from the divertor meutralizer plate. Helium ash
exhaust was shown to be feasible with a modest pumping speed of 5 X 10°
2/s for most of the conceivable plasma particle containment conditions.
Details are described in Appendix IV of Report of Group 3 Home Task
presented to 3rd session of IAFA INTOR Workshop.

Reference

1) W. Feneberg, K. Lackner : Nucl. Fusion 13 (1973) 549

5.2 Structure

Figure 5.2.1 {(a) and (b) show structure of the divertor plate.
(A) Sectional plan of the divertor room.

The divertor plate is installed sc that the incident angle of the

particle beam has an angle of 70° to the normal of the plate. Tt

is supported by headers.
(B) Bird view of the divertor room.

(C) Arrangement of divertor plates in a block-

A medule consists of 6 blocks.

(DY <(ross section of a divertor plate.
The. flat surface is subject to the heat load.

The left side in the figure is tapered with an angle of 7.5°%.
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5.3 Design Analysis

(1)

(2)

Results of Thermal Analysis

Figure 5.3.1 shows temperature rise at the center of the divertor
plate where the largest heat flux comes. The heat fluxes on the
flat part and the tapered part are 1.6 MW/m? and 4 MW/m?,
respectively. The maximum temperature in the divertor plate is
about 270°C.

The temperature difference between the surface (A) and the coolant
channel wall (D) is 60°C. The thermal stress is below the proof

stress of copper.

Figure 5.3.2 shows steady-state temperature distribution at the

center of the divertor plate.

Figure.5.3.3 shows temperature rise at the center of the divertor
plate when the separatrix is oscillated with frequency of 1 Hz.

The full width of the oscillation is assumed to be 10 cm.

Figure 5.3.4 shows distribution of temperature rise in the divertor

plate at 0.02s after start of irradiation.

Figure 5.3.5 shows deformation of the divertor plate due to thermal

stress at 0.02s after start of irradiation.

Figure 5.3.6 shows distribution of thermal stress in the divertor

plate at 0.02s after start of irradiation.

Figure 5.3.7 shows distribution of principal stress along the 'A-A'
line in the divertor plate just after the start of operation of the

divertor. "t" in the figure shows the time elapsed after the start.

Electromagnetic Force for Divertor Plate

The interaction of the toroidal fields and the eddy currents in-
duced in the divertor plate produces a vertical force., A 1l0-msec
distruption of a 4.7-MA plasma applies the induction voltage of

1.4 volt in the divertor plate in consideration of the effect due

to the eddy currents in the vacuum vessel which prevent the surround-
ing magnetic flux from changing with time. The interaction of the
toroidal fields and the eddy currents in the divertor plate produces
the vertical force of Max. 4.75 t/m in the diverter plate which is
composed of copper and Max. 0.22 t/m in the divertor plate which

is composed of copper pipe and stainless steel header
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h.4 Summary of the Results
(1) The divertor plate can be cooled without any serious problem.

(2) Thermal stress in the divertor plate is below the proof stress

of copper.

(3) Repetitive thermal stress due to pulsive operation of the reactor

might lower the life time of the divertor plate to 3 to 4 months.

(4) Radiation damage of the plate due to l4-MeV-neutron irradiatiom,
especially swelling of copper, could be a serious problem. But,
it is difficult to evaluate its effect on the life time of the plate

due to lack of data for radiation damage.
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Fig. 5.3.1 Temperature Rise at the Center of the Divertor
Plate Where the Largest Heat Flux Comes
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Fig. 5.3.2 Steady-State Temperature Distribution at the
Center of the Divertor Plate
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Fig. 5.3.3 Temperature Rise at the Center of the Divertor Plate
When the Separatrix is oscillated with Frequency of 1 Hz.
The Full Width of the Oscillation is assumed to be 10 cm.
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6. Toroidal Field Magnet

6.1 Concept A

Design of the concept A toroidal field magnet of which main charac-
teristics are shown in Table 6.1.1 corresponds to the concept A repair
and maintenance of reactor. Therefore, it is supposed that a couple of
coils are set on the one-sixth sector and that the sector moves radially
for repair and maintenance.

Concept A toroidal field magnet is characterized by Nb3Sn supercon-
ductor, liquid He pool boiling, disc structure for winding support and
belljar type vacuum chamber.

Toroidal magnet with this type of vacuum chamber is sufficiently
reinforced by cold structure since vacuum seal for these structure is

not necessary.

— 106 —
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Table 6.1.1 Main Characteristics of Toroidal Field Magnet

Structure
Number of coil
Form of coil
Cable support
Number of discs per coil
Number of slots per disc
Number of conductors per slot

12

D shape constant tension

Disc
36
12
2 (double conductors)

Dimensions of Magnet

Major radius
Inner diameter
Outer diameter

5m
6.23% x 9.52H
8.44W x 11,720

Magnetic Field

Centering force per coil

Magnetic field at plasma center b T
" Peak field at ceil 10.3 T
Inductance
Total 66 H
Stored Energy
Total 19 GJ
Magnetomotive Force
Total 125,00 MAT
Per coil 10.417 MAT
Magnetic Force
Hoop force per coil x 103 ton

v 9.6
v 3.0 x 10% ton

Dimensions of Coil

Thickness 976 mm

Width 860 v 1,350 mm
Length of straight section 6,060 mm

Stainless steel Disc

Thickness 26 mm

Width 810 mm

Depth of slot 17 mm

Width of slot 29.44 mm
Depth of lig. He channel 8 mm

Width of ligq. He channel 13 mm

Disc.material

stainless steel

Number of Turns

Total
Per coil
Per disc

5,184
432
12

— 106 —
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Table 6.1.1 (continued)

Superconducting Cable

Superconductor NbizSn

Stabilizer Cu

Superconducting composite Fine-multi twisted

Thickness 4.5 mm

Width 25-40 mm

Grades 4

Cu/SC ratio 49-15

Insulator Epoxy glass fiber

Current

Operational current 24,11 kA

(12.06kA x 2 )

Double conductor

Current Density
At conductor
Average at slot
Average at disc

107.2 - 70.0 A/mm®
48.9 - 32.2 A/mm?
16.3 - 12.9 A/mm?

Cooling
Method
Temperature
Vacuum chamber type

Liq. He pool boiling
4.2°K
Belljar type

Head Load
Superconductor loss 4,21 kW
Neutron and gamma ray heating 1.89 kW
Eddy current loss at structure material 0.15 kW
Cryostat loss 7.8 kW
Current lead loss 0.93 kW
Power Supply
Number of suppliers 18
Excitation time 5 Hr
Length of Conductor
Per turn (Average) 28.8 m
Total/coil 12.44 km
Weight
Conductors of a disc 1.12 ton
Stainless steel disc (including conductors) 5.14 ton
Total/coil 370 tom
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6.1.1 Magnet structure

The toroidal field magnet is composed of 12 Nb3Sn pool boiling
superconducting coils. Each coil is composed of superconducting cable,
stainless steel discs, support discs, helium can, coil support legs,

centripetal force support wedges, antitorque beams and thermal insulation.

1) Basic plan
Basic plans for concept A toroidal field magnet are as follows.

Plans b) ~ e) are essentially based on the previous studies for JXFR.

a) For 5T toroidal magnetic field at plasma center, 125 MAT of magneto-
motive force is required. Therefore, magnetomotive force of a

coil is 10.417 MAT.
b) NbySn superconductor cooled by pool boiling method is employed.

c) Operation current of cable is taken as about 25 kA supposing the
soldering type double conductor cable. Combining this value with
prescribed magnetomotive force operation current, total turn of
magnet and turn per coil are determined as 24.11 kA, 5,184 and

432, respectively,

d) Hoop magnetic force is supported by disc structure which has

higher ridgidity for hoop deformation.

e) Basic configuration of the coil is D shape constant tension to

minimize the internal stress of ceoil.

2} Configuration

As previously noted, the basic configuration of the disc which
support the hoop magnetic force is D shape constant tension. This
configuration is determined from the radial position of coil and coil
number. The radial position of coil on mid plane is determined as
1,825, 2,635 mm for nose and 8,915, 9,725 mm for outer branch from the
view point of spatial relations with shield and poloidal magnet.
Resulted configuration of the disc is shown in Fig. 6.1.1. Configuration
of the support disc which fixed on both sides of assembled disc for
coil reinforcement is deformed from simple D shape constant tension as

shown in Fig. 6.1.1 to support poloidal coils No. 10 and No. 11.
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3) Disc and relating structures

To support the heop force and the weight of superconducting winding,
disc type structure is used. Each disc has 12 slots for cable insertiom
and He channels on one side. Thickness of the disc is 26 mm and 36 discs
are assembled to constitute a coil.

Slot distribution on disc as shown in Fig. 6.1.2, is determined
from the view point of stability of superconductor. Supercenducting
cable is fastened to disc by small plate so that superconductor is
sufficiently cooled by liq. He. Detail structure and liq. He flow
pattern is shown in Fig. 6.1.3. On both sides of the assembled discs,
support discs are settled to bundle discs and to strengthen the coil.
Poloidal coil No. 8, 10 and 11 are fixed on the outer branch of the
support discs. Thickness of the support disc is 60 mm. At the nose of
the coil, the support disc is wedge shaped to support the centripetal
force. By virtue of the wedge structure, the centripetal force of
"~ 30,000 tons/coil is supported. The support discs and wedges are
tightened to assembled discs by tie bolts.

Between wedges of neighbouring coils, alignment pins are ingerted.
as shown in Fig. 6.1.4. TFacial pressure between wedges by centripetal
force is less than 10 kg/mmz. This wedge structure 1is also effective
to support the overturning load at the inner branch of coil.

At outer branches, coils are mutually connected by antitorque
beams to resist for overturning forces. Though the cross sectional
area of beam in Fig. 6.1.1 is provisional, sufficient beam area is
obtainable since each coll does not have each own vacuum chamber.

Assurance of mutual positions between discs and between disc and
support discs or wedge structures is important for disc type coil. Im
this design, key structure is planned for this purpose, however, the
detail design study and R & D are required.

Each coil has 2 legs to support dead welght. Considering the
radial shrinkage of the coil and heat transfer from the base, double
pendulum type leg is chosen. GFRP (glass fiber reinforced plastic)
solid leg is now also studied.

Thermal insulation of which basic components are the vapor shield
and super insulation is applied to the cold structures. At the area
between paloidal and toroidal field coils, thermal insulation is not

necessary.
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S$tress distribution within the D shape constant temsion coil is

only tension in ideal and is able to be estimated by following formula.

_ upNi? [ P 1 1 1.284 ]
Ot = %ms T {1+ ﬁ-cos¢ ) +Aﬁ in N R
here, Up 3 magnetic susceptibility of vacuum
‘N ; number of coils

i ; magnetomotive force of a coil
; effective crosssectional area of coil
P.R.¢ ; curvature radius, radial position and angle of the
representative position

C ; compeansation factor

According to this formula, hoop stress of the disc is calculated as
N 26 kg/mmz. Previous experience on JXFR design studies predicts
maximum stress within the disc of this design may be in the range of

35 & 40 kg/mm”.

4) Belljar

Structure of the vacuum chamber largely affects on the repair and
maintenance procedure. We have compared the following three types of
vacuum chamber.

(a) Individual type vacuum chamber

{b} Hybrid type vacuum chamber

{c) Belljar type vacuum chamber

Though brief comparison of vacuum chamber shown in Table 6.1.2,
belljar type vacuum chamber is employed. This type of vacuum chamber
much simplifies the structure and assembling procedure of the magnet.
Furthermore, space factor of the magnet is high and this fact agrees
with compactness which is one of the guiding principle for INTOR.

Outline of the belljar of which diameter, height, volume are

%23 m, v 20 m, ~ 10" m3, respectively, is shown in Fig. 6.1.5. The

belljar is divided into dome, cylinder, siding and floor. Dome, cylinder

and siding are designed as shell structure with vertical and horizontal
ribg. The floor is composed of stainless steel liner. Corresponding
to the one sixth sector of the machine, the belljar cylinder is divided
into six segments along the torus. Some of the cylinder segments have
air-lock entrance for man access and evacuation. Whole of the belljar

is electrically insulated across the torus.
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Alignment Pin Hole
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Alignment Pin
Efiﬁ/// Centripetal Force Support Wedge
’A _ TF Coil
/e

X

Fig. 6.1.4 Alignment Pin of TF Coil
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6.1.2 Design Analysis

Structural design analysis is briefly described in Section 6.1.1.
Conductor design and heat loss calculations including the same items
for the poloidal field coils are described.

(1) Magnetic analysis

Magnetic analysis of the toroidal array consists of two main parts.
The first is the determination of the peak magnetic field, the magnetic
field as a function of radius and ampere turns per coil required to the
desired field (B = 5 tesla at R = 5 m) with 12 toroidal coils. The
second portion of the magnetic analysis 1s concerned with the calcula-
tion of forces acting on various parts of the toroidal field coils.

Determination of the peak magnetic field and spacial distribution
of magnetic field was performed by using the magnetic field code, in
which the coil winding and structure are treated as a homogeneous
current carrying member,

Figure 6.1.6 shows the field plot for the coil array in Figure
6.1.1 on the condition, B = 5 tesla at R = 5 m. Each coil in the array
has 10.42 x 10° ampere turns with a peak flux demsity of 10,02 tesla at
the windings (2.615 meters from torus center). Considering the increased
flux density in the area of the individual conductors, at the D shape
straight corner, and the additional field of a poloidal field (perpen-
dicular to a toroidal field), the peak field applied on the conductor
is about 10.3 tesla,

The second requirement of magnetic field analysis is the determina-
tion of forces existing in the coil array. Forces acting on TF coils
are as follows ; 1. hoop forcefcoil 2. centering force/coil (9.4 x 103
tons) 3. lateral force added from the poleidal magnetic field

(3 % 104 tons).

(2) Selection of conductor coolant mode, conductor support structure
type and conductor
In Table 6.1.3, selection of coolant mode, conductor support

structure and conductor are shown with its brief reasons.

{3) Conductor design

Operational current of the toroidal field coils were decided to
about 24 kA, In aspects of cryogenic stability of a conductor, the
double conductors fixed in each slot, as shown in Figure 6.1.3, are

chosen. Therefore, each conductor has a current of about 24/2 kA,
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|
i

A conductor is the cable, the compacted soldered on the Cu substrate.

The conductor size was designed using the typical characteristics
shown in Figure 6.1.7 " Figure 6.1.10. Criteria for the cryogenic
stabilization is "cold end stability (Maddock's method)”. 4 gradings
of the conductors were chosen, according to the magnetic fields applied
on them,

Specifications of conductors and discs are briefly shown in Table
6.1.4.

(4) Heat load
fleat losses of the toroidal and poloidal field coils are shown in
Table 6.1.5. The major parts of AC losses (field coupled hysteresis

and eddy current loss) are superconductor loss,

Table 6.1.3 Selection of a conductor, support
structure and cooling mode

( C—3 : selected term)
Selection Reasons of selection
Terms
Conductor Nb-Ti 1. Peak field B max is about 10 tesla.
Nb-Ti/Nb3Sn 2. Under the condition of limited space

of TF coil crosssection, high-Jc
characteristics of Nb3Sn will make

Nb3Sn structure design easier.

3. Nb-Ti/Nb3Sn hybrid coil will have no
merits in the future, when much Nb3Sn
conductor is used.

Support 1. Disc type support makes the stresses

structure of Nb3Sn composite conductor smaller,
Pancake

Cooling Pool boiling_] 1. Pool boiling coil system has more

mode known engineering techniques, though

gggced £low vapor bubbles to traverse the con-

; ductor must be taken care of in:iits
design.
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Table 6.1.5 Heat loads of toroidal and poleidal
field coils

Heat load Toroidal field Poloidal field note
coil (kW) coil (kW)

Superconductor loss 4,21 12.0

Nuclear heating ‘ 1.89 -

Eddy current loss at 0.15 _ 4.5°K
" structure material ' load
Current lead loss 0.93 3.2

Cryostat loss 7.8

Thermal shield* 10.5 | 80°K
Thermal anchor#® 5.9 Load

* Inlet temperature is 50°K.

6.1.3 Design problems

1

2)

3)

4)

5)

Design problems in toroidal field magnet are as follows.
Assurance of mutual position between discs, and between disc and
wedge are important for disc type toroidal magnet. Therefore, we
are now planning and evaluating to use key structure accompanying
with other effects. However, there are possibilities of change in
structure according to the comparative evaluation study. Settle-
ment of support ring, tapering of discs, etc. are alternative
concepts.. Therefore, figures relating to this problems are not

shown in detail at this stage.
Assurance of electrical insulation between disc and/or coils.

High stresses within the disc and superposition of cyclic load by

poloidal fields.
Assurance of He bubble transport.

Alignment of ceoils,
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TF coil (x12)
10.42MAT/COTL 2

10 4 10.02T

Magnetic Flux Density (T)
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Fig. 6.1.6 Magnetic Flux Density v.s. Major Radius
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6.2 Concept B
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The toroidal field (IF) coils are designed on the basis of the

present and predictable technology.

B are listed in Table 6.2.1,

The coil characteristics of design

Table 6.2.1 TF Coil Characteristics

No. of coils
Cooling concept
Windling concept
Shape of coil
.Superconductor
Stabilizer

Peak field
Operating current

Average current density
{(in winding)

Winding cavity

No. of turns

No. of pancakes

‘No, of grading
Material of coll case

Magnetic motive force

12

Pool boiling

Pancake winding

Constant tension D-shape
Multifilamentary Nb3Sn
OFHC hard copper

li.0 T

20,000 A

18.8 A/mm?

0.8 x 0.69 m?

520 turns

13 double pancakes

3 (for 11 T, 8T, 6 T)
Stainless steel

10.4 MAT/coil

6.2,1 Magnet structure

Conductor and Coil Winding:

The conductor consists of multifila-

mentary NbiSn and hard copper, and each conductor is reinforced with

inserted stainless steel tape.

The reinforcing tape which amounts to

about 20% of the conductor is inserted so that the stress of the con-

ductor can be acceptable. The conductor is designed to be cryostable

in a pool boiling system. An aspect ratio of the conductor is about 2

and the both sides are longitudinally grooved to enlarge the cocled

surface of the conductor,
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Three conductor grades for operation at nominal fields of 11, 9, and 6 T
have been designed in order to reduce the winding area and the cost., A
pancake winding is selected in view of achievement of well ventilated
helium channels. Pancake winding also produces well defined surfaces for
transmission of radial forces. The scheme of the coil winding and the
typical three graded conductors are illustrated in Fig. 6.2.1.
Structures: The shape of coil is made to be constant tensionl) as
shown in Fig. 6.2.2, so as to optimize a stress distribution and minimize
a bending stress of conductor and coil case. The coil bore is 6.1 x 9.2 m
and the outer periphery of coil is 8 x 11.1 m. Cross sectional area of
the coil is 0.83 m2 (0.94 x 0.88 m) including coil case, and winding area
is 0.55 m2 (0.8 x 0.69 m), resulting in an overall current density of

12.6 A/mmZ2. Both inner ring and outer ring are 50 mm thick and gide

plate is 75 mm thick except at the inner portion of the coil.

The length of the coil straight section is 5.74 m, and centering
force (30,370 ton/coil) is supported by wedged portien of 12 coils. For
this purpose, the wedges are inserted between coils, and connected with
center cylinder by means of adjusting bolts as shown in Fig. 6.2.3.

The hoop force is supported by winding itself and coil case. The
out-of-plane force causing overturning moment ' is supported by support
structure attached between coils.

Total overturning moment (torsion) of toroidal magnet is supported
by torsiomal rigidity of the whole toroidal magnet structure system.

The gravity of all toroidal magnets is supported by center cylinder which
is connected with all magnets by means of keyway and pins at top and
bottom positions.

Vacuum chamber of toroidal magnet: A part of vacuum chamber of
toroidal field coil is in common with the plasma vessel, which is placed
at the shielding structure, on the inside of the torus in the major radius
direction. The vacuum chamber of toroidal and poloidal inner magnets is
in commoﬁ at the inner portion of the torus. Moreover, as shown in Fig.

6.2.4, each separate vacuum chamber of toroidal coils is welded with the

above-mentioned common chamber at the inner location of the torus.

REFERENCE
1) R.W. Moses, Jr. and W.C. Young; "Analytic Expression for Magnetic
Forces on Sectored Toroidal Coils', Sixth Symposium on Engineering

Problems of Fusion Research, (1975) 917.
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6.2.2. Design Analysis

Field Analysis: A peak field which appears on the surface of the
coil winding is calculated by using a field analysis programme, A field
distribution including the peak field at the mid-plane is illustrated in
Fig. 6.2.5,

Stability Analysis: The reliable operation of the coil requires
the cryostability. Cryostable conductors are designed in such a way that
the heat flux generated when transport current flows in the stabilizer

is below allowable limits. The generated heat flux is given by

_ pIz

9% " pa
where, I is transport current, p is stabilizer resistivity, A is stabi-
lizer cross section and p is cooled perimeter. Heat transfer character-
istics indicates that the allowable heat flux removed from the surface
of this 11 T conductor will be about 0.45 W/cm? which is over the
generated heat flux. Further heat transfer improvement will be required
in connecting with resistivity increase of copper due to neutron radiation.

Electromagnetic Force: The forces acting on TF coils are divided
into the in-plane and out-of-plane forees. The in-plane forces which
come from the interaction between TF coils, cause the hoop forces; the
out-of-plane forces which come from the interaction between TF coils and
PF coils cause the overturning moment. The in-plane forces acting on
the each block of the TF coil are illustrated in Fig. 6.2.6. The center-
ing forces moving toward the machine center are about 30,000 tons. The
out-of-plane force distribution is illustrated in Fig, 6.2.7. 1In Fig.
6.2.7, the directions of the forces reverse near the top of the TF coil
due to reverse of the shaping field.

Structural analysis: We carried out stress analysis of toroidal
field coil against in-plane force as shown in Fig. 6.2.6 with two-
dimensional plaﬁe stress analysis by finite element code SAPIV. Figure
6.2.8 shows the analysis model for toroidal field coil. In carrying out
stress analysis of toroidal field coil, we assumed the followings,

(a) Treatment of inner ring and side plates
As winding tends to separate from inner ring during operation; we
set up & gap between conductor and inner ring. We consider that
the spacer between conductor and inner ring does not contribute as
structure member during operation. We also treated spacers between

conductor and side plate as mentioned above,
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(b) Treatment of the spacer between conductor and outer ring.
The spacer between conductor and outer ring transmits the load
only to normal direction, but not to shear direction, so that we
used rod element to represent the spacer, taking account of inter-

action between conductor and outer ring.

(¢) Material constant of conductor.
Since the winding is composite material consisting of copper, layer
insulator and spacer, it is necessary to treat the winding as an
anisotropic material. The resultant stress of the winding thus
stands for mean stress of the winding composed of the three
materials. We, therefore, need to transform the resultant stress
to the stress in the copper portion by taking account of the
difference of the physical properties in each portion. The equiva-
lent Young's modulus, Poisson's ratio, and shear modulus were

calculated in such a way that strain energy is not to be changed.

Caleulation results: We carried out the stress analysis of toroidal
field coil under the above-mentioned conditions. Figure 6.2.9 depicts
the shape of the deformation and displacements of toroidal field ceoil.
Figure 6.2.10 indicates the distribution of the stress intensity of
toroidal field coil. The distribution of the stress intensity along
the coil perimeter for each structuré, (winding, inner ring, outer ring
and side plate) are shown in Fig. 6.2.11 to Fig. 6.2.13.

