JAERI -M
83-005

JAPANESE CONTRIBUTIONS TO THE JAPAN-US WORKSHOP
ON BLANKET DESIGN/TECHNOLOGY
{(Exchange B-39 in the Japan-US Fusicn

Cooperation Program, November 10-11,1982)

February 1983

Tatsuzo TONE, Yasushi SEKI, Akio MINATO*
Takeshi KOBAYASHI*?, Seiji MORJ**
Hiromitsu KAWASAKI*? and Kenji SUMITA*!

B ®* & F H W R
Japan Atomic Energy Research Institute



JAFRIM b #i— b i2, EARE AW RHAF TEWCARIL T2 FRESEEETT.
A EL

AFOmME&HEE, BARTHBRR R EIERGER (T3l 11 AR 3
WA &, BELIL S, Ak, Iods HEREART AR 5 —

(TR0 A R R AT H A EL AT TSI LA ERER E B D 5 T

—_

BN ET,

JAERIM reports are issued irregularly.
Inquirics about availakility of the reports should be addressed to Information Section, Division

of Technical lnformation, Japan Atomic Mnergy Rescarch Institute, Toksi-mura, Naoka-gun,
P E) B

Tharaki-ken  319-11. Japan,

CJapan Atomic Energy Research Institute, 1983

WERELT O AR )T
g Bl uiz o5 = BRI GR




JAERI-M 83-005

Japanese Contributions to the Japan-US Workshop
on Blanket Design/Technology
(Exchange B-39 in the Japan-US Fusion
Cooperation Program, November 10-11,1982)

*
Tatsuzo TONE, Yasushi SEKI, Akio MINATO 1

Takeshi KOBAYASHI*Z, Seiji MORI:k2
Hiromitsu KAWASAKT ° and Kenji SUMITA
Division of Large Tokamak Development
Tokai Research Establishment, JAERT
(Received January 17, 1983)

This report describes Japanese papers presented at the Japan-US
Workshop on Blanket Design/Technology which was held at Argonne
National Laboratory, November 10-11, 1982, Overview of Fusion
Experimental Reactor(FER), JAERI's activities related to first wall/
blanket/shield, summary of FER blanket and its technology development
issues and summary of activities at universities on fusion reactor

blanket enginnering are covered.

Keywords: Nuclear Fusion, Japan-US Fusion Cooperaticn, Exchange

Program, Tokamak, Fusion Experimental Reactor, First

Wall/Blanket/Shield Design

*] On leave from Kawasaki Heavy Industries,Ltd.
%2 Kawasaki Heavy Industries,Ltd.
*3 Century Research Center Corp.,Ltd.

*#4 (Osaka University



JAERI—M 83005

T3y bERELHATICBETARKT T Y a v T
BT S H AR R
(H k¥ AT R » 208EE B — 39)

HAE TR R ATAR b = 2 BT
wEs oM A& & sEM o wmEe™
#oiET s s me =

(19834F t B 17 B8

A ET, 198245 11 H 10 — 11 HiCKBE D sy R BN AR BTSN, 17
5 Uy PERE R BT AAKT -2 Vv ay FIHAAIPRKI ULcGGXELD T LD
DTHbDH. NEIL, MAAHEERFE (FER) OBE, F 1877 vy b fkic B L /o RET
O ZEBFEOERR, FER 77 v 7y FRFTOME S HMERE, RMUORFLEST LEREE 7 7
Yo FOREOHMBETHRIN T S,

* 1 HEEE, NEELL K

x 2 JIBET Gk

¥3 wvFal)—sUF—F vy — )
x4 KBAS



JAERI—M 83—005
Contents

'I. Overview of the Fusion Experimental Reactor (FER) (T. Tone) ...