It is found that the stress distribution at the element center near
the central part of the winding is constant along the coil perimeter.
But the stress distribution on the inner and outer surface of the winding
is not constant. This is because of the {nfluence of the winding thick-
ness in radial direction. Accordingly, maximum stress intensities are
21.8 kg/mm2 at the winding inner surface and 34.5 kg/mm? at the inner
surface of the stainless steel inner ring. Here, the winding resultant
stress is mean value. Transforming it to the stress in the copper part,
the maximum stress intensity of stabilizing copper is 23.9 kg/mm?,

If these stress intensities are taken for (PL+Pb) in ASME Boiler
and Pressure Vessel Code Section III, they must be smaller than 1.5 Sm.
(Sm is an allowable stress and is 15 kg/mm? for hard copper at 4 K, and
is 30 kg/mm2 for stainless steel at 4 K, respectively). Therefore, ceil
case has an enough margin against failure. In contrast, it should be
noted that the copper of the toroidal field coil is on the boarder of

limitation of 1.55..
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It can be said that the copper stress may become less, if the
effect of conductor grading is considered. On the other hand, we have
to take into account the mechanical strength of toroidal field coil
against the out-of-plane force causing overturning moment as shown in
Fig. 6.2.7. The maximum bending stresses of toroidal field coil are
4,1 kg/mm2 of stabilizing copper, and 5.5 kg/mm2 of coil case, respec-
tively. Thus, the toroidal field magnet is in severe conditions in view

of mechanical strength of the magnet.

6,2.3 Magnet type selection
The configuration of superconducting magnets greatly influences on
both electrical and mechanical performances. There exists various
choices in the selection of superconducting magnets. Some of those are
such as the shape of conductor, coeling method, winding configuration,
or type of conductor reinforcement. Considering the current technology
of superconducting magnets, it seems that its engineering level is far
below than required. We only assume that steady progress on research
and development will make the choice narrow.
(a) Selection of conductér cooling method
Pool boiling was determined to be feasible for the toroidal field
magnet for several reasons compared with the forced flow super-
critical cooling. One of the advantages of the pool boiling is
that it requires less electrical power to circulate the helium
coolant, It also has more mature technology. On the other hand,
the forced flow cooling needs considerable development of helium
circulating pump. Another disadvantage is that the cooling pipes
make the magnet structure and construction complicated. Also the

stability criteria are not so clear as pool boiling.

(b) Conductor reinforcement
Though the shape of magnets was made to be constant tension type,
it experiences pretty large stress. Therefore, the mechanical
integrity of the coil play an important role for the reliable
operatien, The design of coll integrity has to be taken into
account in connection with cooling methods. In case of pool boil-
ing, coil integrity will be increased by either the adoption of
grooved steel plate or the insertion of steel tape between turns.
In this design B, the insertion of steel tape was preferably

selected because the grooved steel plate is expensive in fabrication
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and less effective to remove the vaper bubbles, It is noted
that the coil integrity tends to decrease due to the fact that
many cuts to three directions in the steel plate is necessary for

the channel of wapor bubbles in case of pool boiling.

(¢) Winding configuration
The pancake winding was adopted here because it has better cooling .

paths and easier fabrication than the layer winding.

(d) Superconductor

The copper stabilized Nb3Sn conductor is the best choice for this
magnet design. NbTi is no longer applicable to toroidal field

magnets with the field of more than 11 T.

6.2.4 Degign Problems

Conductor:. The multifilamentary Nb3Sn conductor is thought to be
more suitable for the 11 T high field than the conventional NbTi con-—
ductor, though the technology of Nb3Sn conductor applying to large
magnets is premature. The fabrication of Nb3Sn magnet has been extensive-
ly developed, and the characteristics have been investigated to some
extent in these years, however, much more efforts need to be made.

The following researches and developments must be made in order to
accomplish high field large superconducting toroidal magnets.

(1) Development of high field and large current Nb3Sn conductor.

(2) Fabrication of large magnets made of Nb3zSn conductor.

(3) Cryostabilization by pool boiling for large magnets and the
improvement of heat transfer.

(4) Enhancement of mechanical strength of Nb3iSn magnet.

(5) Power supply and protection system.

Mechanical Design: Reviewing the results obtained from stress
analysis of toroidal field coil, it is considered that toroidal field
coil (especially as for the stabilizing copper) is under severe situation.

Therefore, the rigidity of winding must be strengthened more by
increasing the reinforced material in the winding or by using stronger

reinforced materials.

Moreover, there are some problems to be studied in future as follows.
(1) Detailed stress analysis against out-of-plane force should be

carried out.

(2) Both thermal stress analysis and heat conduction transient analysis

for cool down and warm up should be carried out.
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Though we temporarily adopted ASME Boiler and Pressure Vessel
Code Section III in this design, the new standards of evaluating

stress must be determined at low temperature.

Study for fabrication and manufacturing of coil should be carried

outl.
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Common vacuum chamber

@

Toroidal field ceoil

Vacuum chamber of
toroidal field coil

;EDDBDDU

Poloidal field_///
coil

o &

Base plate

T.F. & P.F. coil

Vaccum chamber
for T.¥. coil

T.F. Coil
Outer surface Cover
of shielding
Flange

Fig. 6.2.4 Vacuum chamber of toroidal magnet
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7. Poloidal Field Magnet

7.1 Concept A

JAERI-M 8518

Design of concept A poloidal field magnet of which are charac-

teristics are shown in Table 7.1.1 corresponds to the concept A repair

and maintenance of reactor.

Therefore, the design 1s suppoesed that full

turn of coils are removed or settled for repair and maintenance.

Concept A poloidal field magnet is characterized by NbTi supercon-

ductor and supercriti;al He forced flow cooling, except coil No. 9. Coil

No. 9 is designed as demountable normal conducting coil from the view

point of the assembling and disassembling.

~Table 7.1.1 Main Characteristics of Poleoidal Field Magnet

Structure

(1) Structure

{(2) Number of coils

{(3) Number of turns/coil

Dimensions of coils

(1) Major radius
(2) Horizontal thickness

(3) Vertical thickness

Magnetic Field

(1) Peak magnetic field at
coil

(2) Max. rate of magnetic
field change

Magnetomotive Force

(1) OH component/coil

(2) Plasma control
component/coil

super conducting coils +normal conducting
coils

24
36 v 140

1.45 ~ 9,90 m
0.395 ~ 0,68 m
0.35 ~ 0.80 m

8.0T

5T/0.1 sec. (0<t<0.1l sec.)
8T/5 sec. (0.l<t<5 sec.)

~0.15 ~ 3.68 MAT
-5.17 ~ 10.0 MAT
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(continued)

Magnetic Force

{1) Max. hoep force

(2) Max. vertlcal force

2.0 x 10" ton
-1.5 x 10" ton

Super conducting cable

(1) Super conductor NbT1

{2) Stabilizer Cu

(3) Dimensions A 1800 mm?
(4) Cu/SC ratio v 2

Normal conducting cable

(1) Conductor | Ag-Cu

(2) Type

Hollow conductor

Current

(1) Operation current/coil

(2) Operation current/cable

-6.02 v 10 MAT
60 kA

Cooling

(1) Method
(2) Path length

Supercritical helium forced flow

n~ 200 m

Heat loss

see Table 6.1.5.

Weights

(1), Cable/m
(2) Cable/coil
(3) Cable/total

18.5 kg/m
16.9 93,1 ton/coil
730 ton
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7.1.1 Magnet structure

Poloidal magnet is composed of 11 sets of poloidal coils and each
set of coils consist of 2 coils which are symmetric to mid plane. Con-
figurations and maximum magnetomotive force of each coils shown in Table
7.1.2 are determined on the supposition of hybrid type current distribu-
tion. Magnetic forces for maximum coil current are summarized in Table
7.1.3. Each coils except coil No. 9 are composed of superconducting
cable, support bundle and coil support structures.

Considering the insulation for surge voltage, maximum operation
current of cable is normalized at 60 kA for every coils. Cross section
of the super-conducting cable is shown in Fig. 7.1.1. Superconductor
of the cable is NbTi according to later discussions. As for cooling,
forced flow supercritical He is used since this type is rather superior
to pool boiling in the one turn electrical insulation structure, Path
length of coolant is roughly planed as v 200 m and this fact is one of
design probleﬁs. But this problem is soluble by appropriate arrangement
of cable and coolant route. Turn number and stacking mode of the cable
within each coils are determined from the total magnetomotive forces,
electrical and cooling route, spaclal relations to other components and
facilities, assembling procedures, etc. and shown in Table 7.1.4. Cables
taped by insulation are stacked into coil and bounded by stainless steel
structure (support bundle) as shown in Fig. 7.1.1. Only coils No. 9 are
water cooled normal conducting coil since they should be demountable.

If lower No. 9 coil is undemountable, movable base structure has to he
separated for assembling and such separation leads to lack of structural
stability. On the other hand, upper No. 9 coil is full turn structure.

All the poloidal ceils are enveloped in belljar type vacuum chamber
that each coils are not necessary to have their own vacuum chamber.
Therefore, cold structure of poloidal coils are only covered by thermal
insulation. Pololdal coil support system is also simplified by the
belljar type vacuum chamber., Vertical forces and self weight of the
coils No. 1 v No. 7 are supported by cold central support column. Basic
structure of the central support columm is a double cylinder (inner and
outer support column) connected by horizontal plates.

Coils are settled within the area enclosed by double cylinders and
plate, Coils No. 8§, 10 and 11 are directly supported on toroidal field
magnet's support disc. Upper and lower coils No. 9 are fastened on

primary shield and shield leg, respectively, since these coils are
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operated at normal temperature. All of these support structures are
armed with the radial sliding mechanism for relative movement between
coils and fixed portions. Magnetic forces, temperature difference
through cooling process, etc., may be a cause of such relative movement.

Fig. 7.1.1 ~ 7.1.3 illustrate these support structures.

Table 7.1.2 Configuration and Magnetomotive
Force of Poloidal Coils

. Coil position Maximum Magneto-
Coil Number R{m) Z(m) motive Force (MAT)
1 1.475 0,500 | -6.02
2 1.475 1.500 -6.02
3 1.475 2.500 -3.60
4 1. 475 3.500 ~3.60
5 1.625 4.500 -3.690
6 2.050 5.550 8.24
7 2.950 6.150 4,14
8 4.300 6.3500 4.14
9 6.250 6.150 -3.15
10 8.900 4.850 -5.17
1T 8.900 3.000 -2.13

— 145 —



Table 7.1.3 Magnetic Force for Maximum

JAERI-M 8518

Coil Current

Magnetic Force (ton)

Coil Number R directicn Z direction

1 15,5 x10° 0.7 x107
2 14.2 -3.5
3 6.3 -3.0
4 3.6 -3.7
5 -0.9 -9.1
6 26.0 15.4
7 3.6 -2.3
8 -16.2 -0.3
‘9 5.6 -1.8
10 18.2 -7.4
11 3.3 2.7

Table 7.1.4 Design Characteristics of PF Coils

Maximum Magneto | Turn* staking | Size of cable¥* Size of block
Coil motive Force {Radial x block (Radial *in cladding
Number (MAT) Vertical) %x Vertical, mm) | bundle (Radial
x Vertical,mm)
1 -6.02 10 x 10 450 x 670 530 x 750
2 -6.02 10 x 10 450 x 670 530 x 750
3 -3.60 8 x 8 360 x 530 440 x 616
4 -3.60 8 x 8 360 x 530 440 x 616
5 -3.60 8 x 8 360 x 530 440 x 616
6 8.28 14 x 10 760 x 710 850 x 800
7 4.14 7 x 10 315 x 670 395 x 750
8 4,14 7 x 10 315 x 670 395 x 750
9 -3.15 - - 600 = 600
10 -5.17 (3+3) x 15 600 x 675 680 x 755
11 -2,13 (3+3) x 15 600 x 270 680 x 350
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Fig. 7.1.2 Concept A Plan

— 148 —



JAERI-M 8518
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Fig. 7.1.3 Support Leg of PF Coil

TF Coil
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7.1.2 Design Analysis

The peak field of each poloidal field coil is computed under the
operating condition. Figure 7.1.4 shows that No. 6 coil has maximum
peak field of 8 tesla. NbTi conductor was selected by the reason of the
repeated stress, and the conductor coolant mode should be supercritical
helium forced flow. Pool boiling method has two main design problems;
{1) Electrical insulations of the helium cans at 4°K base for one turn
loop, (2) Vapor bubble traversing in the horizontal direction.

Comparably large operating current (60 kA) was chosen, considering
induced voltage between turns.

Specifications of the superconducting cable are shown in Table 7.1.5.

AC losses for poloidal field coils are summarized in Table 6.1.5.

Table 7.1.5 Specifications of a conductor for
poloidal field coils (8 tesla conductor)

Conductor NbTi compacted cable

Cable dimension 45 mm x 67 mm
(including support bundle)

Number of strands 3 x 7 % 46
Strand diameter 1.2 mn
Number of filaments 533

per strand

Filament diameter 10 mm
Twist pitch 13 mm
o/o area for helium flow - 40%

7.1.3 Design Problems

Design problems of poloidal field magnet are as follows.
1) Assurance of slide movement of support leg
2) Connecting structure of cables with electrical insulation
3) Cyclic load on cables and support structure

4) Large number of cooling pipes.
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Mid-plane (m)

Flevation Relative to
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1Coil No. B peak (T) Coil No. | B peak (T)
1 7.2 7
2 6.8 3
3 5.4 g -
4 5.4 10 3.8
5 5.9 11 2,2
6 8.0
Block NO.| Coil NO.}{ Function
1 1, 2 Hybrid
Normal Conducting Coil 2 3, 4, 5 O only
3 6, 7, 8 Hybrid
- 8 4 9 Hybrid
7 9
| D [j 5 10 Hybrid
6 11 Hybrid

Toroidal Radius (m)

Fig.7.1l.4 B peak Location of Each Coil (dotted)
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7.2 Concept B

Poloidal field magnet system is designed based on the following
concepts. (Magnet location and maximum rating are listed in Table 7.2.1.)
(a) The design with reasonable certainty of feasibility.

(b} Easier manufacturing and repairing by remote handling.

{c) Reduction of electric power for the poleidal field magnets
including the requirement of helium refrigeration.

(d) Reduction of heat dissipation due to the pulsive magnetic field

in the superconductor as well as surrounding structures.

Those conditions imposed upon poloidal field magnets need to be satisfied
but it would not be easily manageable to meet all of requirements. How-
ever, in this conceptual design of poloidal field magnets, the optimum
approach was pursued through overall evaluations.

The features and design bases of poloidal field magnets are as
follows.

(1) The pool boiling is employed for the advantage of easier cooling,
less energy and mature technology.

(2) Overall current densities of superconducting magnets is set to be
max. 19 A/mm? to fullfill stabilized operation of superconducting
magnets.

{3) Hybrid coil system is selected based upon the consideration of

limited available space.

7.2,1 Magnet Structure

Degign conditions

(1) Both normal operating and fault conditions will be taken into account.
Normal conditions mean all existing combinations of transformer
magnets, shaping magnets, toroidal field magnets and plasma. Fault
conditions include plasma disruption and failures of single or
groups of poloidal field magnets,

(2) The loads that shall be considered include electromagnetic force,
temperature-induced loads, seismic loads and dead-weight.

{(3) The pulsive operation of poloidal field magneté calls for dynamic
analysis in addition to static analysis.

(4) Magnet structures shall be designed in such a way that they are
able to be disassembled and reassembled with minimal labor time by

remote handling in case of repairing blanket.
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Structure
A cross section of the superconducting poloidal magnet configura-

tion is shown in Fig. 1.6.1. The system is composed of inner magnets

and outer magnets. Magnet number 1 to 7 is defined to be inner magnets
and they are installed in one common cryostat. Their weights and verti-
cal motion is transmitted to the bottom supporting base which also
sustains the toroidal field magnets. . Quter magnets of magnets number
from 8 to 11 are located along the periphery of toroidal field magnet
and supported by either radiation shield or toroidal field magnet.

Those magnets have individual cryostat.

Figure 7.2.1 depicts the details of magnet number 1. More detailed
magnet structure is shown in Figs. 7.2.2 ~ 7.2,.5. The present poloidal
field magnet design is summarized below.

(1) The magnet is composed of pancakes and cooled by pool boiling as
gshown in Figs. 7.2.1 and 7.2.2.

(2) The upper magnets of 8 and 9 are supported by the radiation shield
for case of snaking out the blanket.

(3) The stranded NbTi wires constitute superconductors and they are
placed in the stainless steel can which supports the electromagnetic
force of the conductors as clear from Fig. 7.2.4.

(4) Punched cans, tilting spacers and plates with protrusions serve in
such a way that the emerged vapor bubbles can move freely to any
direction.

(5) Several turns as well as several magnets are connected in parallel
to reduce the induced voltage as indicated in trimetric view of
Fig. 7.2.5.

(6) The magnet and helium coolant is surrounded by the FRP case instead

of thick stainless steel to avoid the excessive heat dissipation.

7.2.2 Design Analysis

The hybrid poloidal field coil system is designed to attain D—shape
plasma equilibrium and to minimize error field at the plasma region.
Consideration is also made on the heat dissipation in the superconducting
magnets and the overturning moment acting on the toroidal field magnets,
The magnet locatlons and magnetomotive forces of each coil are listed
in Table 7.2.1.

Overall current densities of superconducting magnets are no more

than 19 A/mm?. This is enough to satisfy the equal area stabilization
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criterion. Tables 7.2.2 and 7.2.3 summarize the magnetic field at the
typical locations of each magnet. The maximum magnetic field of 8.8 T
occurs at the bore of magnet 3. Electromagnetic forces acting on poloidal
field magnets are summarized in Table 7.2.4 and they are shown sche-
matically in Figs. 7.2.6 ~ 7.2.10.

Inner magnets are at the tight situation competing with toroidal
field magnets while outer magnets have more freedom. As the design will
progress, the optimum compromise between poloidal field magnets and

toroidal field magnets is necessarily required.

7.2.3 Magnet Type Selection

As for the selection of cooling method for the poloidal field
magnets, pool boiling was chosen for the almost same reasons like toroidal
field magnets. The forced flow cooling seems to be more desirable since
it requires no FRP case. Also the magnets with forced flow cooling may
be mechanically more reliable and could be designed in narrow space, and
may be able to withstand high voltage which is generated by the abrupt
change of the transformer component or by the plasma disruption.

However, the large pumping power and unmature technologies in the
forced flow cooling are considered to be too serious to be adopted.

For winding configuration, the pancake type is employed since the
layer winding pattern has the difficulties of coil support and manu-
facturing.

The superconductor is contained in the stainless steel can so that
the radial force of the conductor can be sustained hy the stainless
steel. The magnetic field is not so high (no more than 9 T) that NbTi

could serve well for this poloidal field magnets.

7.2.4 Design Problems
Though the design is at the conceptual stage and is now halfway,
it is of value to note unnegligible design problems. They are summarized
as follows.
{1) Heat Transfer

Heat transfer needs to be evaluated for the peol boiling. No
experimental data have been obtained in particular for this kind of

large horizontal magnets.

(2) Conductor
It is highly required te verify manufacturing of high current AC

superconductor and to test AC stability and heat generation.
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FRP cryostat
Large size FRP cryostat backed with thin stainless steel needs to

be developed.

Ground insulation

Poloidal field magnets experience exceedingly high voltage despite
the fact that conductors are bare. The reliable ground insulation
system must be developed and on the other hand a way of reducing

the voltage needs to be pursued coupled with the power supply system.
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Table 7.2.2 Magnetic field at each magnet (PF No.9; 1 MAT)

unit; teslas

Magnet Total Transformer component Shaping component

N or #1 #2 #1 #2 #1 #2

#3 44 #3 #4 #2 #4
1 8.19 4,31 5.33 2.79 2.85 1.57
1.33 4.17 0.58 2.78 0.76 1.3¢9
5 7.76 4,54 5.32 2.79 2.47 2.03
1.63 3.75 0.59 2.77 1.12 0.97
3 8.84 3.79 5.81 3.31 0.83 0.90
1.50 2.70 0.99 3.26 0.93 1.01
'4 4,73 3.70 5.74 3.41 1.43 1.72
: 2.24 1.98 1.00 3.19 1.44 1.23
5 3.09 5.28 5.24 3.63 3.25 4.03
4.45 0.51 - 1.25 2.75 3.33 2.75
6 6.62 4,04 2.18 1.63 8.50 5.04
2.61 6.00 0. 36 0.63 2.63 6.44
7 3.49 .43 1.13 1.08 4,57 4.45
2.55 2.97 0.42 0.36 2.86 3.2%
a 2.52 3.04 0.74 C.81 3.24 3.82
3.55 3.1¢6 0.58 0.46 4.10 3.60
9 0.54 1.09 0.11 0.20 0.44 1.20
1.82 | 1.57 0.17 0.07 1.76 | 1.63
10 4.21 3.59 0.06 0.10 4,15 3.50
2.88 2.98 0.08 0.03 2.80 2.95
1 2.34 | 1.77 0.14 0.14 2.19 | 1.62
2.15 2.05 Q.17 c.13 1.98 1.92

42
#ll s #3
#4
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Table 7.2.3 Magnetic field at each magnet (PF No.9; -1 MAT)
unit; teslas
Magnet Totél Transform?r component Shaping component
" .
vumber | 1 42 #1 % #2 #1 42
#3 44 #3 ! 44 43 £4
2 8.34 ' 4.42 5.33 i 2.79 2.99 1.66
1.18 | 4.28 0.58 2.78 0.62 1.50
, 7.91 | 4.63 5.32 | 2.79 2.62 | 2.06
|
1.49 & 3.88 0.59 2.77 1.00 1.10
; 6.01 | 3.87. 5.81 3.31 0.82 0.84
1.36 | 2.85 0.99 3.26 0.89 1.01
i |
s 4.92 | 3.74 5.74 3.41 1.28 1.56
2.06 | 2.13: 1.00 | 3.19 1.31 1.10
I
| ;
. 3.25 1 5.21 5.24 3.63 . 3.06 3.84
4.26 ° 0.42 1.25 2.75 | 3.16 2.57
i |
¢ 6.40 | 3.91 2,18 1.63 L 8.27 5.50
|
2.80 | 5.92 0.36 0.63 - 2.84 6.34
|
f !
. 3.23  3.36 1.13 1.08  4.32 4.39
2.83 | 2.97 0.42 0.36 i 3.14 3.23
g 2.18 | 3.04 .74 .51 i 2.90 3.80
| R I
i |
3.95 | 3.26 0.58 i 0.46 L 4.50 3.69
; i .
g 2.33 | 1.76 0.11 ! 0.20 2,24 1.65
0.48 1.36 0.17- i 0.07 . 0.52 1.37
) | ;
1o 4.15 | 3.54: 0.06 1 0.10 4.09 3.45
2.92 | 3.02; 0.08 | 5.03 2.84  2.99
. 2.33 | 1.75: - 0.14 0.14 2.19 1.60
2.16 . 2,07 0.17 0.13 1.99 1,94
42
#1 ¢ b # 3
4
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Table 7.2.4 Electromagnetic force
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unit; tons
Magnet Total [ Transformer component| Shaping ccmponent
Number Fr Fz Fr Fz Fr Fz
Y 19.4 | -0.9 7.96 -0.015 2.48 -0.35
18.6 | -0.94 2.16 -0.35
5 17.7 | -4.0 7.93 -0.072 1.83 -1.5
]
16.8 | -4.0 | 1.48 ~1.53
L _
3 8.15| -3.2 7.98 -0.12 , 0 0
]
7.56| -3.3 | 1
] i
4 5.08| =3.90 1 8.01 -0.36 ' O 0
4,41 ~3.96
. -2.16| -9.32 7.41 ~1.80 0 0
~2.99 | -9.38 '
i
6 22.5 | 16.2 2.08 -1.36 39,2 11.6
25,3 | 16.3 42.7 11.8
. 0.66 ~1.77 0.57 -0.66 4.14 | -5.96
2.86| -1.79 6.79 -5.99
e -10.7 1.07 0.19 -0.43 -11.9 L -1.24
-6.39| 0.58 -6.62 ' -1.82
o 5,74 -1.89 -0.02 -0.04 5,14 | -1.36
-3.868| 1.37 -4.47 | 1.33
- - i
10 17.1 | -7.84 -0.006 -0.018 18.6 ' -9.19
18.7 | -9.19 18.6 -8.09
|
" 0.99| 2.18 | -0.012 ~0.007 1.10 , 1.92
| i !
1.10° 1.92 »1.18 | 1.88
: I |
Note: No.9 PF magnet

— 159 -

1 MAT

1 MAT




os T - SL9

helium passage

50

case (FRP)

60

stainless steel sheet

NNV N NUUDENS | SURPR [ VRN B OUGHN B SUU (O SNNNDN [ GNUN B SUUEDE B SN SN B
-t - t+t--4 t+---1+—— -3 -] -2 -—— 1 % L ¥ -]
1

4 - - -+ -] 3] ==& L~ L ]
-— - -+ -l - - b - ]
pacA - F-—4| F=—4 F-—d| -l -] F——| ——| =< b=} L} L]

wn
ag F— - -3l +t-—4l -4} Al -4 +-—4] + ——]
; = ———— Al {1 -~ ] ] L] L ——]
.ﬁ vh. -—t1ir—lrr--l—--4l+-—4|--——ji+——-41+-——43| +--- | —=——dl | = =S

|

gw m F-——lF-—-4l |1} “JJ.I F——l - +—q 1Al - -
! Al -1l F==4dIF=--41F--A | == | } —— NI ) ) SN | § N ) )

| 5
| 3 =1k~ |-} -HdIl}F==Al - -] | e d | | —= ]
, | [ —— F-——l+----—4--4lF--4F--4 - 1 —— 1 --4
| AP i | SURIS b | SRS ) | SN | Sy—— N | D | S-———" | S N | S_—— — ) —
” -——1 111114 -4 il+--1 1 i+--4 l--- I--4 |- -

|

i - — — - — -4 ——— — - =~ ——— ——— ———— ——— — - -— - ————
-1 —_— - |-- b B | EREE | SRR I | SIS I | SR ) | Sp—
TW\ —— — - —- ~-irr-trFr1tr--1F—1F--4d I F---
I o o
—t - - - —- - — — - - —-
-1t 1FF-1¥Y¥Y~—1FH 1 -1 ——— -4 F-—4
-4+ F~--4d F—— -4 - }F+--"4 A4 b—J -~ -] -2

— 160 —

475
595
€95

Fig. 7.2.1 Magnet Number 1

] | I

60

conductor
.

spacer

50 |

e —




JAERI-M 8518

superconductor
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F

inner wall
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M outer wall

inner spacer

superconductor

horizontal spacer

helium vessel

helium vessel

inner spacer

Fig. 7.2.2 Coil and Spacer for Cooling
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(a) A part of horizontal spacer for inner magnets

horizontal spacer

spacer support

helium vessel

(b) spacer for outer magnets

Fig. 7.2.3 Spacer
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N
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A
’ spacer for cooling
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[ superconducting stranded wire

Fig. 7.2.4 Superconductor
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Fig. 7.2.5 Electrical Connection of Magnets
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Elevation Relative to Mid-plane (m)

Elevation Relative to Mid-plane (m)
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Block NOMagnet NO [Function
1 1,2 Hybrid
2 3,4,5 OH only
3 6,7,8 Hybrid
i 0.86 0.86 4 9 Hybrid
i 0.15 5 10 Hybrid
- 6 11 Hybrid
1.72 ——
o
3.6|0)
5.6 [3)
3.6 (0]
3.68| 0
3.68|0O
| 1 i
1 2 3 4 5 6 7 8 9 10 11
Toroidal Radius (m)
current (MAT)
Block Noﬁ\'lagnet NO [Function
] 1,2 Hybrid
4,5 OH onl
7,8 HBybri
Hybrid
Hybrid
Hybrid

[-]o.01

Toroidal Radius (m}

electromagnetic force (tons)

Fig. 7.2.6 Current and Force by Transformer Component
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[:32214 t1.

1.9 5,14

[3-
2319.2“_ .36

Toroidal Radius (m)

Current (MAT)

Block No.,magnet No.{Function
1 1,2 Hydrid
2 3,4,5 OH only
3 6, 7, 8 Hydrid
4 9 Hydrid
5 10 Hydrid
6 11 Hydrid
Block No magnet NoJFunction
1 1, 2 Hybrid
2 3,4,5 OH only
3 6,7, 8 Hydrid
4 9 Hybrid
5 10 Hydrid
6 11 Hydrid

.7

Toroidal Radius (m)
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Block No.magnet No.|Function |
1 1,2 Hydrid
2 3,4,5 OH only
i 5 3 6,7,8 |Hydrid
'S 1.0 4 9 Hydrid
5 10 Hydrid
- ® e 6 |11 Hydrid
2.
2.
Toroidal Radius (m)
Current (MAT)
Block No.| magnet Nod Function
1 1,2 Hybrid
2 3,4,5 OH only
o 3 6, 7,8 |Hydrid
4 9 Hybrid
—fF]6-62 AT s 10 Hydrid
i 5.99 " , yart
11.8 ]GE79 f 1.824-813;33 6 11 Hydrid
-
1.51E 1.48
0. 35| ~||2. 16
L 1 1 i | 1 1 ) 1 1
1 2 3 4 5 6 7 8 9 10 11
Toroidal Radius (m)
Electromagnetic force {(tons)
2.8 Current and Force by Shaping Component (PF No. 9; 1 MAT)
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Block No./magnet No.| Function
1 1, 2 Hydrid
2 3,4,5 |OHonly
- 3 61 7; 8 Hydrld
4 9 Hydrid
ydrid
s 1.14®) & 6 11 Hydrid
8.28|® ‘ 5.27
3.6{0Q) ©
3.6[0] .13
3.6 O]
6.02{0
6.02{0®
1 i 1
1 2 3 4 5 6 7 8 g 10 11
Toroidal Radius (m)
Current (MAT)
Block No.|magnetNo .| Function
1 l, 2 Hybrid
2 3,4,5 CH only
3 6,7, 8 |Hydrid
7 4 9 Hybrid
0.58 5 10 Hybrid
6 6.3 L7k 59 1.371E 6 |11 Hydrid
3.68
5} 1 9_19[3__18. 7
9.381 *
4 -
3.96'[3 1.9
3r ﬁz] 1.1
3.3+ H
2 =
4,04 .
l L —
0.9 .6
| 1 I | 1 L | L |
1 2 3 4 5 6 7 8 9 10 11
Toroidal Radius {(m)
Electromagnetic force (tons)

Fig. 7.2.9 The Total Current and Force (PF No. 95 1 MAT)
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@I;ézgé;magnetNo.quﬁio
1 1,2 Hydrid
, 5 OH only
, B Hydrid
Hydrid
Hydrid
Hydrid |
1
11
Toroidal Radius (m)
Current (MAT)
Block No.|magnet No.|Function
1 1,2 Hybrid
2 3,4,5 QOH only
3 6,7, 8 Hydrid
i 1.07 4 9 Hybrid
. 5.74/ 5 10 Hybrid
- Hydrid
16,42 8igd 1,7 1.9 6 11 y |
|
03[z
3.0
3.2 H
4.0
0.9
! -
1 2 3 4 5 6 7 8 9 10 11
Toroidal Radius (m)
Electromagnetic Force {tons)
Fig. 7.2.10 The Total Current and Force (PF No. 9; -1 MAT)
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8. Neutral Beam Injector

8.1 Design Conditions

The design conditions of the neutral beam injector (NBI} are as

follows.

{1) Injection power 75 MW

{(2) Injection energy 200 keV
{3) Beam duration 5 sec

(4) Angle to the plasma minor axis 15 degree
{5) Injection ports in the torus 4

8.2 Component Structure

The NBL system shown in Fig. 8.1 " 2 consists of the following main
components: high current ion sources; neutralizers; direct energy con=
verters; drift tubes; and cryopumps. The beam power per one ion source
is 2.7 MW, and one injection port has 7 ion sources together with one
spare source. Total length of beam line from the extraction grid of the
ion source to the exit of the drift tubes is 7.5 m. The distance between
the neutralizing cell and the drigt tube is 2,3 m, where the direct
converter is located. The main design parameters are listed in table 8.1,
(1) 1Ion socurces

The ion source with 98 A ion current extraction is chosen to
hollow cathode type because of longer operation life, lower operation

pressure {about 5.4 x 1073 torr), and high gas efficiency (about 59%).

Extraction system coinsists of four acceleration grids with an

extraction area (11,1 x 127) cm?. Acceleration voltages between the

grids are 40, 50, 55 and 59, respectively, following -4 kV at the
suppressor grid. These values are based on the equation Vs = 6x10%vd
obtained at Culham La%?, where Vs and d are the acceleration voltage
and the gap distance between extracted adjacent electrodes, respec-
tively. The current density from the source plasma is 150 mA/cm?,

and the pressure at the entrance of the neutralizer is 2.6 x 1073

torr. The pressure was chosen by estimating the heat load in the

arc chamber due to electrons created by beam-gas interaction in the

acceleratdon gaps.
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Neutralizer

The extracted iron beam is neutralized by the gas flowing in
a rectangular duct which has beam limiters to form the beam shape.
The power of shaped beam is 90% of that at the exit of the acceler-
ation grids. The equilibrium neutral fraction of deuterium beam
is shown in Fig. 8.3. ©Neutralization efficiency for 200 keV
deuterium ion beam is about 20 percent. Gas thickness in a neutral-
izer is chosen to be 0.51 Torr-cm to provide 90% equilibrium. The

cross sections of neutralization and ionization used in this estima-—

tion are 2.8 x 10717 cm?/molec. and 1.1 x 10716 cm?/molec, , respectively,

for 200 keV deuterium ion beg%. Since the neutralizer length is
chosen tc be 350 cm, some anount of gas needs to be fed into the

neutralizer to get 0.51 Torr-cm in this length.

Direct energy converter

Because of low efficiency of neutral atom production from
positive ions at 200 keV, the power carried by unneutralized ion
beam is very large. In this design, an in-line direct energy
converter was chosen teo handle those ions because of possibilities
to make the system compact and to reduce the capacity of the power
supply. The energy of the ion beam is recovered by decelerating
the ions to a low energy and by collecting them on electrodes,
thereby converting their kinetic energy back tc electrical energy.

This converter is a space charge controlled type. There are
two negative electrodes for electron suppression and one positive
electrode for ion collection as shown in Fig. 8.4. In this design,
the neutralizer is at ground potential, the collection electrode
is at a positive high voltage Vrec (190 kV}, and suppression
electrodes are at -V repl (=40 v =50 kV)} and -V rep2 (-20 kV) before
and after the collector, respectively,

It is'expected that the beam width on the collector is 3 to 4
times that at the converter entrance, since the ion beam entering
into the converter diverges because of its own space charge. The
ion current density and beam width at the converter entrance are
50 mA/cm? and 12 cm, respectively. The pressure in the converter

region is 5 x 107° Torr.
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(4) Drift tube

Drift tubes are equipped to limit gas flow toward the torus.

in Table 8.1. The gate valves are equipped at the drift tube

{

;

E

f The tube cross-section is rectanguler and the dimensicn is listed
|

|

|

; entrance to be used when cryopumps are regnerated.

I
|
1

(5) Cryopump 7

Gas flowing out of the neutralizer and the converter is evacuated
by cryo-condensation pumps. The gas flow rate evacuated by the cryo-
pump is 156 Torr.%/sec. In-order to keep the pressure in fhe coverter
region at 5 ¥ 10~° Torr, the cryopump needs to have a pumping speed
of 6.1 x 10°% 2/s. The pump entrance area of 40 m? is necessary to
give this pumping speed, assuming that the pumping speed per pump
entrance ares is 15 2/cm?. sec. Cryopanels are placed on the sides
and on the bottom of the vacuum chamber of NBI.

The gate valves located at the entrances of the drift tube and
the neutralizer shown in Fig. 8.1 ~ 2 are closed when the cryopanels
are regenerated, It means that the NBL carmnot be operated while the
cryopumps are regenerated.

The interval between the terms of cryopump regeneration 1s
decided by the explosion limit of deuterium gas in the NBI tank.

The allowable deuterium gas amount is 1.75% of the air amount in the
NBI tank at 1 atmoshere., Plasma operation of about 5,900 shots is

possible within this limit.
8.3 Design Analysis

8.3.1 Heat Toad

(1) Electron back streaming in the acceleration grids.

In the extraction grids, secondary ions and electrons created
by beam-gas interaction are accelerated by electric fieléd and some
of them cause grids to be heated. This heat load can be reduced
by adjusting grid location carefully. However, the secondary parti-
cles that are not intercepted by the grids flow into the arc chamber
or into the neutralizer. In order to estimate these heat load, the
trajectories of secondary ions and electrons in the presence of the

primary beam were calculated numerically.

- 171 —



oot b2

(2)

JAERI-M 8518

The current generated over the primary beam path length, Ax, is

AT = O‘NO . AX'IB

where NO is the background density, I is the portion of the primary

B
beam current flowing through the acceleration grids, and ¢ is mainly
oi In the case of electron production and (Gi + 010) in the case of

ion production (Ui; the ionization cross section of the background

as, and ¢ . ,
Bas, 10; electron capture cross section of the ion beam). Tt

was assumed that the local field, generated by the secondary parti-
cles, is too weak to perturb the primary beam., Typical secondary
particle trajectories are shown in Fig. 8.5. (Using computer ccde
ICNORB, the potential distribution of the extractor region and the
primary ion trajectories were calculated.) Thus, the heat locad cn
the back streaming side of the arc chamber due to secondary electrons
is estimated to be 2.7 kW/cmz, when the pressure in the arc chember
and at the entrance of the neutralizer are 5.4 x 1073 Torr, and
2,6 x 1072 Torr, respectively, Since this heat load is very large,
it is mecessary to equip a beam dump on the backstreaming side of
the arec chamber?)
The power going into the neutralizer as the secondary ions is
estimated to be about 26% of the primary beam power. 7The heat load
on the neutralizer wall is about 80 W/cmz, if all of the secondary
ions and 10% of primary beam bombard the wall uniformly. A way to
reduce the power due to secondary particles is to reduce the gas
density in the grid gaps, which requires larger pumping speed, and

thereby requires larger NBT systems.

Cooclector plate of the direct converter

In the direct converter, beam-gas interaction creates secondary
electrons and ions, the latter of which vield secondary electrons
on the electron suppressor electrode. The gas pressure in the
direct converter systemr is decided to be 5 x 10~° on the basis of
power load resulting from acceleration and collection of these
particles,

Secondary ion current, ISi’ produced by beam-~gas interaction is
is

- b .
Tg; = IONO(Q)cl (R)IB de

where IB is the primary ion beam current, L is the effective length
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of the beam in the converter, No is the neutral gas density and Gi
is the ion production cross section of the background gas. We
assume that No is 1.7 % 1015 molec./cm® (5 x 107° Torr), L is 40 cm,
the collector potential is 190 kV and the electric field strength,

e = dV/d&, is 190 kV/40 cm in the coverter. The ion production

cross sectlon, o, is approximately
Goi from 10 keV to 30 keV

* o . (E0-7 from 30 keV to 200 keV
ol E
where E is the ion beam energy, Eo is 30 keV, and g is 9 x 10716
2 3)
cm” /molet:

Thus, the heat load on the collector is about 400 ~ 500 W/em?,

when the ion current density at the entrance of the converter is

taken to be 50 mA/cm?. However, this estimation is based on the
assumption of uniform heat loading. Computer analysis will be carried
out to obtain the ion beam current density more accurately and to

find correct shape of electrodes in future.

(3) Design consideraticn
Burn—cut heat flux in a beam dump has been studied in detail
at JAERI. It has been shown that the burn-out heat flux is 0.8 ~ 1
kW/cmZ%)which is within the scatter of the results obtained in former
heat transfer experiments. We think temporarily that permisible
heat load on a plate is 500 W/em? in this NBI design. The beam
dump in the arc chamber and the collector of the direct converter

will have to be disigned within this heat locad.

8.3.2 Gas flow balance

In this section, we estimate gas flow rates intc the torus, main
vacuum system and NBI vacuum system. Gas flow conductance concerning
these gas flow rates are listed in Table 8.2, The pumping speed of the
main vacuum system Ils assumed to be 1 x 10% 2/s per port. In the plasma
chamber, the pressure in the inside of the blanket structure is considered
to be zero, because the plasma is an ideal pump. A considerable amount
of gas may flow into the plasma through the diverter region, and some
part of it may be ionized before it goes into the main plasma. The gas

flow conductance through the divertor throats including ionization was
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temporarily assumed to be 2 x 105 o/s,

The gas flow rate thus obtained is shown in Fig. 8.6. The
eryopump with the evacuating speed of 6.1 x 10° /s yields that
the pressure near the direct converter is 5 x 10~ Torr. The flow
rate through the blanket NBI window is 0.2 Torr-%/s per one window,
and the flow rate through the diverter throat is 2,2 Torr-%/s per
one NBI port. Here the area of the blanket NBI window is chosen to

be 65 x 100 cm which is enough for neutral beam transport.

8.3.3 Power efficiency-

(1)

(2)

Power recovery efficiency of the direct converter

, is

power recovery efficiency of the direct converter, nrec

defined by the ratio of net recovered power to incident ion beam power

+ +
_ ch Ppass Pel
Nrec P

ir
where Pir is the power of ion beam entering the converter, ch is
the power load on the electrodes due to the primary and secondary

particles, Ppass is the power of ions which are not collected by

the cellector and Pel is electrical loss of the converter power supply,

P and P is assumed to be
pass el
P, = 10%
pass’ ir
P /P, = 5%
el " ir

The power lcad on the collector due to the decelerated primary
ions and the seccndary electrons emitted from the suppressor
electrode by ion impinging is estimated to be 5% and 11% of Pir’
respectively. The power load on the suppressor due to the electrons

generated by beam-gas interaction is 3.1%. Thus, ch becomes

ch/Pir = 19%

These values give us the power recovery efficiency

r]rec = 65%

Overall power efficiency

Overall power efficiency of the NBI system n is written in the
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fellowing way

T]I. ndiv'nN' nRI

l_nI'ndiv'(lan)'nrec

n:

where N1 is the power efficiency of ion source, Ndiv is the trans-
mission efficiency through the neutralizer, Ny is the neutralization

efficiency, n is the beam fraction passing without reionization

RI
from the exit of the neutralizer to the blanket NBI window, and

nrec is the power recovery efficiency of the direct converter.
Each efficiency is defined as fallows. The power efficiency of

the ion source is

nI - Pi/(Pi + Ps)

where P is the primary beam power extracted from the ion source
i
and PS is the power of the secondary particles produced by beam
gas in the grid gaps. The value of (Ps/Pi) is estimated to be 0.33,

which yields

ny = 0.75

As is shown in 8.2 (1), 90% of the beam can pass the neutralizer,

which means

Niv ~ G.90

Since the gas thickness in the neutralizer is provided for 90%

equilibrium, the neutralization efficiency is given as

nN = 0.17

The neutral beam is decreased due to re-icnization from an exit of
the neutralizer to the blanket NBI window. The re-ionization loss

is estimated to be about 97 which means

Moy = 0,91

Finally, the overall power efficiency is

n=0.17
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Repair and Maintenance .

Life estimation

The extraction grids, neutralizer wall and collector plate in
the direct converter are bombarded by energetic ions, causing erosion
of the plate by sputtering. The ion flux density at the extraction
grids is estimated to be 3.8 x 10!° ions/cm?/sec, assuming that the
power intercepted by the extraction grid is about 0.1 per cent of
the primary beam power, and that the ions are intercepted only by
the first acceleration grid. The energy of the intercepted ions
is about 50 keV. 1In the direct converter, the ions with the energy
of 10 keV bombard the collector electrode. The ion flux density is

estimated to be 7.8 x 1016 ions/cmz/sec, assuming that the beam

width on the collector is about 4 times that at the converter entrance.

The erosion thickness due to sputtering is estimated as shown
in Table 8.3. Copper and molybdenum are the candidates of the
electrode material. It is found that the erosion in 2 x 10° shots
is negligibly small at the extraction grids and the collector even
in the case of copper. The damage of the neutralizer due to sput-
tering is completely negligible., Tt means that scheduled replace-
ment 1s not necessary in these parts, 1f erosion is caused only by
sputtering. However, there are some other possible mechanism causing
electrode erosion such as break down discharge between alectredes,
blistering and etc, These effects can not be predicted because of
the lack of experimental data. Ercsion due to these effects is
considered to be unexpected failure,

The life of the hollow cathode can be estimated by using the
data of ion thrusters. It has been found that the corresponding
tip erosion rate in the ion thruster is 5x10 °mm/h at jO/dO:BA/mm,
where the arc current per one cathode, JO, is taken to be 24 A,
and the diameter of a cathode dO is 3 mm. This errosion rate gives
that the erosion thickness in the heollow cathode is 0.014 mm in
2 x 10° shots which is too small to affect the arc condition.

We therefere consider that replacement of cathodes is needed only
when any failure is found.

Aluminium oxide used for insulator in the ion source is
irradiated by neutrons streaming out from the torus. Mechanical

and electrical properties are degraded by neutren irradiation.
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Tt has been found that the irradiation limit for degradation is

1021 neutrons.cm‘2§)’7)’8) About 1% increase in volume has been
measured over the dose range of 0.2 to 1.4 X 102t neutrons.cm‘z?)
Neutron flux at the insulator of ion source may be less than 1019
neutrons/cmzfsec, which will be estimated in detail in future. Tt

means that more than 3 x 107 years are necessary to reach the dose limit.

(2) TFailure indication
The hollow cathode, accelleration grids and the collector plates
are replaced when any failure is indicated. The deterioration of
hollow cathode can be found out by monitoring the change of voltage-
current charecteristics of the arc. As for the extraction grids,

the heat load on the neutralizer plate is increased by the damage

of the extraction grids because of damage-induced beam divergence.
Thus, the thermocouples located near the wall surface of the
neutralizer can monitor the performance of the extraction grids.
The damage in the direct converter can be found out by monitoring

recovery current and heat load on the drift tube wall.

(3} Replacement procedure

In the NBI system, there are three easy replaceable portions
such as the hollow cathodes .in the icon source, acceleration grids
and collector electrodes. The replacement procedures of these
portions are shown in Fig. 8.7 v Fig. 8.9 together with the time
required for replacement. Figure 8.10 visualizes general idea how
these replacements are carried out. Generally speaking, the
replacement procedure is rather simple, therefore any replacement
discussed here appears to be finished within one to three days.

The radiation shielding wall located on the back side of NBI
is removed when the cathodes or the acceleration grids are replaced
at present. Maintenance nachines are brought from the storage area
when cathodes and grids are replaced. We may study in-situ mainte-
nance machine in future to replace the cathodes without removing

the radiation shielding wall,

8.5 Design Problems
We will have to study the following problems in future.

1) Estimation of the power recovery efficiency and the heat load on the
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3)
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6)

7)

8)
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collector plate of the direct energy converter by numerical simula-
tion., This estimation affects the pressure in the converter region,
thereby it affects the evacuating system of NBI. The device size of

NBI depends strongly on the evacuating system.

Better estimation of the life of the acceleration grids and the
cathode, It appears that only experiments will give us this kind of

information.

We should try to explore neutralization methods for fast ions other
than gas cell methodz) because of the low neutralization efficiency
in positive ions of higher energy. The capacity of the NBI evaluating
system is mainly determined by the gas flow required for the gas cell

concept.

Maintenance procedure needs to be considered again when the detailed

structure design is carried out.
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Table 8.1 'Design Parameters

JAERI-M 8518

Beam Lines

Number of Injection Ports

Number of Ion Source per Port

4

7 + 1 spare

Length of Beamline (from exit of 750 cm f
Ion Source to exit of Drift Tube)

Length of Neutralizer 350 cm

Length of Drift Tube 170 cm !