II. Research and Development Activities Related to

Yirst Wall/Blanket/Shield at JAERI (T. Tone) .....ces.. P
1. INTRODUCTION ..vveeeronnrsentvssassnnrsnsrnsnsana areesraanran
2. TFUSION NEUTRONICS SOURCE FACILITY ....cevtevssevsonsarsanennes
3. EVALUATED NUCLEAR DATA FILE .oeevinnsenans s a e e ceenea e
4. NEUTRONICS COMPUTER CODES AND LIBRARIES .....eevveeevnns cvaens
5. STRUCTURAL MATERIALS +.veevevevennn. e R e
6. BREEDING MATERIAL .......cc0.... S re i seransaase s feer e
7. ELECTROMAGNETIC ENGINEERING ........ sar e Cheraar e

7.1 Development of Analysis Methods and Computer Codes for

Eddy Current ....... e eaeerie e . eesarer e

7.2 Experiments on Magnetomechanical Behavior of Toroidal

Coils and Vacuum Vessel ........vveeun. Ceere e Peaserney

8. THERMOMECHANICAL ENGINEERING .........- N
8.1 Surface Heat Flux Test Facllity ............ Peme e
§.2 Thermal Cycle Test of a Composite Divertor Plate ...... cen

% xE
M. Outline of FER Blanket Concept (Y. Seki, A. Minato , S. Mori |,

T, Tone) ...... h et et ere e, e e eeaees et
A%k
W. Neutronics Design of FER Blanket/Shield (Y. Seki, S. Mori
ke
H. Kawasaki’ ) J AP e reaanearae s

V. Thermomechanical Design of the FER Blanket (T. Kobayashi**)
Technology Issues of the FER Blanket Development ......... e

VL. Studies on the Fusion Reactor Blanket Engineering at
Universities in Japan, 1980-1982 (K. Sumitaf) .................

Acknowledgement .....ccecererannnn beeeneteser e s et ey

10
10
12
18
20
29
31
44

44

51
54
54
56

# On leave from Kawasaki Heavy Industries, Ltd.
*% Kawasaki Heavy Industries, Ltd.
*%% Century Research Center Corp., Ltd.

+ Osaka University

fi



JAERI—M 83005

H K

[ BELAERE (FER) OBEE (HER) v ]
I BB A5 18 75 vy b /R DFFEBR G 10
L FE ceveeseeees e o L e S 10

0 RGBS M EHEICIRE B oo 12

3, BEF B T A Sl et e s 18
4 ma— 0o REPED— FEWBER T A 75 20
5. FEBEF e S L 24

B BEREAE  ooovrrrereeree e 31

T BEREGUNT & BEBR  -veeee e 44
71 FEEEHEOMRIT T — I o ovomrs oo 44

790 rod STt EEERCRKIETERAIER 51

B BIUFERE oo 54
81 FEBMBHEKERIEE oo 54

8 0 A GRTDEA 4 7 IVERER e e 56

I, FER 73 v 4 » FOBEE (B, & £, B oo 60
N. FER 75 % v v JEBO =a—bto=s2 @ &, JRE) oo MERITEEEE 79
V. FER 75 v o FOBEEEEEE UMK oo 103
VI_ FER 7{7‘ :/}T oy I %%@&%}ﬁ%ﬁ .................................................................. 127
VI RFichaspa 77 v v b R A OBEE (EH) e 134
OB e e e e e 135



I.

JAERI—M 83-005

Overview of the Fusion Experimental Reactor (FER)

1. Long-Term Program

In June 1982, the Atomic Energy Commission issued its Long-Term
Program of the Development and the Utilization of Atomic Energy, in
which a long-range plan for fusion reactor development was laid out.

This concluded a series of processes of deliberation which started in

March 1980 when the Nuclear Fusion Council of the Atomic Energy Commission

established its Review Subcommittee for lLong-Term Strategy. Upon sub-
mission of a report . from the Subcommittee in March 1981, the Council
conducted its review and presented its report to the Commission in
September 1981.

The Fusion Experimental Reactor (FER) defined in the new long-term
program has an objective of achieving self-ignition and demoastrating
its engineering feasibility of a fusion reactor in the latter half of

1990's as a next generation tokamak succeding the JT-60.