Ion Source

-Qutput power 19.6 MW

Acceleration Voltage 200 kv

Ion Current 98 A

Cathode Type

Number of Acceleration Stages

Gas Efficiency

Hollow Cathode

4 (40, 50, 55, 59, —4kV)

50 %

Operation Pressure (Po) 5.4 x 1073 Torr
Neutralizer

Pressure : entrance (P 2.6 x 1077 Torr
gas feed point (Py) 1.7 x 1077 Torr
exit (P3) 5.0 x 107° Torr

Line Densiiy of Gas Target 0.51 Torr-cm

A

Neutralization Efficiency 17.2 %

Beam divergence loss 9.8 %

Cross Sectional Area; entrance 127 x 11.1 cm?

exit

112 * 12 em?
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Table 8,1 (continued)
Drift Tube
Cross Sectiomal Area ; entramnce 104 % 15 em®
exlit 97 x 18 cm®

5 x 1077 Torr

Pressure ; entrance (P3)
exit (Py) 2.6 % 107° Torr

Gas flow per port 2.9 Torr-&/s
Direct Energy Converter

Collector voltage 190 kv

Suppressor voltage -50 kV

Pressure (P33} 5 x 1077 Torr
Cryc Pump

Pumping Speed 6.1 x 10° 4/s
Blanket windecw

Cross Sectional Area 65 x 100 cm®

Pressure (Fs) 1 % 10°°% Torr
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Open Removable Shield

Take Maintenance Machine inte Ion Source Room

Disconnect Power Cable

Dismount Cathode Holder

Mount new Cathode HolderJ

Connect Power Cable

Withdraw Maintenance Machine J

Close Removable Shield

Fig. 8.7 Replacing Procedure of Cathodes
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\
J Open Removal Shield (60 minutes)
Take Maintenance Machine to lon Source Room (60 minutes)
E
Disconnect Power Cable and Detach Cooling Tube (120 minutes/
ion source)
J
i Dismount Ion Source Flange (120 minutes/
ion source)
|
Mount new lon Source Flange (120 minutes/
| ion source)
|
i Connect Power Cable and Attach Cooling Tube (180 minutes/
l ‘ ion source)

Withdraw Maintenance Machine

Fig. 8.8 Replacing Procedure of Acceleration Grids
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Disconnect Power Cable from bushing
and Detach Cooling Tube

Withdraw Converter Block

[Break Vacuum Seal]

'

[Withdraw Converter Block]

Construct Converter Block

[Adjust the position ofj
Direct Converter

Seal Flare of Vacuum}
Liner

[

Connect Power Cable and Attach Cooling TUb;_W

(60 minutes)

_ (60 minutes)

(60 minutes)

(60 minutes)

(60 minutes)

(60 minutes)

Fig. 8.9 Replacing Procedure of Direct Energy Convertors
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DIRECT ZNERGY CONVERTZR BLOCK

v
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RADIATION
SHIELDING WALL

Fig., 8.10 Maintenance of NBI System
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9. Main Vacuum Pump

The vacuum pumping system incorporates eight cryopumps located in
four symmetrically oriented vacuum vessel below the neutral beam drift
ducts. FEach cryopump in cryopump room is isolated from the main vacuum
region by 130 cm diameter gate valve when not operating. Cryocondensing
panels are accomodated for fuel particles exhaust and behind these panels
sorption panels are attached for ash exhaust.

Two cryopumps in one cryopump TOoom are utilized with 50% duty cycles
so that one system can be regenerated while the other is operating. Main

characteristics of the vacuum pump are shown in Table 9.1.

9.1 Design Conditions

Following design conditions are considered,
i) Flux of 1.6 X 1029 /sec. ash particles to the pump are to be pumped

out with realistic pumping speed.

ii) Some fraction of fuel particles (v 2 X 102! /sec. is assumed here)

are also to be pumped out.

iii) Vacuum pumping system incorporates eight cryopumps located in four
symmetrically oriented chambers below the neutral beam drift ducts

and utilized with 50% duty cycles.

9.2 Design Analysis

Total conductance of the vacuum region 1s attainable about 7 * 16°
9/s for ash particles and 5 x 105 1/s for fuel particles in the reference

design of the vacuum system. Also the effective pumping speed is given by
Seff = KT/P (9.2.1)

where [ is the flux of particles, P is the pressure of the vacuum duct,
T is the temperature of particles and k is Boltzman constant.
Then using the conductance C and effective pumping speed Sgffs

pumping speed is given by following relation.

_ 1

L (9.2.2)
Sp  Seff

Al

and the results of required panel area are given for various pressure

in Table 9.2.1. In the estimation of the required panel area, we used
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2

the data for the effective pumping speed of the panel 6 &/sec.cm” for

deuterium, 5 &/sec.cm? for tritium and 7 £/sec.cm® for ash particles.
From the Table 9.2.1, pressure of 1.25 x 10™% torr for ash and

2 x 107" torr for fuel particles are conservative and then required

panel area is about 40 m?., In the reference design of the cryopanel,

area of about 100 m? Is attainable. The design value of the panel area

ig larger than estimated value of 40 m?., Configuration of the cryopump

and gate valve is shown in Fig. 9.2.1.

9.3 (Qperation Mode

Two cryopumps in one room are utilized with 50% duty cycles so that
one system can be regenerated while the other is operating. Considering
of the regeneration of the cryopump, operation time per one cycle is
longer the better. But it is required to limit the tritium inventory at

some level, so 6 hr. is determined to be reasonable and then tritium

inventory is about 140 gr.

9.4 Design Problems

Temperature of the cryopanel is not always known, so the effective
pumping speed of the panel has some uncertainty. Also the data of
effective pumping speed of the panel are few., Mechanical pump may be

usable at this level of pumping speed.
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Main Vacuum Pump

Iype Cryopump
Nupber
(1) Number of series 2
(2) Number of pumps/series 4
Evacuation speed (%/sec.)
3.2 x lO6

(1) TFor He

(2) TFor other gases

2.7 x 106 for Tritium

3.3 x lO6 for Deutrium

Panel area

(1) Cryc--panel/pump

(2) Cryc sorption panel/pump

14 m

11 =

OEeration

(1) Operation pattern

2 series alternate

(2) Alternate cycle 6 hr.
Tritium inventory
(1) Max. tritium inventory v 140 gr.
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Table 9.2.1 Pumping speed and required panel area
P {torr) SHe {5/3) s (&/s) Panel are (mz)
He ~Teff P
L x 107 5.0 x 10° 1.8 x 10° 25
1.25 x 1072 4.0 x 10° 9.4 x 10° 13
1.5 x 107 3.3 x 10° 6.4 x 10° 9
P {(torr) SD (&/8) s (&/s) Panel area (mz)
D eff P
1.5 x 10'4 4.2 x 10° 2.6 x 10° 43
1.75 x 10'4 3.6 x 10° i 1.3 % 10° 22
2.0 x 10'4 3.1 x 105 8.2 x 105 14
P {(torr) ST (o/s) g (2/s) Panel area (mz)
T eff p
1.5 x :Lo'4 4.2 x 10° 1.3 x 10 26
1.75 x 107 3.6 x 10° 8.8 x 10° 18
2.0 x 10‘4 3.1 x 10° 6.3 x 105 13
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10.  Repair and Maintenance of Reactor {Concept A)

Repalir and maintenance system are required for inspection and repair
of any troubles, regular inspection, maintenance and reconstruction.
The scheme of repair and maintenance must be designed in consideration
of the following items.

(1) Contents and scopes of expected repairs

(2) Period of repairs

(3) Devices of remote handling, building and auxiliary systems

{(4) Radiation flux level to workers

In this design stage, these requirements are not definitive, so we in-
vestigate two possible schemes in parallel. In one scheme, the machine
ils divided into sectors so that each sector can be separated to radial
direction for repair and maintenance. In other scheme, toroidal and
poloidal coils are not removed, only shield structures are removed
partially and troubles are repaired in-situ.

In concept A, the former scheme is adopted.

10.1 Scheme of Repair and Maintenance

In this section, the scheme of repair and maintenance for Concept
A is described.

The machine is divided into six unit sectors because of the axi-
symmetry of sixth rotation of the machine. Each sector is composed of
two toreidal coils, primary shield and blanket of 60° to toroidal direc-—
tion and a set of main vacuum pumps and neutral beam injectors (and
blanket test section). The superconducting poloidal coils are undemount-
able and do not interfere with other components in assembling and
disassembling. Only the poloidal coils No. 9 can be demountable and
are normal conductor because of interference with other components
(movable base, mainly).

The structure of vacuum chamber of toroidal magnet cryostat influ-
ences upon the scheme of repair and maintenance. The following structures
are compared for vacuum chamber.

1) Separate vacuum chamber; each vacuum chamber encloses one toroidal
coil.

2) Hybrid vacuum chamber ; The vacuum chamber encloses toroidal magnet
and poloidal ceoils supported by central support columm.

3) Belljar ; The belljar encloses the whole machine.

3
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As previously described (6.1.1), belljar is chosen for vacuun chamber
in this design.

When the belljar is adopted to vacuum chamber of toroidal magnet
cryostat, the scheme of disassembling and repair of the machine 1is little
different from that of the present machines with normal conducting coils.
Primary shield and blanket of 60° ségment and two toroidal coils are
set on 1/6 sector of movable base and removed to the radial direction in
disassembling. The poloidal coils No. 1 to 8 are fixed on the central
support column. The coils No. 9 are demountable normal conducting coils
because of interference with movable base and the coils No. 10 and 1l
are removed to upper and lower directicns.

It is desirable to connect cryopump shields to primary shields and
align these connected structures. But crycpump shields are connected to
primary shields after aligning all sectors of primary shield in this
design by following reasom. It is impossible to lift up pit covers and
lower poloidal coil No. 10 by main crane. And if poloidal coil No. 10
is jacked up, belljar base mat has complicated structures for vacuum
seal. So it is decided to 1lift lower poloidal coil No. 10 by c¢rane car.
Cryopump shields and belljar cylinders interfere with crane car, if they

are connected to primary shield before aligning these connected structures.

10.2 Procedure of Assembling and Disassembling

In this design, the procedure of disassembling is inverse to that
of assembling basically. It is possible to disassemble partially
according to the extent of repair or maintenance. In this section, the
whole procedure of assembling is shown. The block diagram and figures
of procedure of assembling are shown in Fig. 10.2.1 and Fig. 10.2.2.
The correspondence between the number in Fig. 10.2.1 and those of Fig.
10.2.2 is shown in Table 10.2.1. The tasks of each step in Fig. 10.2.2
are summarized as follows.

1) Belljar base mat composed of base anchors and liners is laid. PF

coil support anvil and inner support column are set up.

7) PF colls No. 1 v 7 and coil support plates are set up on inner

support column from lower part LO upper part.

1) Outer support column is set up on coil support plates. Lower PF
coils No. 10 and 11 are laid in pit and lower P¥ coil No. 8 is

set up temporally on central support column.
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Two toroidal coils and 1/6 sector of blanket, primary shield and
lower PF coil No. 9 are fixed on movable base. 1/6 sectors om

movable bases are aligned to prefixed positions.

Movable bases are fixed on base anchors. Sectors of vacuum vessel
of primary shield are welded each other and connecting flanges are
fastened by tie bolt. PF coils No. 8 and 10 are set up on TF coils
and upper PF coil No, 9 is fixed on primary shield. Lower PF coils
No. 9 is fixed on primary shield legs after the conductors are

connected.

Cryopump, its shield and 1/6 belljar cylinder fastened to cryopump
shield are aligned on cryopump movable base., Movable bases are set

up on base anchors and cryopump shields are welded to port shields.

Upper and lower PF coils No. 11 are fixed on TF coils. Water cooling
pipes of blanket are connected by remote handling within NBI port.
Each segment of belljar cylinder is bolted up. Belljar sidings are
connected to belljar cylinder and belljar liner, Belljar dome is

connected on belljar cylinder.

Table 10.2.1 Correspondence between Fig. 10.2.2
and Fig. 10.2.1

Fig. 10.2.2 Fig. 10.2.1

1 1 ~4
2 3

3 6 v 9
4 10

5 11 ~ 22
6 23 n 25
7 26 v 32

— 200 —



JAERI-M 8518

2anpedoag arquessy y i1daoue)y Tz 0T 974

©)

A e

=l |

: q
B o
“ —

i

L &

- 201 -(202 )




YIONITAY x<mJ.._wn1~

— V02 ~ £02 —

ND 3W0O ¥vriTad ._.uwzzou*

YINIT w¥/3e
ONY HION)TAD ¥¥Yr138 oL

SONIALS NYMr 3R LI3INNOD

WIANIVAD ¥YrI739

21807 Burrquassy y.devuo) z°z°'0T ‘814

40 ANFWDIS HIYI Jn 108

SNOTLYYIINDL
¥ L3ANVIE 40 S3dId

BNITI003 U3L¥YA LDINNOD

SNOLLVHLIINIJ LV SHI033d | _

anv S3did 3Y DIV LIINNOGD

@

®

&

2

002 41 NO

T 103 4d ¥3ddn X1d

03 d1 0L X134 OGNV

11 03 3d WAMOY 4N TI0H

"HNIOTIM AR 0131HS HLIM

AI21HS dWNd-0AND 1J3NHOI| ~

&

®

&

BOHONY 3sve
NO JTIIHS 4WNd-0AWD

€

@

®

@

40 35wl IWYAOW XTd

HOHONY 3ISYE NO

CIIIHS JWNd-0A¥D J0
3ISvd ITAVAOW 4 135

@

SHOTLYELINId LY §3d1d

OHNTTI00D WALYM LDIKNGD

SHOLAVELINEd 1V O

'8 0D dd 40 SHIIV e
any $3did 3017 LIINNDD

SHOTLYYELIINId

1¥ 130 4L 40 S¥3IQ3IId
aNY $3d1d 3§ DI 1IINNOD

N0 4L

RO g| 110D ¢ YIddn X1d

03

41 NO XId ONY 114 WOM4
o) 1103 3d ¥3M0T $N AI0H

GI3IHS ANVWING NO
6 100 44 ¥3ddn Xid

3

Vs
GAIHS 40 X¥I07E HILND

OLANI ILIFUDINOD WNOd

WiV
GI3IHS 40 X207 ¥ILNG

40 WYY ¥AIN0 GI3IM

WV A13LHS 40 XJ0W
¥3ILINO LY QII1IHS MILYM

=13315 SSIWIVIS 413N

ivyd C1IINS 0
A0V H¥ILNG JUALIVINN

FEvE ITAVAOH JUNLIVINKW

l_r_l

3SvE ITEVAOW NO O3 1HM
40 W0 IVHINGD 4N 138

E BB RENL ]

OINI I1IHINOD WNOd

40 0 WHLIKIDY

aI3INS
40 32078 WELNID NO

937 1804408 AT3IKS, XId

Va4

LQT3IHS 30 ND0W TVHINDD IS
NO 3Wvid N3LNO TI3M

WYHS ATIINS 40 AJ0MW
WULNID LY CIIIHS ¥3LvM
3318 SEIMIVES @13

—

MVE4 @13INS 40 NI0M
IHLNZD FUNEIVINNYH

} 4

IONVIS
SNI1J3NNGD dN 170 ONY

A5VE FWVAOH NO 530

QIITHS ¥ILNO OGNV X207R
WHINIY NIIMLIN SMOYIE
TIESIA WINDWA LHISHT

A

su01138 3853
WONIVA FUNLIVIANY

A904dnS V0D 41 X1d ONY
aY3IHS A¥ 10D 41 1M3ISNI

Y

SSvE 3TAVAOH O} anv

SHYIL

q13145 40 X207 ¥IALNO OL
937 LM0ddNS 0IIIHS X1

‘INDMOLILNY HO¥A LJ3INNOD

ﬁ._.w_:m Auwilid
041 1IANY LW3SNI

#37 1v0ddns
QT3NS NO § 100 34
¥INOT ATITVHOMNIL X1d'

WOLIIS G/ LHOJSNVEL

)

NYD WN173H MO
237 L¥dddn$ 100 Xid

$2510 le0dens
NO SWYIR INBHOLIINY

$X514

aITEWISSY NO NYD WN]ITIM

aNY 3903R LND4enS
A0S WLILTUINDD X1d4

aNY 2510 1d0ddns Xid

3SIT 01 3NWD

ON1LMHINOD ¥34NS LHISKI

0D 41 20
IMMYI INLLIMINGD
WI4NE JANLIVIAN

[ 3

L}

]

( ¥015NGNOD TVWHON )
6 103 dé INLIVINNW

SHYIL NONOLIANY
'QNY 3503M L¥0JddNS 3OO0
WLITULINTD UNLIVANN

HYD WRIT3H ONY
2510 L40ddnS YNLIVINNVY

3510 SUNLIVINNW

{ HOLINGNOD TWWHON }
£ 102 44 FENLIVINNYH

. sem
18044ns GIITHS WO § 110D

9109 21 wo g 03 |

24 X172 WY SHOLONANO)
6 1103 Jd ¥IK0T LIINNO3

'dd HIND ONV W3AddD X1d

$1100 o0l
SV INDUCLLLNY LIINNOD

) "@I3IKS
AN idd 30 $3ONYVI -

QIIIHS AUWING

A

oN112INN0D &N 1708 -

- 30 T3SSIA WADVA OTIM

2svE NO ISVE FTEVAOM X1d

NOILISOd Q3XI4

01 ¥O1238 9/1 WOl W

NANTOD 1HOddNS IWHINTD
NO g 10D 34 ¥IN0D
A31VHOdW3L dn 135

C)

| ©

®

€

)

@)

©

®

]

|

103 dd JO TWEVD
aN1IONONOD WIINS GNROYY

103 dd 40 INEVD

AN LW0LHNS NT4

SH1LINANOD NINS ONIM

TN0) dd M0
T MWLLINGD
WINE AN LIVINN

TR 3d 40 D

109 d¢ 40 IO

1103 44
40 TTEYD MELINTHOD

NLLIWINGD ¥34NS aOMNOWY
NN LM0ddnS X144

SK1LONANOD WIS ANIN

WINS JUNLIVINHNW

\

Lid N1

SNOILYNLINGG LY

Efh gl

Wt TE0D dd ¥INOY AvY

{ Z-1 1102 dd ) 5830333
GNY $3d1d 3YDIT 153NNOD

NHNIOD LE044NS UINNT NO

LE0ddNE HIOD NO MWNOD
L¥044NS WILAD 4N 13§

{ -1 ) 102 44 on 138

ANy

TIANY

3LV LN0ddNS 100 ONY Lzoss:n 102 dd NO MWNTOD [

LU0ddns ¥INNT dN L3S

LU0ddNS H0I 44 IN L3S

SNOLLIVMLAINDG &N 13§

GNY LYWASYE ¥vrT1I3e —

F1FUINDGD LONYLSNOD

®

D

®

®

®

®

40 SYINET AN

ONY HOHINY 3SYS AVY

®

O

i
4
i
i
I
,



JAERI-M 8518

10.3 Reactor Components

Structure for assembling and disassembling is shown -as follows.
(1) Alignment pin of TF coil

The alignment pin to align and fix the neighbouring TF coils is

inserted inte alignment hole of contripetal force support wedge.

Structure of alignment pin is shown in Fig. 10.3.1.

(2) Connecting structure of anti-torque beam
Half-length anti-torque beams are prefixed on TF coil. In case of
assembling, neighbouring half-length anti-torque beams are connected
by connecting pad.

Structure of connecting pad is shown’'in Fig. 10.3.2.

(3) Rails for automatic welding machine of primary shield
The rails for automatic welding machine are located both edge of
1/6 sector primary shield. Rail of one side edge is for sustaining
the welding machine and the other is only for guiding.

Structure of rails is shown in Fig. 10.3.3.

(4) Connecting flange of primary shield
Primary shield is connected by bolting at connecting flange.
The connecting flanges to connect primary shield are located both
edge of 1/6 sector primary shield.

Structure of connecting flange is shown in Fig. 10.3.4.

(5) Support leg of PF coil
PF coils No. 8, and 11 are supported by support legs on TF coils.
Structure of support leg holds vertical magnetic force of PF coil
but does not restrain the radial movement of coils.

Structure of support leg of PF coil is shown in Fig. 7.1.3.

(6) Tug barrow and rack and pinion driving system
Movable base is driven by electric tug barrow which moves by the

rack and pinion system for effective transmission of driving force.
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Alignment Pin
Ejﬁ// Centripetal Force Support Wedge

TF Coil

Alignment Pin Hole

Fig. 10.3.1 Alignment Pin of TF Coil

TF Coil

Anti-torgque Beam
: . Connecting Pad
| v
7, ‘

N

Fig. 10.3.2 Jointing Structure of Anti-Torque Beam
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Rail

uide-Rail

Fig. 10.3.3 Rail for Automatic Welding Machine

Connecting Flange

Connecting Flange

Primary Shield

Fig. 10.3.4 Connecting Flange of Primary Shield
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10.4 Maintenance Devices

Maintenance devices are classified into two types as follows.

1 Devices to assemble and disassemble.

2 Devices for inspection of the structures.

(L

(2)

Devices to assemble and disassemble

Assembling and disassembling require welding, cutting, lifting,
bolting, unbolting, connecting, etc. Each of these procedures is
made by devices for its exclusive use. They are summarized in

Table 10.4.1.

Devices for inspection of the structures

Structure is inspected by television camera, eddy current detector,
helium leak detector, ultra-sonic inspection apparatus etc.

Main inspection devices are shown in Table 10.4.1.

Built-in monitoring systems such as thermometer, radiation counter,

neutron counter, flow meter are excluded here.
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Table 10.4.1 Devices to Assemble and Digsassemble

Name

Objective component

Functions and characteristics

Automatic welding
machine

Primary shield

1. Alignment of lips by wheels

Alignment of lips' height by
cutfer

. 3. Automatic welding of lips
4.

Cutting of welded lips

The automatic welding machine
must be compact to increase TF

| coils and primary shield's space.

Structure concept is shown in
Fig. 10.4.1

Tug barrow 1. Movable base of 1. Driving of main movable base
TF coils and .
primary shield. 2. Driving of cryopump movable
2. Movable base of Movable base is driven by
cryopump shield. electric tug barrow which moves
by the rack and pinion system
for effective transmission of
. driving force.
Bolting machine 1. Anti-torque beam 1. Fixing of object of machines.
2. Alignment pin
3, Support leg of FF
coil
4, Primary shield
5. Conductor of FPF
coil No. 9
Crane 1. PF coil
. Belljar dome
3. Others
Car mounted crane | 1. lower PF coil Car mounted crane is necessary
No. 10 for lift lower PF coil No. 10
. and pit cover, because main
2. Pit cover
crane cannot access to the place
3. Others beneath the primary shield.
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Table 10.4.2 Devices for Inspection of the Structure

Name Objective component Functions
ITV 1. Sedled 1lips of primary| 1. ITV is provided on automatic
shield welding machine.
2. Connecting point of
bolt joint
3. External appearance
of damaged part
; Eddy current 1. Helium can of TF coil
detector 2. Primary shield
3. Cooling pipes
i Helium leak 1. Helium can of TF coil
|
; detector 2. Super conducting cable
‘ of PF coil
. Belljar
Primary shield
‘ 5. Cooling pipes
]
| Ultra-sonic 1. Belljar
inspection 2. Helium can of TF coil
apparatus
3. Vacuum vessel
Mass spectro-| 1. Belljar The fellowing inspections are
meter 2. TF coil possible thro?g§ th? analysis
of gas compesition in the
3. PF coil belljar.
4, Vacuum vessel 1. Belljar has leakage when
. . oxygen and nitrogen are
5. Primary shield detected.

2. TF coil or PF coil has
leakage when helium is
detected,

3, Vacuum vessel has leakage
when deuterium and tritium
are detected.

4. PF coil No. 9 or primary

shield has leakage when
water is detected.
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Table 10.4.2 . (continued)

Name

Objective component

Functions

& Cryo pump

The following inspections are
possible through the analysis
of gas composition in the
cryo-pump.

1. Degradation of sorption
pump when helium is detected
to increase in quantity.
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10.5 Design Problems

1

2)

3)

4)

Design problems in repair and maintenance are follows.

Electrical insulation of large belljar.

Vacuum seal of large belljar, especially the seal between base
anchors and liners and the seal of electrical insulation of belljar

base mat,
Large space for repair and maintenance.

Concentration of atmospheric load and weight of belljar to belljar

base.

- 213 —



JAERI-M 8518

11. Repair and Maintenance of the Reactor (Concept B)

Special emphasis has been put on reactor maintenance in design study
of the reactor system B. In this chapter, the general maintenance concept
in the reactor system B is described in Sec. 11.1. Then Sec. 11.2 de-
scribes the design of the blanket structure with respect to the removable
blanket scheme, maintenance procedure of the blanket structure, and blanket
handling machines. Section 11.3 describes the way how to form the vacuum
boundaries for the plasma chamber and for the superconducting magnets,
and welding and cutting machines for the vacuum boundaries. The concept
of the reactor building is reported in Sec. 11.4 which is followed by the

discussion of design problems.

11.1 Concept of Reactor Maintenance

It is expected that two stages of operation will be carried out in
INTOR, they are hydrogen discharge operation, and D-D and D-T discharge
operation., During hydrogen operation, men can reach the reactor -to repair
failure parts, since the reactor is not radioactive yet. On the other hand,
in D-D and D-T discharge operation the level of radicactivity in the inside
of the shielding structure is so high that remote handling techniques are
required for reactor maintenance when the shielding structure is removed.
The failure, which can be expected in the inside of the shielding structure,
should be well examined before the D-D and D-T operations are initiated.

It should be emphasized that plasma control techniques need to be well
established before D-D and D-T operation.

The following two categories can be thought concerning reactor
maintenance. The one is routine replacement of the protection wall and
the blanket structures based on predicted material life. The other con-
cerns failure of an individual structure, requiring replacement of the
single unit. In this case, the failure part has to be identified before
that part is replaced. Failure indication systems will have to be designed
in is replaced.

In this section, we report replacement procedures of each system
component in the reactor system B. Since the blanket structures can be
replaced without removing the toroidal field magnets and the shielding
structures, shut down time of the reactor during the process of repair and

maintenance may be minimized.
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Protection wall

Two replacement concepts are proposed. The NBI ports are used
to reach the protection wall in both concepts. In the first con-
cept, maintenance machines are attached to the shielding wall of the
main vacuum system after the NBI system is removed, The transfer of
heavy structures such as NBI may be a demerit of this concept. The
second concept requires the transfer of one of the poloidal field
magnet. Maintenance machines are inserted inside the plasma chamber
through the hatch situated on the upper side of the shielding struc-
ture between the reactor and the main vacuum system. Maintenance
procedures in the two concepts are listed as follows. These concepts

will be studied in detail by designing maintenance machines in future.

Concept I

1. Unseal the plasma vacuum boundary in NBI and disconnect the helium,
water, and electric lines in NBI.

2. Equipment of the heavy carrier under NBI.

3. Draw back NBI to the NBI room.

4. Attachment of the maintenance machine to the shielding wall of the
main vacuum system.

5. Removal of protection wall.

Transfer of the protection wall to the radiocactive storage area.

7. Install the new protection wall.

Concept II

. Removal of the poloidal field magnet.

. Removal of the hatch.
Equip the maintenance machine inside the shielding structure.

Removal of the protection wall.

v W

. Install the new protection wall,

Divertor plates

A maintenance concept of the divertor plates is described in
detail in Chap. 12. In this method, the neutral beam injector is
removed, and maintenance machines are attached to the shielding wall
of the main vacuum system, when the divertor plates are replaced. In
the reactor system B, the large hatches to be used for blanket re-

placement are located on the upper side of the torus shielding structure.
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Blanket handling machines reported in 11.2.3 have manipulators with
capability of cutting and welding pipes and other sensitive works.
There is a great possibility that the divertor plates can be dis-
assembled in-situ by means of the blanket handling machines., Since the
divertor plates have not been designed in detail in the reactor system
B, the divertor plate replacement concept described here have not been
studied in detail yet.

Another possible.way to replace the divertor plates is to remove
the blanket structure with the divertor plates as will be reported
next. The divertor plates can be handled easily by maintenance
machines in the reactor room., We will study the last two methods in

detail in future.

Blanket structures

The blanket structures can be replaced almost independently in
the reactor system B. The details of maintenance procedure for the
blanket structure is given in Sec. 11,2, The biggest mefit of this
planket maintenance is that the toroidal field magnets, main vacuum
systems, and NBI systems need not be removed when the blanket structures
are replaced. It means that, we can save a significant amount of time
to cut and weld the vacuum boundaries for the plasma chamber and for
the superconducting magnet. Moreover, the liquid helium temperature
of the superconducting magnets is planned to be kept during blanket
maintenance, which helps us to save more time.

The two peoloidal magnets interfering the path to the hatch for
blanket access need to be replaced during blanket maintenance, there-
fore they are supported on the shielding structure. Maintenance

procedure of the blanket structure is detailed in 11.2.2.

Toroidal magnets and shielding structures

The toroidal magnet and shielding structure system consists of
six modules, each containing two toroidal magnets and their vacuum
chamber. A heavy carrier removes one module to the outer side in the
major radius direction after the upper and the lower poloidal magnets
are removed to the turn table and to the trenches, respectively. The
vacuum boundaries for the plasma chamber and for the toroidal magnets

need to be unsealed before the magnet and shielding structure module
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is removed. The place requiring unsealing is described in detail in
Sec. 12.3.

The replacement procedure of the toroidal magnet and. shielding
structure module is listed as follows. General schemes of replace-
ment of the toroidal magnet and the shielding structure are shown in

Figs. 11.1.1 and 11.1.2, respectively.

1. Remove the upper poloidal magnets by the crame and put them on
the turn table.

2. Jack down the lower poloidal magnets to the trenches.

3. Unyeal the vacuum boundaries for the plasma chamber and for'thef
toroidal magnets.

4. Separation of the support structures between magnets.

5. Draw back the main vacuum system and the NBI system to the NBI

room by a heavy carrier.

6. Remove the magnet and shielding structure module by the carrier.

‘ Toroidal Magnet Shielding Structure

\

L 7. Removal of the toroidal 7. Removal of the toroidal magnets
: magnet by the crane. by the crane.

8. Transport of the toroidal 8. Transport the shielding struc-

magnet by the carrier ture to the reacter room door by
through the transfer means of a carrier.

gallery to the radio- 9., Transfer the shielding suruc-
active storage area. ture to the radicactive storagé

area through the transfer

gallery.

Installation of the new toroidal magnet and shielding structure is

the reverse of the above-mentioned procedure.

(5) Poloidal field magnets

Replacement procedure depends on the positions of the poloidal
magnets. Replacement of the poloidal magnets sitting near the center
pole requires removal of all the toroidal magnets and shielding
structures, Replacemént of other poloidal magnets is relatively
simple. Spares of poloidal magnets of large diameters can be located
below the floor and on the turn table. The replacement procedure of

the poloidal magnets, is listed as follows.
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Upper and lower pololdal magnets.

1. Disconnection of the poleidal magnets from the support base.
2. Transfer them te the storage area by means of the crane.

3. iInstallation of the new magnet.

Poloidal magnets near the center pole,

1. Removal of all the toroidal magnets and the shielding structures.

Removal of the poloidal magnets near the center pole by means of
the jacks.
3, Installation of the new poloidal magnets.

Figure 11.1.3 shows the schematic view of replacement of the

upper poleidal field magnet.

| 11.2 Blanket Structure
|
% 11.2.1 Blanket Design
(1) Removable Blanket Scheme

A particular method is employed to overhaul and repair blankets
without disassembling or removing other major components such as
toroidal field coils, main components of vacuum system, neutral beam
injectors, or the most of primary shields. This method may be called
the Removable Blanket Scheme, has many advantages described in Sec.ll.l.

The main torus including 12 toroidal field coils is divided into
6 fan shaped modules with 60° angle, which can be removed along the
major radius for repair of any toroidal field coil or shielding block.

When it comes to repairing a blanket only, the 60° blanket module
is divided further into 5 sectors with 12° each. A hatch is located
in the upper part of the shielding structure between two toroidal
field coils to yileld the opening space for removing the small sector
of blanket. Each of the 5 blanket sectors except the one right under
the hatch has wheels on the bottom to move in the toroidal direction
to the center position of the hatch for access. Figure 11.2.1 shows
the hatch in the shielding structure.

It is also necessary to cut off the cooling pipes of blanket to

release the connection between 12° sectors before removal. All tasks,
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except opening the hatch in the shield (i.e. except removing the tie
bolts, breaking the vacuum seal) are performed with remote handling

machines.

Blanket support structure

Blanket support structure is shown in Fig. 11.2.2. The blanket
structure in torus consists of six modules. Each module has five
sectors connected each other with flanges and bolts. No connector
is furnished on both sideé of single module so that the required one
turn electric resistance can be achieved,

The blanket sector is sustained by the wedges on adjustable
leveling devices as shown in Fig., 11.2.2, hence no weight is placgﬁ
on the wheels during normal operation. A tandem connected shaft with
universal joints, which is driven by a remote handling machine,
adjusts the wedge level to lower the blanket sector when disassembly
is necessary, and to put the whole wheels on the running streets.

The wheels run on concentric circles with synchronized speed.

Cooling system for blanket modules includes inlet, outlet main
headers at most outer blanket surface, and sub headers at upper and
lower blanket surface. The cooling water enters the inlet header, goes
through the inlet sub header on lower part then to the blanket interior.
The heated coolant comes out from the outlet headers on the upper
blanket structure. Remote pipe cutting tool cuts or welds cooling main
header at four points along the torus directiom, and the cooling main

pipe at two points as shown in Fig. 11.2.3.
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11.2.2 Maintenance procedure

(1) Disassembling procedure

Disassembling procedure for blankets is described as follows:

(1) Remove the interfering (2) |Drain cooling:
poloidal coils water.

I |
i

(3) |Disconnect the bolts and |  (4) Release the blanket
break the vacuum seal fixing cramps.
for opening
[ ]

' i
(5) riemove_the opening hatcEAJ

(6) Cut main cooling pipe

(7 Install the track for
self running mani-
pulator

. |
(8) [Cut main headers

(9) Release the connection
between adjacent
sectors

(10) Disconnect the upper
flanges of adjacent
sectors

|

1
(11) {ﬁoist blanket sectorgj
l

¥
{(12) Place the blanket sector
on the carriage

|

(13) Release the wedges (14) Transfer 1t to the
to run on the rails storage room
(only once)

(15) [Move the adjacent
sector to the
opening position

]
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Detailed procedures for disassembling

(a) Steps from (1) to (5), releasing the various connector bolts
around the reactor, are carried out by man's hands.

(b) Step (6) removes small part of main pipe to provide enough space
for moving the blanket module.

(¢) Step (7) inserts the track by the overhead crane, then fixes it
inside the shield.

(d) Step (8) cuts cooling headers between sectors, carried out by a
manipulator running on the track.

(e} Step (9) and (10) release the bolts connecting the sector under
the opening hatch with the adjacent one.

(f) Step (11) hoists the free blanket sector with the overhead bridge
mounted machine.

(g) Step (12) places the blanket on the carriage which waits on the
reactor room floor. .

(h) Step (13) removes the wedges which raise the sectors and wheels.

(i) After step (14) the blanket sector is transferred to the storage
area.

(;) Step (15) does move two sectors together to the central position

with help of the overhead bridge mounted machine.

Assembling

Assembling the blanket module can be almost done on reverse steps
of disassembling. Welding pipes and headers is an additional major
task in the assembling, which may be broken down iato the following
procedures:

(a) Positioning blanket gectors for connection,
(b) Welding the cooling headers and pipes,
(¢) Non-destructive inspection on welding spot, and

(d) Cleaning inside of the shielding.

11.2.3 Maintenance machines

(1)

wall mounted manipulator

The function of this manipulator is to cut fweld) the cooling
headers and to release (fasten) the tie bolts of. flanges. It runs on
the track placed inside the shielding wall with remote control.

Figure 11.2.4 shows some features of the manipulator. It has 7/
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degrees of freedom which is supplied by movements of a trolly and arms.
The arm has maximum 1 m length which covers central section of outer
blanket flanges on both side and cutting positions on the cooling pipes
when the manipulator runs by hydraulic drive on the vertical track.

The trolly is equipped with hydraulic drive units, running devices,
monitoring TV cameras, magazine to pack various tools, and parts hox

to store the unfastened bolts. The arm has multi-joints whose tips can
mount various tools remotely. At the wrist position of the arm there
is a TV camera to watch tasks. ,

Although remote operations are dome with visual information
through TV camera, the manipulator execute the pre-programmed procedures
in order to shorten the machine down-time. 1In the pre-programmed
procedure a coarse position (*5 mm) is searched by the manipulator,
then the final fine working position is determined by the positioning
mechanism on each tool. The maximum running speed is 2 m/min, and
the arm swings at the rate of 60 °/min. Its weight is about 400 kg.

The track has remote controlled cramps at the bottom and at the
upper portion outside the opening. They grip the supporting ports
on the inner shielding structure and outside the opening section,
respectively.

The upper portion of the track cutside the opening hatch has
ample length to rest the manipulator. When the blanket sector is
pulled out, this part of track with the manipulator are bent back to

yield access room for hoisting blanket.

Overhead bridge mounted manipulator

This manipulator cuts (welds) the main cooling pipes by approach-
ing from the opening hatch of the shield, and releases (fastens) the
tie bolts of flange in upper portion. Figure 11.2.5 illustrates the
manipulator. It consists of a trolly running over the bridge, a
support pole extending like a telescope, and a maltijoint arm at the
top.

It has 8 degrees of freedom together with trelley movement on the
rails. The arm has max. 3.6 m length, and cover all over the inner
shield surface when inserted from the opening hatch. The telescopic
pole is driven by a winch, while the arm gear for rotation and the
joint gear for free movement is functioned by hydraulic devices. The

tip of arm has similar mechanical and electrical structures as the wall
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mounted manipulator so that it also exchanges the tool remotely. All
remote control are conducted by the visual information through TV
camera.

Other capabilities: Arm raises at the rate of 3 m/min speed,
revolves at the rate of 45 °/min, maximum carrying leoad (including

tools) is 60 kg.

Blanket module handling machine

This machine pull the blanket sectors to the center position, then
remove the sector from the hatch. TFigure 11.2.5 shows the structure of

the machine. This machine uses the same trolly with the overhead bridge

mounted machine. When the handling machine is inserted into the
shield, the telescopic pole positions the machine at first, then the
tip of handling machine rotates itself for fine positioning. After
the handling machine hooks the blanket sector, the telescopic pole is
retracted upwards and the blanket sector is hoisted by wires.r

In order to pull the blanket sectors exactly under the opening
hatch, the handling machine is fixed at the opening edge by jacks on
the machine sides. Two arms are extended to circular direction to
catch the blanket sectors at a distance, then they pull the blanket
sectors to the center. All devices except the elevator are driven by
hydraulic units. Other capabilities; maximum carrying load is 36 tomns,
elevation speed is 1 m/min, arm extention speed is 0.3 m/min, own

weight is about 3 tons.

Pipe cutting (welding) tool

Figure 11.2.6 shows the main features of this tool which consists
of a circular frame and a running device. Part of the frame opens to
catch a cooling pipe. The runner moves on a guiding rail along a
circular groove on the fixed frame side. A position sensitive devices
on the frame searches the desired position measuring the exact distance
from the referencial plane on the flange. This makes possible to
locate the welding tool at the exact position. The runner carries
plasma torch and TV camera, the former is supported by a torch holder
with 2 degrees of freedom, i.e. up-down and left-right directions.

A T.I.G. torch or a non destructive test probe is mounted on the runner.

Opening and positioning the frame require hydraulic drive unit while
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other tasks are done by small DC motors.
In order to set a tool at exact location, two flanges with 20 mm
width, 20 mm height are fixed on a pipe surface 150 mm away from each

cutting line in both directions.

Overhead crane and carriage

The overhead crane carries the upper poloidal field coils to the

turn table. The carriage transport the blanket secter to the storage

area through the transfer gallery.
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11.3 Shielding Structure and Toroidal Field Magnet

11.3.1 Plasma chamber vacuum boundary

L

(2)

Shielding structure

The complete shielding structure 1s divided into 6 parts as well.
Four modules among them have opening ports to neutral beam injectors,
as is shown in Fig. 11.3.1. Flanges for module connection, flare
seals for welding, bellows for one turn electrical resistance, and the
opening hatch for blanket hoisting are the features of the shielding
module. The shield is constructed with thick stainless steel rib
structures and with stainless steel filling blocks. Cooling water
pipes are installed in the thick ribs and filling blocks.

Mechanical connection between the shielding modules is done by
tie bolts in the flanges located on the outer shield surface as shown
in Fig. 11.3.1. Flanges are formed only on the outer side in the
major radius direction where ample working space is available. Welded
flare seals make the vacuum boundary for plasma. These flare seals on
the outer shield surface go around the torus in poleidal direction.
When the seal goes inward in the major radius direction, it intersects
with the vacuum boundary of cryogenic chamber for the toroidal and
poloidal field magnets. The difficulties of welding the flare seals
at intersections are avoided by the method in which an additional
cover over the flare seals and connecting flanges is installed to form
the part of the cryogenic vacuum boundary. This cover is dismantled
in case of welding or cutting the flare seals. Remote operation of

welding and cutting seals is mentioned later.

Plasma chamber vacuum boundary

Inner surface of the shielding structure which is also made of
thick stainless steel acts as the vacuum boundary for plasma in
principle. The exceptions are found at the connection between two
shielding modules, or at the bellows, where the actual vacuum boundary
runs outside the shielding structure. Near the center pole, the plasma
chamber vacuum boundary is also used for the vacuum boundary of toroidal
coils and some poloidal coil.

Most of all one turn electrical resistance (0.2 mfl) comes from
two places in each shielding module, namely, bellows as shown in

Fig. 11.3.2. The two shielding blocks are isolated electrically by
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the insulator between them but connected mechanically by the insulated
bolts. The bellows are divided into two parts in the poloidal direc-
tion in order to make a smooth connection to the cryogenic chamber.
This is done by inserting the flat plate between the two parts of the

bellows, as shown in Fig. 11.3.2.

2 Superconducting Magnet Vacuum Boundary

The main subject concerning vacuum boundary for superconducting

magnets may be to discuss the vacuum boundary for toroidal field magnets.

In this section the following four types of vacuum boundary concepts for

toroidal magnets are discussed.

(1)

(2)

(3)

Separate type for each magnet

As is shown in Fig. 11,3.4a, each toroidal field magnet in the
outer part in the major radius direction has own vacuum chamber which
is welded to a cylindrical plate. This cylinder is welded to the
outer side of shielding structure, and it also forms the vacuum
boundary for the poloidal field magnets near the center pole. The

details are shown in Fig. 6.2.4.

Separate type for every two magnets

Two adjacent toroidal magnets have a single vacuum chamber which
is located in the section without the neutral beam injector, as is
shown in Fig. 11.3.4b. 1In this part, the outer side of the shielding
structure forms a side of the vacuum boundary for the toroidal field
magnets. It meang that the outer side of the shielding structure in
this part forms the toroidal magnet vacuum boundary continuously in

minor cross-section.

Belljar type

All of thé reactor systems are located in a belljar type vacuum
chamber which forms the vacuum boundary for the superconducting
magnets, as is shown in Fig. 11.3.5. The neutral beam injectors are
located in the outside of the belljar, while the main vacuum systems
are located either in the inside or the outside of the belljar. The
vacuum boundary for the plasma chamber needs to be formed continuously

through the belljar probably by welding.
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(4) Vacuum room type

In this case, the reactor room atmosphere is vacuum for super
conducting magnets. It means that all of the reactor system, the
main vacuum systems, and the neutral beam injectors are in the same

vacuum pressure as the magnet vacuum chamber.

These four types are compared in Table 11.3.1 in view of maintenance
of reactor systems, support of the torsion force in the toroidal field
magnets, and vacuum pump capacity for evacuating the magnet vacuum chamber.

Demerits in each type are summarized as follows, -
(1) Separate type for each magnet

The toroidal torsion force in the toroidal field magnets requires

the support structures between the toroidal magnets. Since the vacuum
boundary for the magnets is separated heavily in this type, the support
structures, which can be located between the magnets, are limited.
In addition, many places of the magnet vacuum boundary have to be cut
when the toroidal field magnet is replaced. We also need to separate
the bellows for increasing the loop resistance of the torus shielding
structure into two parts in minor cross-section, as is shown in

11.3.1.

(2) Separate type for every two magnets

It appears that supporting of the toroidal torsion force in the
toroidal magnets might be only a problem. Better support structure
can be put in this type than in the type (1), since wider space exists

in the vacuum chamber for the two adjacent magnets.

(3) Belljar type

Two ways to reacﬁ the reactor system can be thought in this type.
The one is shown by the arrow A in Fig. 11.3.5, meaning that the top
cover of the belljar is removed and the reactor system is reached
only from the upper side. The other is shown by the arrow B in Fig.
11.3.5, meaning that the belljar is removed from the bottom and the
reactor system can be reache& from the side as well. In the former
case, replacement of the shielding structure and the toroidal field

magnets may be difficult, because the shielding structure has to be
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disassembled in-situ and removed. 1In the latter case, the same
maintenance procedure as reported in Sec. 11.1 is applicable. Tt
however appears that 1lifting of the belljar may be complicated work,
because the vacuum boundary for the plasma chamber needs to be con-
tinuous through the side wall of the belljar between the torus and

the neutral beam injector.

(4) Vacuum room type

The biggest demerit of this type may be the pump capacity neces-
sary for evacuating the reactor room to some 10 ° Pa (107> Torr). We
have to estimate this capacity in detail when we decide to use this

concept.

To summarize this section, we conclude temporarily that the separated
type for every two magnets is the best way to form the vacuum boundary for
the toroidal field magnets as far as the torsion force in the toroidal

magnets can be supported.

11.3.3 Maintenance machines

Maintenance procedure for the toroidal magnets and shielding structures

is described in Sec. 11.1. Here, we report the matenance machines required.
(1) Repair vehicle (Seal cutting and welding machine)

This vehicle is remotely controlled and runs along the connecting
periphery of shielding module to disconnect or weld the flare seals.
Figure 11.3.6 illustrates the repair vehicle. The speed is controlled
accurately with the aid of chain on the track and sprocket on the
vehicle, This is equipped with shear cutter for the flare seal, T.L.G.
welding torch and TV camera for surveillance. The repair vehicle on
the track can be mounted easily by turning knobs at four corners. The
shear cutter corrects its moving direction automatically by detection
of flare seal height. The torch height is held constant by means of
the tracing mechanism. All kinds of control such as running vehicle,
cutting, welding, and etc. are performed remotely.

The repair vehicle weights about 50 kg excluding the cable, the
maximum running speed is 3 m/min, and the welding velocity is about
200 mm/min. The auxiliary vehicle transports the welder and shield

" gas bottles toward the working place.
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{(2) Retraction vehicle

Remotely controlled vehicle carries the shielding module.

Figure 11.3.7 shows the main features of the vehicle.

(3) Overhead crane

It transports reactor components such as upper poloidal field

magnets, toroidal field magnets, supporting struttures and etc.

(4) Overhead bridge mounted manipulator

It cuts the main cooling pipes to detach the main vacuum system

and neutral beam injector. The details are described in 11.2.3.

(5) Jack

Jacks are used to'bring down lower poloidal field magnets into

the trenches when replacement of the toroidal magnets is necessary.

11.4 Concept of Reactor Building

To design the reactor building of INTOR, it is most Important that
the reactor building has thé capability to accept the concept of repair
and maintenance shown in Sec. 11.1. First, we discuss what kind of area
is necessary to proceed the reactor maintenance in the reactor system B.
Second, the way how to transport the replaced structures is discussed.
These area and transport concepts give us a concept of the reactor building
concerning the reactor system B. The vertical and plane views of the

reactor building are shown in Figs. 11.4.1 and 11.4.,2, respectively.

(1) Area concept
(a) Reactor room

Almost all the parts in the reactor system B except for the
shielding structure can be disassembled in the reactor room, which
means that the reactor room is somewhat a maintenance room. The
reactor room is designed so that almost all the maintenance operations
can be carried out remotely in the smallest reactor room space.

Giving a clearance of 4 m between the back side of NBIL and the reactor
room wall, the radius of the reactor room is determined to be 26 m.

This clearance appears to be sufficient to allow reliable remote
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maintenance for the NBI systems.

To give sufficient room to work on the reactor system, square NBI
rooms are leocated behind the circular reactor room of the radius 26 m.
When the four NBI systems and the main vacuum systems are drawn back
to the NBI rooms, wide space is prepared to work on the reactor syste.
The area of the NBI room is determined to be 16 x 14 m which is suf-
ficient to contain the NBI system, main vacuum system and piping

structures,

(b) Storage area for radicactive structures

This area is prepared to store the used protection wall, blanket
structure and other radiocactive structures. If a repair room for radio-
active structures have to be prepared, it will be located in the
storage area for radiocactive materials. In this case, we also have.
to develop remote handling machines as well as inspection systems to

find failure parts in the system to be repaired.

(c)Storage area for maintenance machines and unirradiated structures

This area is prepared for spares of the blanket structures, pro-
tection walls, torcidal magnets and shielding structures, This area
is also available to locate maintenance machines which are transferred
to the reactor room during maintenance. Unirradiated structures can

be repaired in this room with sufficient accessibility.