2. Reactor Design Studies

Design studies of near—-term Tokamak fusion reactors at JAERI until
about 1980 were carried out in line with an approach in which serial
development of two reactors, the first (PETF: Plasma Engineering Test

(1)

Facility) with a mission of achieving a self-ignited plasma and a

limited test of reactor technologies and the second (JXFR: JAERIT
(2)

Experimental Fusion Reactor) for an integrated test of reactor

technologies. Since about 1980, however, a difference approcach was
considered and replaced the above, in which a single reactor (FER)(B),
with possible staged coperation, carries a comprehensive mission of
achievement of self-ignition and integrated test of fusion technologies.
Design studies of the INTOR have also been instensively carried
out at JAERI since the phase-zero in 1979. The design concepts of FER
and INTOR have been interrelatedly developed, in particular, for common

features.
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Objectives of the FER

Major rvequirements of the Fusion Experimental Reactor identified

by the Review Subcommitte on Long-Term Strategy are:

1.

3.

to show engineering feasibility of the fusion reactor and its
plausibility as energy source,

to take reasonable step from present technology and the expectable
future developments and to be designed flexible to allow the
staged progress to reach objectives, and

to be designed with cost/benefit considerations.

The objectives of the FER in order to realize these missions were

formulated in the following terms by the Review Subcommittee:

1.
2.
3.

Self-ignition,

D-T burning for about one hundred seconds,

Definitive demonstration of essential fusion technologies such as
systems integration, plasma heating technology, plasma control
technology, superconducting magnet technclogy, and tritium tech-
nology, etc., and

Integral test of technologies concerned with future fusion reactors
in the areas of materials, tritium production techmology, remote
maintenance technology, safety, reliability and durability, and

gvailability improvement.

The design of the FER is being carried out under the following additional

requirements:

5.
6.
7.

4.

Tritium breeding ratioc of about unity,
Moderate neutron wall loading of approximately 1 MW/m?, and
Staged operation scenarios, for example, of installing the

breeding blanket in the second stage, should be evaluated.

The FER Design Comncept

The reference design of the FER is based on a dee-shaped tokamak

plasma configuration with a double-null divertor. The major design

parameters are listed in Table 1. Figure 1 shows the vertical view of

the FER designed in 1981.

(3)

The heating is provided by neutral beam

injection and radiofrequency heating. The superconducting coil system

with the poloidal coils placed external to the toroidal coils

_2__
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is encleosed in a semi-permanent common cryostat vacuum chamber (belljar

type). The plasma vaccum chamber is made of a semi-permanent toroidal

structure and torus sectors which fit within this structure. The assembly/

disassembly of the torus sectors can be made without disturbing these
semi-permanent components.

The design of the FER which shares the above features is made with
emphasis placed on reducing the reactor size, while keeping good acces-
sibility for maintenance and assembly/disassembly procedures. This
effort is particularly important, since the FER, in contrast to other'
near—term reactors, aims at achieving a tritium breeding ratio of
unity and hence requires a breeding blanket fully enclosing the plasma
volume leading to a larger blanket/shield structure. Tritium breeding
blanket with Li,0 as breeding material is installed all around the
plasma and at the back sides of divertor chambers to enhance breeding
ratio.

In order to reduce the size of toroidal coils, each of the blanket/
shield sectors is divided into three modules which can be removed
through a space between the adjacent toroidal coils; the central module
is drawn out by a single radial motion and the two side modules are
first moved toroidally and then drawn radially, as shown in Fig. 2.
Furthermore, special attention is paid to the shield design to reduce
the coil size. 1In a conventional design, unified blanket/shield sectors
provide radiation shielding for both coils and biological purposes.

The idea is to reduce the outboard thickness of the blanket/shield
sectors to a value required for the coil shielding and to place an
additional shield for biological purposes at a space between the outer
legs of the adjacent toroidal coils. This design concept reduces the
size of the sector and hence allows a substantial decrease in the size
of the toroidal coils. Bore of the FER toroidal coils is 9.1 mx6.1 m.