(d) Turn table

During some maintenance operation, the upper poleidal magnets can
be placed on the turn table which is located between the crane and the
torus. This table can turn together with crane movement so that the
crane can reach any place in the reactor room. The turn table is semi-
circle and has a sufficient area to hold the upper poloidal magnet of
the makimum diameter. Some repair may be possible on the turn table

especially for unirradiated structures.

(e) Storage area for lower poloidal coils

On the floor of the reactor room, several ring-shaped trenches
centering to the torus major axis are arranged. These trenches are
used for storage area of the new lower poloidal magnets and for the

area to retract the poloidal magnets during maintenance of the reactor
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components. In these trenches several jacks are equipped for retrac-

tion and elevation of the magnets.

Transportation concept.

Reactor room has a 500 ton crane and blanket handling machines,
Several heavy carriers are stored in the storage area for unirradiated
structures. 300 ton cranes are equipped in the storage areas. These

machines are used for structure transportation in the following way.

(a) Transportation 4n the reactor room

The relatively light structures such as the poloidal magnets, and

toroidal magnets are transported by the 500 ton crane in the reactor

room. The heavier structures such as the main vacuum system, NBI

system, toroidal magnet and shielding structure module are carried by
the heavy carriers. The jacks equipped in the carrier can 1lift these
heavy structures. The carrier can be installed by the crane on the
rails which run linearly and circularly with respect to the torus

center.

(b) Transportation between the reactor room and the storage area

A transfer gallery, where the rails for the heavy carrier are
installed, is located between the reactor room and the storage areas.
The carrier can take care of transfer of any reactor component to the

storage rooms. A turn table is located near the storage area to change

the direction of carrier movement.

{c) Transportation in the storage area

The 300 ton crane is used to transfer any component in the storage
area. The structure heavier than 300 ton have to be disassembled so

that they can be taken care of by the crane.

11.5 Design Problems

The concept of reactor maintenance appears to be established reasonably

well with reference to the Removable Blanket Scheme. Whether this scheme

is achievable or not depends strongly on the possibility to develop the

maintenance machines required in this scheme. Structural design described
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in this section convinces us that we can design the reactor structures in
such a way that the maintenance machines can handle replacement of the
reactor structure, once the performance of the maintenance machine is
decided. Problems will be the time required during maintenance. Thus,
the next step to which we should proceed appears to be a reasomnably
detailed design of maintenance machines.

In almost all of this section, maintenance means replacement of
failure parts to the new structures. It may be worthwhile to develop the
way to repair the failure parts either in-situ or in the storage room. In
any case, we have to develop machines both to find failure parts and to
repair those parts. Failure modes also may have tc be analyzed to deter-

mine what kind of failure we need to expect. If all of these works will

have been achieved in future, it might be wise to equip multi-purpose repair

center in the storage area for radioactive structures.

— 232 —



JAERI-M 8518

Table 11.2.1 Time required for maintenance

1) Disassembling
T
IME !
STEPS TASK T M SEQUENCE
: ! in hours
he i .
1 Remoye the %nterferlng 16
polcoidal coils —
) Discharge cooling water 8 1
3 Disconnect the bolts
" and break the vacuum 16 1
seal for opening i
4 Release the bianket 3 &j
fixing cramps
5 Remove the opening 4 O
hatch .
6 Ccut main cooling pipes 4 . O
7 “ Install the track for ‘
the wall mounted 4 [
manipulator
8 | Cut main headers 6,3 | - O a O
9 Release the connection
between adjacent 43 - O O O
sectors
10 Disconnect uppexr
flanges of adjacent 12: 84 - —J (] ||
sectors : :
11 Hoist blanket sector 41414 O ] 0O 0o
12 Place the blanket ‘ alalz 0 O 0O oo
sector on the carrilage
13 Lower the remaining 6 - |- 0
sectors to be movable
15 Move the adjacent |
sector under the 6.6 |- 0 [ I
opening a
TOTAL TIME 120
2} Assembling
No ADDITICNAL TASKS TO Total
: DISASSEMBLING time
in hours
1 POSITIONING BLANKET 20
SECTORS
2 TNSERTING BOLTS INTO 12
THE FLANGE
WELDING AND TE 2
3 N STING v TCTAL ADDITIONAL TIME
4 CLEANING INSIDE OF THE g 60
SHIELDING
TOTAL TIME 180
GRAND TOTAL TIME 300
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TRANSFFR CALZERY

SHIELDINZ STRUCTURE

|
|

R S

//MAIN VACUUM SYSTEM
REACTOR ROOM WALL
A

Fig. 11.1.2 Schematic View of Replacement of the Shielding
Structure '
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Blanket Sector —_

{12°) T

1 e Blanket
| ;

Shield

HHEHEEEGE g

|

Fig. 11.2.1 Hatch on the Shielding Structure in
the Removable Blanket Scheme

— 238 —



JAERI-M 8518

h COOLING HEADER (MAIN)

)

©

COOLING HEADER {SUB)

SETTLING BOLT

] - PRIMARY SHIELD
SETTLING B0LT

S PLUG

sec. CC

Fig. 11.2.2-a Blanket Structure (horizontal view)
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INNER  BLANKET

sec. A A

LEVELING DEVICE

1 : I
o ; \ ! '

- = oI s . "
= 1 :*- - 'F ]

LEVELING DEVICE

sec. BB

Fig. 11.2.2-b Blanket Structure {vertical view)
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Fig. 11.2.3 Piping Concept for Blanket Cooling
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M |‘| ‘ I
L ‘4
P S
r N TTTT
Vacuum wall f | [ | S[Ei I '
for P.F. & T.F./ A | | I ii 1k A
coil \ o — ———
&\\ Beliows
; Shielding
N : _—7block
Flange ———— 8 D s ,/f“"JV ’
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O — ’/,/'Insulating bolt
. HEN — . k
ORISR S NN
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Fig. 11.3.2 Bellows on Shielding Structure
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(b
) MAGNET VACUUM CHAMBER

SHIELDING STRUCTURE

Fig. 11,3.4 Vacuum Boundaries for Superconducting Magnets

BELLJAR TYPE VACUUM CHAMBER

NBI

TORUS

NBT

Fig. 11.3.5 Belljar type Vacuum Boundary
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12. Repair and Maintenance of Divertor Plate

The divertor plate is provided to remove the o particles and impurity
ions which invade into the plasma by means of the interaction between the
plasma-first wall. An fion current of high temperature strikes against
the surface of this divertor plate, so there is a possibility that the
divertor plate may be damaged by sputtering and heat stress. Therefore,
it is necessary to exchange the divertor plate periedically, as well as
at an event occurred by the coolant leakage from the divertor plate. On
the one hand, after the start, reactor components are strongly activated
by fast neutrons, so the Gamma ray will still be strong even after the
stop of reactor and it is impossible for people to approach to the reactor.

Accordingly, the exchange and maintenance works must all be carried
out by a remote manipulating operation with an automatic equipment, and so
the structure of divertor plates must be made suitable for the automation
of operations. In this chapter, the exchange and maintenance of divertor

plates are investigated inclusive of this point.

12.1 Design Conditions
12.1.1 Structure of Divertor Plate

(1) Configuration

The configuration and dimension, fitting position, material
quality of a divertor plate must be determined with heat, electro-
magnetic field, radiation and other various surrounding conditions,
in order that the divertor plate may fulfil its functions. On the
one hand, viewing from the standpoint of maintenance and inspection
cperations by an remote operating equipment, it is necessary to take
into consideration the following matters, such as the size and weight
of the divertor plate are made to values to be easily handled; the
fixing position of divertor plate and the arrangement of cooling
piping are selected pertinently; and a clue to fixing means and
positioning of maintenance equipménts are provided in anticipation
within the reactor.

A fitting condition of a divertor plate is shown in Fig. 12.1.1,
and a configuration and rough dimension of a divertor plate in Figs.
12.1.2 and 12.1.3.

In this case, the circumferential maximum width of the divertor

plate becomes 670 mm which is the size suitable for handling.
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In the case of width larger than this, handling and posture
conversion at the time of transportation will become difficult in
the reactor core, and also the-NBI holes (1.5 m x 1.0 m) of the
outer blanket for carrying-in and out must be made larger. In case
of smaller width, the dimension of header becomes shorter, so many
hangers that fix cooling piping and divertor plate will line up
closely, and then cutting and welding operafions will become dif-
ficult. The number of divertor plates to be exchanged for a damage

of same area will increase and maintenance time will become longer.

Connection to cooling water piping

The cooling water piping to the divertor plates is connected
at the header of divertor plates. In exchange of divertor plates,
this piping has to be cut and be connected again. When these works
are carried out by a remote equipment, that is; a manipulator provided
with tools and a welding machine, it is desirable that the connection
of cooling pipe is at the bosition to which the tools installed on
the manipulator can be easily accessible. That is to say, such the
position is desirable which will not be shaded by the divertor,
viewing from the arm side of the manipulator. Tt is also desirable
that there is no obstacle such as adjacent piping near the connection.

In Fig. 12.1.1 there is shown a cooling water piping and its
connection positions. Support (hanger) structures of the divertor
plate also have to be designed under the consideration similar to

cooling piping.

Weight of divertor plate

The weight of the divertor plate was estimated on considering
the strength of the manipulator and a method of transporting the
divertor plate. Its configuration was assumed to be two pieces of

pipes and trapezoidal plates, and the material is copper.

An outer divertor plate block : 85 kg
An inner divertor plate block : 60 kg

These weights are considerably heavy as articles handled by a
remote operation, but they will not be in the range which is incapable

of handling.
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12.2 Method of Exchanging Divertor Plate

The connecting method of cooling piping must be satisfied with the
following condition that no leakage of coolant occurs in high vacuum
and, moreover, a structure of connection stands high temperature., In the
general, there is a possibility of burning of contact surfaces of metal
at high temperature and high vacuum. Accordingly, joints using mechanical
connection fittings are suitable, and so cutting and'welding joints can
be adopted in present designs.

In the exchange of a damaged divertor plate, the weight of the
divertor plate must be supported temporarily during cutting or welding of
cooling water pipes and hangers. In order to carry out two works of
supporting and cutting at the same time, the manipulator has to provide
two or more arms moving independently. However, such a composition of
manipulator is not suitable for the narrow divertor plate room. As the
result, a transportation equipment, that is, a carrier is installed to
the damaged divertor plate by fixing temporarily to the hangers. After
the removing operation of joint in this state, the carrier is released
from the hangers, and then the carrier and the divertor plate in one body
are carried out to the outside of the reactor. The damaged divertor plate
is released from the carrier and a new divertor plate is fastened to the
carrier to be carried into the reactor core. The connection of new
divertor plates follows the process opposite to the removal of damaged
divertor plates. Thus, this carrier enables one arm of manipulator to
operate the removal and éonnecting of joints, and to transport divertor

plates into/out the reactor core.

12.3 Procedure

The outline of repairing procedure of divertor plate by using the
manipulator is shown by the flow chart in Fig. 12.3.1. The detail operations

in each process are described in the following.

12,3.1 Removal and installation of NBI

Removal and installation of NBI is shown in Fig. 12,3.2. Firstly, an
automatic bolt fastening and loosening equipment is lifted up by a crane.
Next, this equipment is set to NBI. When this equipment has been secured

to NBI by a clamper, a nut runmner proceeds and grasps a nut to loosen it,
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The nuts pulled out are held in the nut runner. Clamper is released,

the bolt fastening and loosening equipment is lifted up again and returned
to the origimed place. Next, in the same operation, seal weldings between
a NBI port and a NBI is cut by the welding equipment. As shown in Fig.
12.3.3, a tow truck is coupled to the NBI and separates the NBI from the

reactor.

12.3.2 Setting of working heads

Before installing the manipulator to the NBI Port, a working head is
attached to the end of arm of the manipulator. As shown in Fig. 12.3.4
and Fig, 12,3.5, attachment of the working head is carried out by a
transporter with a small manipulator. Next, the tow truck is connected

to the manipulator and approaches toward the reactor.

12.3.3 Inspection of damaged divertor plates
The inspection is carried out in the following order:

| (1) Visual tests
(Detection of deformation and surface damage)
(2) Magnified visual tests

(Detection of trace of coolant leakage and micro-deformation)
(3) YNon destructive inspections

{(Detection of pin-holes and cracks)

Visual tests are intended to find out comparatively large damages and these
damages are observed by using a monitor TV with a ITV camera as shown in
Fig. 1213.6.

Operation of the monitor TV in the reactor core is controlled by check-
ing its operational range by means of the pictures of a TV camera, a computer
and a senser.

The damaged places of divertor plate which may need fine inspections
is recorded for next magnified visual tests. Magnified visual tests implies
to investigate in detail the defects found out in the previous coarse
inspection by using the magnified visual equipment. In these inspections,
the invisible defects as traces of coolant leakage may be easily detected
if coolant including a dye is flowed into the divertor plates. The magnified
Visuél equipment, owing to its narrow visual field, should require an aid
of a monitor TV supervising operations of this equipment as shown in Figs.

12.3.7 and 12.3.8. The pictures obtained in these inspections also is
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recorded on a videotape. In order to survey pin~holes or crocks unable

to detect in the above two inspections, there is the non-destructive

inspection using the supersonic examination, which has been advanced in

comparison with other methods in the automation of operating. In this

inspection, pesitioning technique of a probe on the divertor plate may

be required, such as a technique using distance sensor or tactile sensor.

12.3.4 Removal of divertor plate

(1)

(2)

(3)

Attaching of carrier

The procedure of removing operaﬁion of the divertor plate is
shown in Fig. 12.3.9, First of all, a carrier that prevents dropping
of divertor plate must be provided. The carrier transported by a
transporter is attached to the arm of manipulator using a small mani-
pulator of the transporter. After installed to the reactor, the
manipulator extends its arm and brings the carrier into the reactor
core and is positioned to the divertor plate to be removed. Next,
with the operation of a big hook, the carrier is secured to the
divertor plate. After this operation, a small hook is hung on a

lateral bar of a hanger to support weight of carrier itself.

Cutting off pipes

After the arm of manipulator has been released from the carrier
and brought out to the outside of the reactor, a pipe cutter is
equipped by the small manipulator of the transporter. The manipulator
is inst alled in the reactor again, and it performs the cutting opera-
tion of cooling water pipes connected to the header of the divertor

plate by extending its arm.

Removing off damaged plates

Similarly, connections of the hanger are all cut off. The
manipulator which carried out the pipe cutter to the outside of the
reactor core is returned to the inside of the reactor again to be
connected to the carrier. When the small hook of the carrier is
released, the divertor plate is separated from the blanket together
with the carrier, so that is carrier out to the outside of the reactor

core by operating the manipulator.
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12.3.5 Attachment of new divertor plate

Procedure of attachment of a new divertor plate is shown in Fig.
12.3,10. A new divertor plate is attached to the carrier and the carrier
in one body with the new divertor plate is attached to the arm of mani-
pulator and carried into the reactor core, and it is temporarily fastened
to the hanger.

A welding machine is attached to the arm of manipulator to weld the
cooling water pipe and hanger. When the welding of all connections has
finished, big hooks and small hooks are disengaged and only a carrier is

removed and brought out to the outside of the reactor core.

12.3.6 1Inspection of welds

Welded secams must be inspected against defects so that leakage of
coolant and break may not happen. The attaching and detaching operation
of inspection equipments and procedure of approach to the welded seams

are made by the same procedure as in the case of welding.

12,.3.7 Procedure for finishing operation

When the damaged divertor plates have been exchanged, a carrier,
operating equipments, supervisory equipments, lighting fixture and other
equipments in the Vacuum Vessel are carried out to the outside of the
reactor. A visual inspection is made about these equipments by ITV camera
provided on the transporter to investigate the accidents such as break,
falling of parts, etc.

When it has been confirmed that all of the equipments have been com-
pletely carried out, the manipulator and carrying equipments are removed,
then the NBI is attached as the initial situation. At this stage the

repair and maintenance of divertor plates are finished.

12.3.8 Estimation of operating time

In order to improve the load factor of reactor operation, it is
necessary to shorten the time needed for exchanging operation of the
divertor plates, as much as possible.

The operating time greatly varies according to the operation conditions.
The time of every operating step is estimated, then whole operating time
are estimated by summing up the time of every step. Whole operation times

of several cases under various operation conditions are estimated as shown
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Table 12.3.1,

Stationary type and travelling type manipulators are used in the
cases of 1 and 2, respectively. 1In both cases, it is assumed that all
divertor plates in one module are inspected and one of them found damaged
is exchanged. Assuming that the operation time is 12 hours a day, it
takes 4 days for these operation in both cases. It takes more than a
half of this time for imspection. If it is possible to specify an unusual
cooling piping system by leakage inspection and to limit to range for
inspection, the inspection time may be shortened by that nmuch.

In cases 3 and 4, it is supposed that one module containing a damaged
plate is not known. It is also supposed that all divertor plates in the
reactor are inspected and one plate found damaged is exchanged. In case 3
it takes 22 days for operation by using a stationary manipulator. On the
other hand in case 4 it takes 11 days for operation by using a travelling
manipulator, because the exchanging operation of manipulator'and NBI is
required only one time.

In cases 5 and 6, it is supposed that all of the divertor plates are
regularly exchanged. 1In t hese cases no detail inspection is required and
an only visual inspection is made, Afterwards all divertor plates are
exchanged, and lastly a visual inspection is carried on. In case 5, it
takes 90 days for operation by using a s tationary type manipulatof. On
the other hand, in case 6 it takes 83 days for operation by using a
travelling type manipulator. When 6 stationary type manipulators are
simultaneously operated, it is expected that the whole operation time may

be reduced by 1/6 i.e. to 15 days.

12.4 Maintenance Devices
12.4.1 Stationary type manipulator

Repair and maintenance in the reactor vessel can be performed by using
this manipulator without disassembling the reactor into modules. This
manipulater is installed instead of the NBI and the operation can be per-
formed by inserting the arm from a neutral beam injector port provided in
the outer blanket. This manipulator is operated restrictedly in the area
of one module, because the manipulator cannot travel.

This manipulator is shown in Fig, 12.4.1 and Fig. 12.4.2. 1In order to

operate in the divertor chamber, it is necessary that the wrist is always

— 258 —



JAERI-M 8518

vertical to the arm, the degree of freedom of the manipulator is required
for 10. There is a chuck on the hand of the manipulator in order to

connect various kinds of cperating devices.

12.4.2 Travelling type manipulator

The manipulator shown in Fig. 12.4.3 travels on the rail laid inside
the divertor room and moves to each modules to perform operation. As shown
in Fig. 12.4.4, one NBI module is removed, a lifting frame folded double
is inserted into a vacuum vessel, and slowly opened to be set to the rail.
Next, a small-sized manipulator is carried in and mounted on the lifting
frame. This small-sized manipulator receives the divertor plate and operat-
ing equipments carried in from the outside of the vessel and moves in the
vessel to perform operation. Figure 12.4.5 shows a conveying device which

receives devices from this manipulator and delivers them to it.

12.4.3 Carrier

A carrier is used to temporarily support the divertor plate so that
the divertor plate may not fall down during exchanging divertor plates.
And it is used to transport the plate. Functions required for the carrier

are as follows:

(1) Coupling to a divertor plate
(2) Temporary fastening to a hanger and removal
{(3) Connection and separation of a manipulator arm

(4) Positioning to an ddjacent divertor plate

A carrier that fuflis these functions is shown in Figs. 12.4.6 and 12.4.7.
It is provided with two large hooks to fix a divertor plate, four small
hooks to be hung on the lateral bar of a hanger and a chuck to be connected
to the manipulator. The frame of the carrier is slightly wider than the
width of the divertor plate, in order to perform positioning in the adjacent

divertor plate.

12.4.4 Automatic cutting and welding devices for piping

Figure 12.4.9 shows the concept of automatic cutting device to remove
the coolant piping and hanger from the header of divertor and welding device
to connect them to the header. One bend axis is necessary to this device

in order to be correctly set to the direction of piping.
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A structure of a pipe cutting machine is shown in Fig. 12.4.19,

12.4.5 Inspection equipment

A visual device is shown in Fig. 12.4.10. (a) indicates a wvisual
head for visual inspection. ITV camera and lighting are designed to have
the freedom of motions as turning and bending (b) indicates an visual
observation header which inspects an object with magnification provided
with a lighting lamp. (c¢) indicates a fiberscope which inspects details.
All of them are connected to the hand of the manipulator. For inspecting
pinholes and cracks, it is necessary to apply non-destructive inspections

shown as follows.

(1) Ultrasonic examination

(2) Eddy current examination

(3) Liquid penetrating examination
(4) Electric resisting examination

(5) Radiographic examination

Methods (1) and (2) are most suitable to automatic detection. (3} is
liquid penetrating examination, because of handling an organic solvent,

is difficult to be made to-automation, and it has a problem that visual
inspection devices must be provided to obtain detection resuts. Method (4)
cannot give a higher reliability of data. The Radiographic examination of
(5) has a problem of making the X ray source smaller and of how to prevent

the exposure of film by radiation from the surroundings.

12.4.6 Supervisory system

This device is used under radiocactive environments, so no man is
allowed to come into the operation position. Therefore, it is required
that the device can be manipulated by a remote operation or automatic
operation. In order to perform cperation without supervisory by operators,
it is necessary to prepare sufficiently appropriate supervisory systems so
that the following procedures may be made such as understanding the situa-
tions i.e. the condition of operating area, works of manipulator, automatic
devices, motions of cables and other environmental conditions. It is
necessary that pertinent procedures can be taken immediately so that damage
may not become larger when emergent situations happen.

A supervisory using ITV is the most effective means. The conceptual

status of supervisory device using ITV is shown in Fig. 12.4.11.
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12.4.7 Contreol device

Control using a computer is indispensable to operate a manipulator
having many degrees of freedom and sensory functions as this device.
Control device roughly consists of a control panel, computers, interfaces
and power supply. A operator gives a command to the control device and
gets necessary informations from the control device through the control
panel. Taking informatioms, givening instructions and data processing
are made by the computers. Other devices such as manipulator, operation
devices and sensors are connected to the control device through the
interface. It is necessary that the computer has functions such as a
conversion of coordinate from the specific coordinate of the manipulator
to the cylindrical coordinate of the reactor and its reverse conversion.

An example of operation method of the stationary type manipulator is
shown in Fig. 12.4.12. Operation is performed by operating two control
levers provided in the control panel. The position of sealing point of
the arm and wrist i.e. 4 degrees of freedom of front and rear, right and
left, up and down and rotation around the vertical axis, are operated by
the control lever for operating arm. The operational direction of the con-
trol lever is almost same direction of the movement of the arm.

The composition of the coﬁtrol lever for the wrist is also same as
that for the arm. The wrist and control lever are designed to move along
polar coordinate.system. On the control panel, the motions of manipulators
are projected by supervisory devices. An operator camn control as looking
at them. Another image projects the situation of manipulator axis by a

CRT display.

12.5 Design Problems

(1) Influence of gamma ray

Maintenance machines and tools are exposed to strong Gamma ray,
so deterioration and change in quality may take place. In the ones
subject to the large influence of Gamma ray, optical systems of TV
camera, especially glass gets stained and so its transparence will
become decrease.

In the glass having a long optical path such as fiberscope, its
influence is remarkable. When a semiconductor part is exposed to
radiant ray, it produces a noise, so there is a possibility that the

quality of TV image may deteriorate. At present, there is no
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sufficient data, but the TV camera may become damaged in few hours.

Operational space

To perform the exchanging operation of a divertor plate, suffi-
cilent spaces are required around the divertor plate. In special, it
is desirable that the entrfance to the divertor room has a sufficient
width. However, if this width is large, neutralized particles may
invade toward a plasma, so to enhance the performance of divertor, it
is desirable that the width is narrow as much as possible. Accordingly,

the width must be determined from the above two viewpoints.

Treatment of cables

Many cables for the machinery and tools become necessary in the
maintenance operation. When these cables are drawn around inside the
reactor, they might be broken by twisting and entangling. In par-
ticular, the cables for working heads of the manipulator come into
question. By means of signal transmission method of high multiplex
capability and, furthermore, when many kind of working head use in
common a signal cable provided in the arm of manipulator, the number
of cables is reduced greatly. In this case, the arm structure of mani-
pulator may become complicated and large. Figure 12.5.1 shows connec-

tion between the chuck of manipulator and a working head.
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ITV CAMERA \\’p
ﬂ .//COOLING PIPE
% ~— /| QUTER DIVERTER
ba PLATE )

. MANIPULATOR

Fig, 12.3.7 Setting of ITV camera

{ : COOLING PIPE

OUTER DIVERTER
PLATE

ITV CAMERA

= MANIPULATOR ARM

Fig. 12.3.8 Monitoring with ITV camera
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HANGER

COQLING PIPE CUTLET HEADER

SMALL HOOK

LARGE HOOK

CHUCK

INLET HEADER
&

Fig. 12.4.6 Application of carrier

SMALL HOOK

LARGE HOOK

Fig. 12.4.7 Carrier
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13. Reactor Cooling System

The design of the reactor cooling system without divertor is described
in this section. In the case of the reactor cooling system with divertor,
the thermal energy (heat flux) is devided into the coeling tube and the
divertor plate, but there is no basic difference between the reactor
cooling systems with and without divertor.

The reactor cooling system is formed with three systems which cool
the outer blanket, the inner blanket and the cooling panel. The cooling
system has two lines at the outside of the reactor. The coolant of above
three systems is once collected in the common header and then distributed
to the two lines.

Electric power is not generated in the reactor cooling system,

A secondary loop is provided in order to prevent the envirommental

release of tritium.

13.1 Design Conditions

(1) The coolant is pressurized water, The pressure of the secondary loop
is a little higher than that of the primary loop.

(2) An intermediate loop to prevent a tritium release is provided in the
cooling system.

{3) See water is used in the last stage.

The design parameters are shown in Table 13.1.1.

13.2 Heat and Mass Balance

Fig. 13.2.1 shows the heat and mass balance of the reactor cooling

system.

13.3 Tritium Problems

In order to prevent strenously the permeation of tritium into the
coolant, the temperature of the coolant is restricted to be low. Moreover,
a water purification system is also prepared to remove and recover the

tritium permeating in the coolant.
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Table 13.1.1 Design Parameters of Reactor Cooling System

( Non~breeding )

Thermal Power

Quter Blanket : 214 MW

Inner Blamket : 71 MW

Cooling Panel : 130 MW

Total 1 415 MW

Duty Factor 7 : 0.8
Number of Lines s 2
Coolant (primary/secondary) : HZO/HZO
Primary Coolant Temperature

(inlet/outlet) : 50/90 °C
Coolant Pressure (primary/secondary) : 5/7 ata
Temperature of Condenser Cooling water

(Sea Water) : 20 °C
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14. Blanket Test Section
14.1 Test Module

The design of the blanket test section has been carried out.

For one reactor module, the test rig has two test sectioms and its
size is 1 m x 1 m. Four test sections may be experimented by using two
pieces among the 6 reactor modules. The design of the test rig, which is
cooled by helium gas, to experiment a tritium breeding is described in
this section.

The test rig consists of an insertion tube and a cooling system which

includes a primary cooling system and a tritium recovery system.

14.1.1 Design conditions

(1) Each country can use one of the four test sections independently.

(2) The package typé test rig reduces the interference which affects
all over the reactor system.

(3) The repair in case of accident may be performed easily.

(4) The cooling conditions are similar to A1,1.4.

(5) The insertion tube is a vacuum boundary.

(6) The insertion tube is kept inserted while the test is not performed.

(7) The insertion tube has another cooling system which is independent
from the cooling system of the test section blanket.

(8) The thermal energy of 4 test section blankets is assumed to be 0.5 MW
in this design.

(9) The primary cooling system and the exchange equipment of the test
rig are prepared on the removal carriage which is similar to that

of NBI system.

14.1.2 Test rig
(1) Test blanket

The test blanket serves for a tritium breeding purpose and is
cooled by helium gas (see A.1.1). The diameter and height of the

test section blanket are 350 mm and 500 mm, respectively.

(2) Insertion tube

The insertion tube is put in and drawn out through the NBI port,

sliding on the insertion tube support as shown in Figs. 14.1.1 ~ 14.1.4.
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After the insertion tube is put in, the seal welding for a
vacuum is performed between the vacuum wall of the shielding and
the test rig.

The cooling panel with a protection wall is prepared at the
plasma side of the insertion tube. The top of the insertion tube
shown in Fig. 14.1.4 is a double-walled structure and the coolant of
water flows between the ribs which is provided in the inside surface
of the outer wall.

A guide rail for the mounting carriage is prepared at the lower
side of the insertion tube.

The pipings of the cooling system for the cooling tube and the

insertion tube penetrate the insertion tube basement.

Mounting carriage

The mounting carriage is put in the insertion tube from the in-
side of the carriage strage space for the test section, sliding on
the rail with the transfer equipment. Four test section blankets are
installed at the front of the mounting carriage. At the back of the
mounting carriage, a shielding block is installed to prevent the

radiation streaming.

Cooling system of test section

The test rig shown in Figs. 14.1.5 and 14.1.6 will be operated
after connecting the cooling facility of the test section to the back
of the insertion tube. The cooling facility of the test section is a
building of three stories.

The components of the primary cooling loop are installed in the
first floor, the second floor is the carriage storage space of the
mounting carriage., A tritium recovery system (TRS) for the primary
cooling system, a jacket tritium processing system (JTPS) and the
components of the primary helium dump system are installed in the
third floor.

In order to prevent a tritium release through the high tempera-
ture piping and comﬁonents of the primary system, the jacket system,
which is a ccaxial tube and a double wall structure, is provided from
the outlet of the test section blanket to the inlet of THX. A sweep
gas of helium is flown in the ocutside tube of the coaxial tube and the

tritium permeating through the tube wall is removed by the JTPS.
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During operation, the inside of the cooling facility and the

insertion tube is filled with helium gas.

{(5) Setting procedure of the test rig

The setting procedure of the test rig is shown in Fig. 14.1.7.
The outline of the setting procedure in the case where the test

rig is put in or drawn out is described as feollows,

1. Setting the test rig in the reactor room with the transfer
carriage (Position A).

2. Comnecting the building of the primary cooling system to the
shielding of the blanket module (Position B).
Bolting and seal welding the connecting flange.

Inserting the test section blanket into the insertion tube.

3

A

5. Connecting the cooling tube.

6 Exchanging air for helium gas in the test rig.
7

. Operating (Position C)

The test rig is unsetted after the operation in the inversed

procedure to the setting one mentioned above.

14.1.3 Design analysis

See Appendix A.1.1.3.

14.1.4 Cooling system

The cooling system of the test rig is formed with the cooling system

of the test section blanket and that of the insertiom tube., Each system

has one cooling line.
(1) Design conditions

Power generation

Electric power will be generated only in the cooling system of
the test section blanket. The coolant of the test section blanket is
helium gas, but the coolant of the insertion tube is pressurized water.
The intermediate loop is provided in the cooling system of the test
section fo protect the environmental release of tritium.

The design parameters are shown in Table 14.1.1.
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Non power generation

The primary loops of the cocling system for the test section and
the insertion tube are similar to those of the power generation system.
The coolant of the secondary loop for the test section is water at
normal pressure. ‘

The design parameters are shown in Table 14,1.2.

(?) Heat and mass balance

Power generation

Figure 14.1.8 shows the heat and mass balance of the cooling

system for the power generation.

Non power generation

Figure 14.1.9 shows the heat and mass balance of the cooling

system for the non power generation.

(3) Tritium problems

Power generation

In the primary and secondary loops of the cooling system for the
test rig, the tritium recovery system is provided in order to remove
tritium containing in a coolant. At the high temperature piping system,
the jacket system is provided in order to recover a tritium permeating
through the tube wall. The primary loop and flow sheet of the jacket
system corresponds to Figs. A.1.1.15 and A.1.1.16 in Appendix A.1.

In case of the cooling system for the insertion tube, the coolant is
kept to be a low temperature to prevent the tritium permeation into
the coolant and the water purification system shown in Fig. A.1.1.17
in Appendix A.l is prepared to remove and recover the tritium permeat-

. ing into the cooclant.

Non power generation

The tritium recovery system of the primary loop and other systems

are similar to the power generation system mentiomed above.

14.1.5 Design problems

See A.1.1.5 in Appendix A.1l.
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14.2 Test Segment

The operation of the test segment will be performed by one reactor
module. The design conditions are similar to Appendix A.1.1, but the

thermal energy to remove with the cooling system is different from Appendix

A.1.1.
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Table 14.1.1 Design Parameters of Test Rig Cooling System

( Power Generation )

Thermal Power (4 test blankets) : 0.5 MW
Duty Factor : 0.8
Number of Lines ¢ 1

Coolant (primary/secondary/tertiary) : He/He/HZO

Primary Coolant Temperature

(inlet/outlet) : 250/5350 °C
Coolant Pressure

(primary/secondary/tertiary) : 30/-/- ata
Temperature of Condenser Cooling Water

(Sea Water) : 20 °C
Condensate Temperature/pressure : 33°C/0.05ata
Turbine Efficiency HEE
(Power Transfering Efficiency) x

{Generator Efficiency) ;-
Electric Power (Gross) L

Circulator Power : -

Table 14.1.2 Design Parameters of Test Rig Cooling System

( Non-power Generation )

Thermal Foﬁer (4 test blankets) : 0.5 MW
Duty Factor : 0.8
Number of Lines 1
Coolant (primary/secondary) : He/HZO
Primary Coolant Temperature

(inlet/outlet) : 250/550 °C
Coolaﬁt Pressure (primary/secondary) : 30/1 ata

Temperature of Condenser Cooling Water

{Sea Water) : 20 °C
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15. R&D Items
15.1 General

The R&D items required for INTOR construction are classified and
discussed in the following sections. Though some of them are not suf-
ficiently reviewed because of lack of time, they seem to be useful for
making detail plan of INTOR component's R&D since they are made based

upon the systematic design study for INTOR.

15.2 Neutronics

The proposal for the R & D schedule for fusion reactor neutronics

in JAERI for the next five years is given in Table 15.1.

15.3 Blanket

Research and development program to fabricate the INTOR fusion reactor

satisfactorily is as follows;

(1) Development of compact non-filler TIG orbital welding machine for
small-sized tube.

(2) Establishment of automatic brazing technique for cooling tube and
block

(3) Development of electron beam welder for double-wall outer blanket

(4) Development of vacuum system and commercialization of compact portable-
type electron beam gun for partial-vacuum electron beam welder

(5) Consideration of electron beam deflection technique for full-vacuum
electron béam welder

(6) Feasibility study for fin tube production

(7) Development of fully automatic welding machine and nondestructive

testing technique

15.4 Shielding Structure

(1) Development of Construction of heavy concrete structure at narrow part
(2) Study of aggregate's material and its ratio in the concrete

(3) Study of fine chips material and it's ratio of mortar

(4) Development of material of thin electrical insulation

(5) Development of automatic welding and cutting machine

15.5 Divertor

(1} Repetitive thermal stress due to pulsive operation of the reactor

might lower the life time of the divertor plate to 3 to 4 months.
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Radiation damage of the plate due to l4-MeV-neutron irradiation,
especially swelling of copper, could be a serious problem. But, it
is difficult to evaluate its effect on the life time of the plate

due to lack of data for radiation damage.

Enrichment and exhaustion of o particles and impurities in divertor

chamber must be simulated as accurately as possible.

Toroidal Field Magnet
Detailed design study

Basic R&D items

(a) Development of large current NbySn cable at high magnetic field
(b) Development of electrical insulation

(¢) Fatigue test of structural materials under Liq. He temperature
(d) Development of jointing structure of cable

(e) Development of winding and annealing process of cable

gome scale model test for magnet systems to confirm fabrication

processes and integrity of coil support structure
Trial fabrication and test of full size coil
Development and test of economical large liquid helium system

Development of magnet protection systems

Poloidal Field Magnet

R&D for AC effects

The other R&D items are similar to those of torcidal field magnet

as mentioned above

Neutral Beam Injector

Single unit of full scale test including the hollow cathode ion

source, 200 kV acceleration grids, and direct energy converter.

New idea for neutralization of ion beams such as metal vapor and

ice cluster metheds.,

Main Vacuum Pump

Development of large diameter gate valve

Development of reliable cryo-sorption pump
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15.10 Repair and Maintenance of Reactor (Concept A)

(1) Design study of remote handling systems and equipments

(2) Development of devices for assembling and disassembling

1)
2)
3)
4y

5)

6)

(3) ‘R&D
1)
2)
3
4)

Automatic welding machine

Tug barrow

Car mounted crane

Manipulator with bolting and unbolting machine on crane having
shielding cab.

Manipulator with bolting and unbolting machine on vehicle
mounted shield operation room

Manipulators for maintenance room

devices for inspection

Manipulator with inspection apparatus mounted on bell jar cylinder
Manipulator with inspection apparatus mounted on bell jar dome
Manipulator with inspection apparatus mounted on movable base

Movable manipulator with inspection apparatus

15.17 Repair and Maintenance of Reactor (Concept B)

(1) Small scale model of blanket handling machines, a torus segment,

and blanket and shielding structures including blanket transport

mechanisms,

Accessibility of the blanket handling machine from the crane

rails, also needs to be simulated.

{(2) Full scale model of welding and cutting machines for plasma chamber

vacuum boundary including transport mechanisms of those machines.

Some part of the shielding structure need to be made to test

the feasibility of the vacuum boundary concept and to test the cutt-

ing and welding machine.

15.12 Repair and Maintenance of Divertor Plate

o R&D of glass and fiberscope which are hardly damaged by radiation such

as y-ray and neutron.

0 R&D of light and stiff materials in order to make the size of devices

small and to 1lift and carry heavy equipments.

o R&D of soft and hard wares to control the devices with multi-degrees of

freedom of motions as these manipulators presented in this-report.

— 308 —



JAERI-M 8518

Table 15.1 Proposed R & D Schedule for Fusion Reactor Neutronics in JAERI

FY1980 = April, 1980 ~ March, 1981

Items, descriptions 1980 . 1981 1982 1983 1984

(1) Blanket neutronics
experiments

Lithium benchmark
o Blanket benchmark |

experiments Li20 benchmark]
¥
o Neutronically optimized Optimized blanket assembly N
blanket
o Blanket mockup experimentsg EPR blanket mockup.
o Measurement technique Tritium Nuclear
deve lopment breeding rate, heating rate, New methods .

-

(2) Induced acivity

Short-life Medium-1lifetime Long-lifetime
t
experiments induced induced nuclides induced nuclides
nuclides relevant to persomnel for rad-waste
decay heat dose evaluation "
}
(3) Shielding neutronics
experiments Penetration
Around thru primary
o Streaming experiments blanket NBI port shield . Mockup exp. -
o SCM neutron irradiation Neutren daﬁage evaluation exp.
Near Far from !
o Skyshine measurements the FNS the FNS
(4) Analysis, data and
methods development
o Integral transpert 1D code and | 2D code and 3D code development R
calculation method for input data | input data g
deep penetration problem
(rigorous treatment of
inelastic neutron
anisotropy)
|
o Reactor design codes ! 2DSN~-Monte Carle coupling, Advanced Monte Carlo Code .
{ 3d-induced activity calculation
4 1
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A. Appendices

A.1 Tritium Breeding Blanket

Two kinds of tritium breeding (outboard only) with electricity
production have been studied. They are:

(1) He-cooled Li»0 blanket (pressure vessel type)

(2) Water cooled Li0 blanket (Tube-in-shell type)

Dusign of He-cooled LijCQ blanket with tube in shell type is also
in progress

In case of non divertor concept the breeding ratio of the above
blanket systems are as follows:

(1y 0.8

(2) 0.74

Details are described in Appendix A.2,

In case of segment test, 1/6 of the reactor is used for tritium

breeding.

A.1.17 Pressure Vessel Type

The design of the reactor cooling system without divertor 1is
described in this section. In the case of the reactor cooling system
with divertor, the thermal energy (heét flux) is devided into the cool-
ing panel and the divertor plate, but there is no basic difference
between the reactor cooling systems with and without divertor.

A blanket structure shown in Fig. A.1.1.1 consists of six blanket
modules and is placed in a vacuum vessel. Each module is formed with
16 blanket rings and is assembled with inner blanket (non tritium breed-
ing), outer blanket (tritium breeding), cooling panel with a protection

wall, piping system and support structure.

A.1.1.1 Design Conditions

Blanket Cell

(1) The blanket cell is cooled by helium gas at 30 kgf/cm? during
operation.

(2) The coolant flows helically between inner ard outer wall and
arrives at the plasma side.

(3) The coolant enters from the inlet duct at 250 °C, becomes
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about 340 °C at the top of the dome and exits from outlet duct
at 550 °C being heated in the inner part (Li;0) of the blanket
cell,

(4) The temperature on the top of the some is about 370 °C (See
Fig. A.1.1.5).

Cooling Panel

(1) The cooling panel is cooled by helium gas at 70 kgf/cm?,

(2) The coolant enters from the inlet header which is provided at
the lower part of the torus, flows through the inside and
outside surface of the torus and is collected with the outlet
header  at the upper part.

(3) The inlet ard outlet temperature of the coolant are 200 °C and
300 °C, respedtively and the maxiumu temperature of the struc-

tural material (pressure boundary) is about 400 °C.

A.1.1.2 Blanket Structure

OQuter Blanket (Blanket Cell)

Fig. A.1.1.2 shows a typical blanket cell. The blanket vessel
is a double-walled and truncated conical thin shell made of Type
316 stajinless steel with a spherically domed surface at the plasma
side. A thick cover plate, to which inlet and outlet coaxial duct
attaches, is placed at the opposite side of the plasma. Ribs
(5 x5 mm) for the coolant channel are provided between inner and
outer wall., TFor tritium breeding, the blanket cell contains pebbles
and blocks of lithium oxide (Li,0) which are packed in the stainless
steel canning to prevent their deformations,

The blanket cells are in a triangular arrangement in this
design and are fixed with two ring flanges'welded to the outside of
the cover plate.

There are two kinds of the blanket rings for the sake of the
trianglar arrangement and they are assembled alternately. However,
the two blanket rings which have a neutral beam injection hole is
not in a triangular arrangement. Moreover, as the both end rings
of the blanket module separate from the adjacent blanket modules,
the triangular arrangement is not taken in between the end rings

of the adjacent blanket modules.
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The blanket cell are fixed with two pieces of ring flanges
welded to the outside of the cover plate as shown in Fig. A, 1.1.2,

The inner and outer blanket module are formed with ring units.
The inner and outer blanket ring are connected with each ring flange
to increase the strength of the blanket structure due to the unifi-

cation of two ring flanges.

Cooling Panel

Fig. A.1.1.3 shows a cooling panel. The cooling panel is
provided in front of the inner and outer blanket surrounding a
plasma in order to remove all thermal radiation which comes from
the plasma and a part of nuclear heating. The cooling panel consists
of 6 cooling panel modules and each module is formed with 16 cooling
panel rings.

The cooling panel is a membrane wall structure which is assem—
bled with a lot of fin-tubes having a small diameter made of Type
316 stainless steel. It is sustained with some supporting bars
which is attached to the blanket flanges.

The cooling panels at the inbored and outbored section are
formed with the arrangement of many fin-tube. At the inbored sec- |
tion, as the variation of the pitch to arrange the fin-tube is small,
the fin-tubes do not overlap, However, at the lower and upper part
of the outbored section, the variation is large and the fin-tubes over-
lap. If the cooling panel at the outbored is horizontally arranged
to prevent the overlap, it is difficult to install the support
structure of the coecling panel in the_casé”of the pressure vessel
blanket type. Therefore, the arrangement of the outbored section 1s
similar tc the inbored.

A protection wall, which is made of TZM, is attached to the
plasma side of the cooling fin-tube sc that the plasma does not
directly contacts with the surface of the cooling fin-tube. The
shape of the protection wall is a semi-cylindrical shell which is
determined from the following requirements, (1) to moderate the
thermal radiation to the cooling panel and (2) to transfer the

thermal radiation to the backside of the cooling panel.

Piping System

A piping system for the outer blanket is formed with a lot of
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blanket pipes, some collection manifolds, some inlet and cutlet
headers and main coolant pipes. The former two components are made
of coaxial pipes with the hot outlet pipe inside the inlet pipe so
that the piping arrangement becomes simple and the temperature of

the blanket structure becomes low. The thermal insulator is attached
to the inside surface of the outlet pipe in order to avoid the
thermal expansion of the outlet pipe and the heat exchange between

inlet and outlet pipe.

Repair and Maintenance

In case of repair and maintenance, the blanket modulé will be
withdrawn in the toroidal directiom by using a wheel which is set on the
lower part of the blanket module. In this case, the main pipe will
be disconnected by automatic cutting machine. During operation,
however, the blanket module will be supported with the support block
which is set under the blanket module support.

The weights of the each component are as floolws;

a. blanket cell 55 ton/meodule
b. inner blanket 32 ton/module
c. cooling panel 5 ton/module
d. piping header 34 ton/module
e. ring flange 47 ton/mocule
f. support structure 10 ton/module

total 183 ton/module

A,1.1.3 Design Analysis

Stress Analysis of Blanket Vessel

The stress analysis of the blanket vessel which forms the outer
blanket module for tritium breeding has been carried out,

The blanket vessel is a double-walled and truncated conical
thin shell witbt the spherical dome at the plasma side made by Type
316 stainless steel. The blanket vessel is cooled by helium gas
at 30 kgf/cm® during operation. The inlet and outlet temperature
of the coolant are 250 °C and 550 °C, respectively. The maximum
nuclear heating ratio is 11 W/cc at the top of the dome.

Fig. A.1.1.4 shows the calculational model for the outer wall

of the blanket vessel. Two-dimensional axisymmetric finite element
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was employed for the elastic and thermal stress analysis. The
thickness of the body is 12 mm and the thickness of the dome is 6
mm at the top. The height for the coolant channel (5 mm) and the
thickness of the inner wall (5 mm) were excluded from the those
thickness and the thick cover plate was not considered in this
analysis,

We carried out the stress analysis under internal pressure
30 kgf/cm? taking account of temperature distribution of the blanket
vessel during burn time. The temperature distribution employed in
this analysis was obtained from a steady state heat transfer analysis
with two-dimensional model using above conditions, assuming that
the température was constant in the circumferential direction of
the outer wall. The temperature distribution is shown in Fig.
A.1.1.5. The material properties of Type 316 stainless steel at
400 °C were used in this analysis., The Young's modulus E, Poisson's
ratic v and mean coefficient of thermal expansion a are 17200
kgf/cm2, 0.3 and 1.8x107°/°C, respectively.

The pre and post deformations of the blanket vessel is shown
in Fig. A.1.1.6. The distribution of the stress intemsities at the
inside and outside surface are shown in Fig. A.1.1.7. The maxima
of the stress intensities at the inside and outside surface were
11.7 kgf/mm? and 6.5 kgf/mm?, respectively.

Assuming that those stress intensities are taken for PL+Pb+ Q
in ASME. Boiler and Pressure Vessel Code Sec. IITI, they are smaller
than 3 Sm (Sm is an allowable stress and is 11.3 kgf/mm2 of Type
316 stainless steel at 400 °C). Therefore, the blanket vessel has

an enough margin against the thermal fatique failure.

Thermal Analysis

The heat flux to the first wall from plasma is 25 W/cm2 on the
average and the nuclear heating is 12 W/cm3. Assuming heat flux of
30 W/em? and nuclear heating of 12 W/cm?, the transient behavior of
the temperature distribution of cooling tube and protection wall
has been analyzed by two-dimensional calculations; Cooling tube
configuration and analytical conditions used are shown in Fig.
A.l.l.S. Temperature changes after start up are shown in Fig.
A.1.1.9. Temperature distributions in tte cooling tube and protec-

tion wall are shown in Fig. A.1.1,10.
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The temperature distribution becomes more uniform by the
addition of the copper liner. But the integrity of the liner must
be demonstrated experimentally., A disign accomodating the heat
flux of 30 W/cm? is feasible but the fabrication of practicable
panel is not easy. The design of cooling panel will be eased in

case of the divertor concept owing to the reduced heat flux.

Stress Analysis of Cooling Tube

The stress analysis of the cooling tube with a copper liner on
the inside surface was carried out under internal pressure and
temperature distribution shown in Fig. A.1.1.10.

Two-dimensional finite elements of plane strain and plane
stress conditions were employed for the elastic and thermal stress
analysis. The thickness and outside radius of the cooling tube are
2,0 mm and 10.0 mm, respectively.

Fig. A.1.1.11 shows the shape of the deformation and the dis-
placements of the cooling tube for the two conditions.

Fig. A.1.1.1Z shows the distribution of the stress intensity
in the plane strain condition and "i{g. A.1.1.13 shows in the plane
stress condition,

The results obtained from this stress analysis shows that the
thermal stress depending upon the temperature difference between
the sides with fin and without fin results from only the stress of
the longitudinal direction. The large thermél stress of the direc-
tion generated in the area of the fin will reduce if the several
cuts are given in the longitudinal direction of the fin. The
reasonable deformation and stress of the cooling tube will be pres-
ent between the results of plane strain and plane stress conditions.
Tn future, it is necessary to carry out a detailed stress analysis

with three-dimensional model.

A.1.1.4 Cooling System

The design of the reactor cooling system without divertor is des-

cribed in this section. In the case of the treactor ceoling system with

devertor, the thermal energy (heat flux) is devided into the cooling panel
and the divertor plate, but there is no basic difference between the

reactor cooling systems with and without divertor.
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The reactor cooling system is formed with three systems which cool
outer blanket (tritium breeding), inner blanket (non-breeding) and
cooling panel. The outer blanket cooling system has 2 lines, the inner
blanket cooling system has 1 line and the cooling panel has 2 lines,

An electric power will be produced in the outer blanket cooling
system and cooling panel, but not in the inner blanket cooling system.
Intermediate loops to protect a tritium release are provided in each

system,

Design Conditions

(1) Helium gas is used for the cooling system of the outer blanket
(primary and secondary loops). and the cooling panel (primary
and secondary loops).

(2) Pressurized water is used for the cooling system of the inner
blanket,

(3) Design parameters of the reactor cooling system and heat load

of each system are shown in Table A.1.1.1.

Heat and Mass Balance

The heat and mass balance of the cooling system is shown in

Fig. A.1.1.14.

Tritium Problems

A tritium recovery system in the coolant is provided in the
primary and secondary loops of the cooling system for the outer
blanket and cooling panel, (He coolant). A jacket system is also
provided to recover the tritium which permeates throuth the pipe
wall around the high temperature piping of each primary cocoling loop
at the outside of the vacuum vessel wall.

The flow sheets of the tritium recovery system at each primary
and secondary loop are shown in A.1.1.15. The flow sheet of the
jacket system is shown in Fig. A.1.1.16.

The coolant temperature of the inner blanket cooling system is
restricted to be low to prevent the tritium permeation into the
coolant (water). Water purification system shown in Fig. A.l.1.17
is also prepared to remove and recover the tritium permeating in

the coolant.
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A.1.1.5 Design Problems

INTOR structures include many complicated components where diffi-

culties are encountered in the fabrication. Therfore. Therefore, some

of the most problematical fabrication techniques required are herein

picked up and explained in brief,

(1)

(2)

(3)

Welding of Outer Nozzle and Connecting Pipe

This welding is to be carried out in all positions at the
workshop. Furthermore, the gap between outer nozzle and inmer
one is strictly limited and the integrity of the welds must be
assured. From this standpoint, automatic orbital TIG welding
process is employed by means of controlling system of welding
conditions of each welding positiom.

Welding of Cooling Tube and Stub

Both cooling tube panel and inner blanket are small sized
in the outside diameter and closely spaced. Therfore, welding
of cooling tube and stub should be automatically carried out
without filler metal. Meanwhile, the welds of these small-
sized tubes are apt to accompany concavity on the outside
surface resulting from the relation between the gravity of
molten metal and its surface tension.

In this sense, automatic orbital TIG welding should be
conducted by controlling device of shield gas pressure which
can give slight pressure difference between inside and outside
of the tube,

Welding of Non-destruction Testing of Coolant Pipe

In the welding of coolant pipe, accessibility and vigibility
during welding is not insured especially at the site. Furthere,
the best quality of the welds must be assured. Therefore,
welding performance should be remotely controlled and its non-

destructive testing is to be automatically carried out either.
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Table A.1.1.1 pegign Parameters of the Reactor Cooling System

{ Tritium Breeding, Pressure Vessel Type )

Thermal Power

Quter Blanket : 214 MW

Inner Blanket : 71 MW

Cooling Panel : 130 MW

Total . : 415 MW

Duty Factor : 0.8
Number of Loops

OQuter Blanket 2

Inner Blanket : 1

Cooling Panel :
Coolant

Quter Blanket

(primary/secondary/tertiary) : He/He/HZO

Inner Blanket

(primary/secondary) : HZO/HZO

Cooling Panel

(primary/secondary/tertiary) : He/He/HZO

Inlet and Outlet Helium Temperature of
Outer Blanket Cell ¢ 250/550 °C

Inlet and Outlet Helium Temperature of

s

Cooling Panel 200/300 °C
Inlet and Qutlet Water Temperature of
Inner Blanket : 43/100 °C

Helium Pressure of Outer Blanket

(primary/secondary; 40¢ pipe) : 30/50 ata
Helium Pressure of Cooling Panel

(primary/secondary; 14¢ tube) : 70/75 ata
Water Pressure of Inner Blanket

(primary/secondary; 104 tube) : 5/7 ata
Condensing Temperature and Pressure¥ : 33°C,0,05ata
Turbine Efficiency : 80 %
Power Transfering Efficiency x

Generator Efficiency _ : 95 %
Electric Power {Gross) + 79.3 MW
Circulator Power ;12,0 MW

*) Using a sea water cooling condensor
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Fig. A.1.1.2 A Typical Blanket Cell
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Outlet header

NBI and
tvacuation port

Fig. A.1.1.3 A Conceptual Structure of Cooling Panel
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Fig. A.1.1.6 Exaggerated Deformation Shape
of The Blanket Vessel
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Fig. A.1.1.8 Cooling Tube Configulation and
Analytical Conditions 7
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A.1.2 Tube in Shell Type

The blanket structure of the tube in shell type consists of six
blanket modules. As concerns with the outer blanket of each module,
the cooling tubes are arranged in the blanket shell and LipO pebbles are
filled around the cooling tubes. The cooling panel is provided at the
plasma side of the blanket shell. The tritium, which is produced_in Liy0
pebbles, is recovered by helium purge gas.

Both water and helium gas may be used as the coolant in the tube,
but the design of the cooling system cooled by water is described in

this section.

A.1.2,1 Design Conditions

Outer Blanket

(1) The outer blanket for tritium breeding is cooled by pressurized
water at 100 kgf/cmz.

(2) The coolant flows horizontally in the cooling tube from one
end of the blanket module to the cther end.

(3) The inlet and outlet temperatures of the coolant are 290 and

305 °C, respectively.

Inner Blanket

(1) The inner blanket for non-breeding is cooled by pressurized
water at 100 kgf/cmz.

(2) The coolant flows from the lower side of the inner blanket to

the upper side.
(3) The inlet and outlet temperatures of the coolant are 290 and

305 °C, respectively.

Cooling Panei

The cooling panel with a protection wall is prepared in front
of the plasma side of each blanket and the cooling conditions

are similar to each blanket cooling system.

He Purge System

The purge gas to recover tritium is helium at 1 kgf/cmz.

Power Generation

The ccoling conditions of each coolant are completely similar,
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Each coolant is collected in the common header and then is led to

the power generation system.

Heat Flux and Nuclear Heating Rate

(1) The maximum heat flux is 30 W/cm?,

(2) The maximum nuclear heating rate is 12 W/ ece.

A.1.2.2 Blanket Structure

The outer blanket is a double-walled shell made of stainless steel
which is 5 mm in thickness at the plasma side. A lot of cooling tubes,
which is 30 mm in 0.D. x 5.0 mm in thickness, are horizontally arranged.

The pitch in the area close to the plasma is small and the cne in
the area far from the plasma is large so that the temperature of Lis0
pebbles becomes entirely constant in the blanket.

As the nuclear heating rate at the plasma éide of the blanket shell
is especlally large (about 12 W/cc), ribs fcr the forced cooling are
provided in the inside of the blanket shell in order to restrict the
temperature of the wall within the allowable limitgtion. Moreover, as
the helium of high temperature is in contact with the neighborhood of
the outlet for the helium purge gas, the neighborhood is so cooled that
the wall temperature of the blanket shell becomes low.

The structures of the inner blanket and the cooling panel are similar
to Chapter 3.1. '

The coolant (water) of the cooling panel and each blanket is col-
lected in the common header, is distributed two loops and then is led to
power generation system.

Fig. A.1.2.1 shows the conceﬁtional structure of the blanket for
water cooling and tube in shell type.

Fig. A.1,2.2 shows the cross section of the outer blanket.

A.1.2.3 Design Analysis

Maximum Temperature of Lis0

(1) Analytical Model

The thermal energy generated in Li,0 is removed witt a lot of
Cooling tubes which are arranged in the blanket shell. As the model
of the simple analysis, the cooling area of one cooling tube is

regarded as one-dimensional model shown in these figures.
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Nuclear Heating

/ Blanket Wall Rate &
s Cooling
Tube Thermal

Isolation

=

Thermal
Conductivity A

T
max

Analytical Unit

Analytical Model

It seems that the maximum temperature is indicated at point A

which is far from the cooling tube.

(2) Analytical Method

The maximum temperature which is obtained from that model is

given by the following equation.

q re T rz—rg
Tmax - To - X_( Tf-ln ;;- 4 ) (1
where, Tmax : Maximum temperature of LioO which is generated at
7 the adiabatic boundary
| T0 : Nuclear heating rate of Liy0

Equivalent thermal conductivity of Lij0

q Outside radius of Lij0

by : Inside temperature of Lip0 which is in contact with
r the cooling tube ‘

T, : Inside radius of Liz0

(3) Analytical Results
The nuclear heating rate at the point which is 8 mm away from
the wall of the blanket shell is as follows;
§=6.75 exp( -x / 20,7 ) W/ee

In order to calculate the equivalent thermal conductivity of
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Li,0, it is assumed that Liy0 of which theoritical density is 85 %
occupies the space of 75 % and each layer (L.i0 and helium} is

arranged in a row or in a series.

= =1 —3 o
Arow 0.75 ALiZO + 0,25 AHE 6.06x10 cal/cm s °C
A - 1 = 2.64x10"3 cal/em s °C
series 0.75 + 0.25 ’ ‘
hLizO AHe

The true thermal conductivity will exist in the middle of above

values.

The results obtained from those values above mentioned is shown

in a following table,

A (cal/cm s °C) 6.06x1073 | 2.64x1073

T (°0) 849 1514

max

In this analysis, the inside temperature of Lis0 (TO) is assumed

335 °C.

A.1.2.4 Cooling System

The design of the cooling system wittout divertor is described here.
" The cooling system is formed with four systems which cool the outer
blanket (tritium breeding), the first wall of the outer blanket (rib),
the inner blanket (non-breeding) and the cooling panel. The cooling
system has two loops at the outside of the reactor. The coolant is once
collected in the common header and then is again distributed., The power

generation system has one loop.

Design Conditions

(1) The coolant of the primary system is pressurized water.

(2) The thermal emergy in the reactor is used to generate electric
power.

(3) 1In order to generate the electric power, the existing PWR
conditions are adapted to the power generating system.

(4) The indirect steam generator is prepared to protect a tritium
release.

(5) The design parameters of tle cooling system are shown in Table

A.1.2.1,
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Heat and Mass Balance

Fig. A.1.2.,3 shows the heat and mass balance of the cooling

system.

Tritium Problems

A water purification system is prepared to remove and recover

the tritium permeating in the coolant.

A.1.2.5 Design Problems

Piping System

Site welding of pipe must be carried out in the limited space.
These welded joint of pipe must be defect-free lest leakage should
occur during operation. In this sense, welding should be automati-
cally perfomed with high reproducibility by unmanned welding machine
which enables supervisory and remote control, Furthermore,
nondestructive testing must be also automatically carried out by

remote handling to assure the integrity of the welds,

Quter Blanket

When double-wall structure is introduced, inner and outer shell
are joint by electron beam welding process, and later cover plate

is assembled to the shell. Cooling tube bundle penetrates this

cover plate and is closely spaced in the inner shell.

As far as it concerns with electron beam welding, it is most
desirable welding process for this kind of joint between inner and
outer shell in view of less weld deformation in itself. Partial-
penetration electron beam welding is conducted from inside of inner
shell, and its accessibility is very much limited in welding
procedure, Therefore, it is required that welding is carried out

by compact portable-type partial-vacuum one with beam deflection

mechanism.
Meanwhile, TIG welding of small-sized tube is mentioned afore

in inner blanket in Chapter 3.5.
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Table A.1.2.1 Design Parameters of the Reactor Cooling System

( Tritium Breeding, Tube in Shell Type )

Thermal Power

Cuter Blanket : 214 MW
| Inner Blanket : 71 MW
Cocling Panel : 130 MW
Total : 415 MW
Duty Factor : 0.8
Number of Loops 2
Coolant (primary/secondary) : H20/H20
Primary Coolant Temperature
(inlet/outlet) . 290/305 °C
Coolant pressure'(primary/secondary) ¢ 100/15 ata

Temperature of Condenser Cooling Water

(Sea Water) : 20 °C
Condensate Temperature/Pressure : 33°C/0.05ata
Eletric Power (Gross) + 111 MW
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A.2 Neutronics Calculations for Tritium Breeding Blanket

A.2.1 Tritium breeding ratio

(1) Pressure vessel type blanket

To estimate tritium breeding ratio of pressure vessel type blanket
mentioned in A.l1.1 three cases of calculation are carried out.

Figure A.2.1.1 shows the calculational modei of case 1 which is
performed by using one-dimensional Sn transport code ANISN. Figure
A.2.1,2 shows the triton production distribution obtained by this code.
The case 2 and case 3 are three-dimensional calculations by Monte Carlo
transport code MORSE-I., Figure A.2.1.3 shows the calculation model of
the case 2. In this case, torus geometry of plasma, bhlanket and shield,
neutron source density distribution and the difference between the
compositions of inner and outer blankets are taken into account while
in one-dimensional calculation they are not. The case 3 is a three-
dimensional blanket cell model which takes account of heterogeneity of
the cell. Figure A.2.1.4 and 5 show the calculational model of the case
3. Table A,2.1.1 shows tritium breeding ratios estimated in the three
cases. The case 1 and the case 3 give almost same value of tritium
breeding ratio, so the effect of blanket cell heterogeneity must be very
small in this case. The tritium breeding ratio for the case 2 is about
two thirds of that for the case 1. It is because the case 2 takes
account of the fact that the inner blanket does not contain breeding
materials. It is almost impossible to load breeding materials in the
inner blanket of a small-sized tokamak reactor such as INTOR because
the inner blanket is required to be a high energy neutron shield rather
than tritium breeding blanket. The tritium breeding ratio of INTOR with
blanket cells as shown in Figure A.1.1.1 is estimated to be about 0.6

according to the case 2 calculation,

Table A.2.1.1 Tritium breeding ratios of pressure vesgsel type blanket

Tritium Breeding Ratio
Li 6Li Total
Case 1 0.157 0.751 0.908
Case 2 0,127 0.487 0.614
Case 3 0.158 0.734 0.892
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Neutron source distribution in three dimensional calculation

Neutrons are emitted isotropically from sources which distribute

proportionally to fusion power density.

The power density distribution is obtained by the following process.

In the MHD equilibrium, plasma pressure is expressed with the flux

function ¥ as follows:

P=P(}1IJC

Then ion temperature and density distributions are assumed as follows:

T =T p"
n=n01pg
n+&=1¢

In the case of INTOR, the value of ¢ is 1.48, and n is assumed to be
1.0 for this calculation.

The fusion power dnesity is given by

2
_ < ov >n?
Py = 4 Q

Figure A.2.1.6 shows the fusion power density distribution when the

average ion temperature T is 10 keV. Where T is defined as

_ S nT dv

T__fndv

The fusion reaction cross section used in this calculation is

_ L 2 8)
< ov > = 370.0 exp(-20xTi 3) / ((1+(Ti/70)1*3) x Ti3)
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{2) Tube in shell type blanket

Figure A.2.1.7 shows schematic layout of one dimensional calculation
model of tube in shell type blanket. The tfitium breeding ratio with
this blanket placed fully arcund the plasma is calculated to be 1.10,
When this blanket is placed only on the outboard of torus tritium breed-
ing ratio can be estimated to be 0,74 considering the ratio of tritium
breeding ratios of case 1 and 2 in Table A.2.1.1 is 0.676.

The tritium breeding ratio of the tube in shell type blanket with
helium cooling in place of water cooling will be nearly same as above.if

the volume ratio of stracture is not changed.

TZM— §|.s. END WALL
L120 LiZO
l¢.510) (.640)
5.5. B5.5. '
PLASMA (.20 )(.10)  VACUUM SHIELDING
HO o Hy0 S.S. (0.9)
(.11 ) (.04 ) H;0 (B) (O.1)

Fig, A.2.1.7 One-dimensional Calculation Model of Tube in

Shell Type Blanket

{(3) Test module

The tritium produced in a test module (area of 1 mz) shown in Fig.
14.1.1 is expected to be 4 g/y. If the test cell is tube in shell type
larger space factor (0.6 ; twice of the pressure vessel type), and hence

larger tritium production rate, will be obtained.

(4) Test segment

The tritium of about 900 g will be produced in a test segment.
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A.2.2 Nuclear Heating Rate

The detail nuclear heating rate distribution in the dome of pressure
vessel type blanket is éalculated by Monte Carlo code. The calculational
model is the same as case 3 in A,2.1 (see Fig. 2.1.4 and 5).

The calculational result is shown in Fig. A.2.2.1. The peak of the
heating rate at the top of dome is about 10 w/ce which agrees well with

the one dimensional calculation.
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Fig. A.2.2.1 Nuclear Heating Density Distribution on the Blanket Dome
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A.3 Minimum Thickness of the Inboard Shield

Shield must be fabricable as well as have sufficient radiation
shielding capability. Next, the price must be reasonable and affordable.

Due to the short time available for preparing the report, a limited
number of material composition change was considered in a parametric
survey. At the same time a shielding structural design taking account
of fabrication was performed, The structural design and the results of
the parametric survey are described in 4,2 and 2.3, respectively.

From the requirement from the repair and maintenance design, the
shield must be modularized and as a result the neutron streaming through
the inevitable gap between the adjacent modules becomes a problem. Also
required in the shield is the space in the shape of a gutter where auto-
welding and cutter machines move. According to the designs of such
machines, the required depth of the gutter was estimated to be small
enough not to cause problematic radiation streaming. The minimum bulk
sheild thickness was calculated to be about 80 cm with the use of tung-
sten and 90 cm without it.  The actual space from the first wall to the
surface of SCM conductor including the gaps were estimated to be 110 cm

for the former and 120 cm for the latter.

A.4 Vacuum Boundary of SCM

Design of the wvacuum boundary for SCM is closely related to reactor
system design, and affected especially the repair and maintenance scheme.
Therefore the vacuum boundary scheme should be selected in the course of
the detailed repair and maintenance design. As described in Chapters 11
and 12, the Belljar type seem td be suited to Modular Concept (Concept A)
and Sperated type to fit well with the In-Situ Concept (Concept B).

At present both the Belljar and Separated types look promising.

A.5 Repair and Maintenance

The parts of the components with short expected life time such as
divertor plates must be replaceable or repairable without excessive
disassembly of the reactor. Many ideas have been proposed for the repair
and maintenance of blanket and &ooling panel. Two of the most promising
concepts, namely Modular Concept (Concept A) and In-Situ Concept

(Concept B) have been disigned and investigated in this report.
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Both concepts seem to be difficult but feasible and both have merifs

and demerits. At present not knowing the frequency of the blanket
failure, the one out of two selection is difficult, It should be deter-
mined after more detailed design and detailed failure analysis. The
repairing method, step and required time etc. are discribed in Chapters

11 and 12.

A.6 Structure of SCM

The best choice for TF coil is copper stabilized Nb3Sn filaments
and for PF coil, copper stabilized NbTi filaments. The partial use of
copper normal conductor for PF coils is feasible.

The selection between the Disk type (Concept A) or Pancake type
(Concept B) structures for TF coil is very important. It should be
decided after detailed designs and seeing the results of large scale
R & D such as LCT. The selection for the cooling method between pool
boiling and forced convection is also inportant and should be resolved
in the same manner. Another important problem is the ambiguity in

defining the allowable stress.

A.7 Estimation of Heat Load and Refrigeration Requirement for SC Magnet

For different two types of designs, estimation of heat load and
refrigeration requirement for SC magnet is carried out. Values obtained
for two types of designs are similar in spite of different design.

Heat load at liquid helium and liquid nitrogen temperature is about 40
KW and 20 KW respectively. The electric power for above cryogenic

requirement is estimated about 20 MW.

A.7.1 Estimation for Concept A

For Concept A, values of heat load, refrigeration requirement,
electric power requirement, refrigeration efficiency and cool down and
warm up time are given as follows. Also schematic diagram of cooling

system is shown in Fig. A.7.1.
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1, Heat lcoad

(1) 4.5°k load

TF coil 7.2 kW
PF coil 15.2 kW
Cryostat 7.8 kW
Total 30,2 kW
(2) 80° load
Thermal shield 10.5 kW
Thermal anchor 5.9 kW
Total 16.4 kW
2. Refrigeration requirement
Multiplying above heat load by 1.2
(1) 4.5°k Refrigeration capability 36 kW
(2) B80°k Refrigeration capability 20 kW
3. Electric power requirement
Helium Liquefier 11,300 kW
Nitrogen Liquefier 3,000 kW
Contrecl system 100 kW
Total 14,400 kW
4. Systemrefrigeration efficiency
We. = 14,400 _
((2) actual 36 400
o _ (We/Q) carnot . _ 65.66 _
% carnot = {We/Q) actual x 100 = 400 x 100 = 16.4
5. Cool down time and warm up time
R ‘g 4.5 k
Cooling capability 36 kw (Refrigerator)
Cool down weight 6,000 ton
Mass flow rate He 3,000 g/s
Cocl down time v 400 hr. (16,7 days)
Warm up time v 320 hr. (13.4 days)
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A.7.2 Estimation for Concept B

Heat load considered here for the system includes static load as
well as pulsive load which will be generated in the toroidal field
magnets, poloidal field magnets, supporting structures and others,

The total heat load amounts to about 45 kW at 4.2°K and 20 kW at 80°K
as described below. It is well known that the dominating heat load is
caused by the eddy current in structures. The eddy current loss could
be further reduced by insulation cuts, while this matter must be consid-

ered in conjunction with structual intergrity.

1) Static load at 4.2°K

(a) Conduction and radiation loss 0.7 kW
(b) Power load 2.5
{(c) Piping 0.2

2) Pulsive load at 4.2°K

(a) Toroidal field magnets 13.7 kW
(b)  Poloidal field magnets 5.0
{¢) Structures 22.6

3) Total heat leoad
(a) Heat load at 4.2°K 45 kW
(b) Heat load at 80°K 20

The electric power for above cryogenic requirement totals to about
20 Mw.

More detailed pulsive loss is shown below.

1) Toroidal field magnets

(a) Hysteresis loss 0.3 kW
(b) Eddy cutrent loss 10.6
(¢) Coupling loss 2.8

2) Poloidal field magnets

(a) Hysteresis loss 2.0 kW
(b) Eddy current loss 1.6
(c) Coupling loss 1.4
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Structures

{a) Helium vessel
{b) Torque beam
(c) Cylinder post
{(d) Support base
(e) Support ring
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Fig. A.7.1 Schematic Diagram of Cooling System
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A.8 Blanket Structure for Divertor Concept

Figures A.8.1 and A.8.2 show an example of the blanket structure for
divertor concept. The repair and maintenance procedure is taken into
consideration in the same way as the blanket structure for non-divertor
concept described in Chapter 3.

The cross sections of the inner and cuter blanket are similar to

those shown in Figs. 3.2.3 and 3.2.4.
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