Employment of a vacuum boundary which is commen to both the plasma
vacuum chamber and the cryostat vacuum chamber alsc helps to reduce the
reactor size and simplifies the assembly/disassembly procedure because
the plasma vacuum chamber can be sealed at a more open space between
the toreoidal coils. It also simplifies the connection of adjacent
blanket/shield sectors, since they can be mechanically jointed by insu-

lated bolts with no need for vacuum tightness.
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A double-null divertor configuration, instead of the single-null,
is employed to reduce the major reactor radius and also to improve the
coupling between OH coils and the plasma, since it will have a thinner
scrape-off layer at the inboard plasma surface. Three divertor modules
cover a space of two sectors and they are drawn out thorugh a maintenance
port located at a bay of the vacuum chamber. This allows a wide open
space available for maintenance activity. The assembly/disassembly
procedure of divertor modules was analyzed in detail using scaled

models.

The design study for the reference concept based on a double-null
divertor is in more detail being made. On the other hand, in parallel
with the reference design optional design studies with a few attractive
features based on advanced éoncepts such as pumped limiter and RF

current drive are in progress.

A design alternative of the FER has been made applying the concept
of the Swimming Pool Type Tokamak Reactor (SPTR). The vertical view of
(4)

the FER-SPTR is shown in Fig. 3. The reactor is submerged in a
water pool. The SPTR concept excludes the huge and heavy solid shield
structure protecting superconducting magnets which brings about great
difficulties in repair and maintenance. The water plays a role of bulk
shield and eases the problem of radiation streaming shielding. The
elimination of the solid shield reduces greatly the radicactive waste
disposal. Replacement of solid shield structures by the water shield
allows better space utilization and reduces the size of the toroidal
coils. The size of the toroidal coil of the FER-SPTR is 9.1 m* 6.1 m
in bore, the same as in the FER.

The reduction of the vacuum chamber in size and weight is another
benefit resulting from this concept. The assembly/disassembly of the
plasma vacuum chamber is made by running a remotely-operated welder/
cutter a short way around the vacuum chamber in a space where the
water is normally filled. Technical issues associated with this con-
cept such as corrosion, tritium leak into the water, and failure mode
analysis are being assessed. A design study to develop the SPTR con-

(5)

cept to a commerclal tokamak power reactor (SPTR~-P) is in progress.
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An optional concept of utilizing water only as bulk shield in the

solid shield space of the FER without submerging the whole reactor in

a water pool is being studied in comparison with the FER and the FER-
SPTR.
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Table 1 Major Design Parameters

Power
Fusion power (MW) 440
Average neutron wall loading (MW/m?) 1.0
Operation
Burn time (s) 100
Duty factor (%) 5070
Availability (%) 2550
Plasma

Major radius (m)

Plasma radius (m)

Plasma elongation

Burn average beta (total) (%)
Plasma current (MA)

Average ion temperature (keV)

Ll = U

W U
w

Poloidal Field Coils (PFC)

Location
Conductor
Maximum field (T)

Average ionldensity (m=2) 4 x 10°%°
Energy confinement time (s) 4
Toroidal field on plasma axis (T) 7

Heating
NBL power (MW) 30
RF power (MW) 30

Impurity Control
Method double-null poloidal divertor
Power to divertor plate (MW) 45

Breeding Blanket
Structural material 316 SS
Breeding material Li,0
Breeder temperature (°C) 400 ~ 1000
Tritium breeding ratio 1.05
Coolant H,;0

Toroidal Field Ceils (TFC)
Number 14 W q
Bore (m) 6.1 x9.1
Conductor Nb4Sn, NbBTL
Maximum field (T) 12

external to TFC
NbTi
8
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11. Research and Development Activities Related to

First Wall/Blanket/Shield at JAERI

1. INTRODUCTION

First wall/blanket/shield comprising a torus system surrounding
a plasma are essentially important structures as a reactor core. The
development of first wall/blanket/shield techmolegies is, however,
behind that of technologies directly related to plasma development,
such as superconducting magnet and NBI and RF heating. In order to
develop first wall/blanket/shieid concepts it is required to establish
an engineering data base for their design and construction.

Among a number of important development areas are neutronics,
materials, and electromagnetic and thermomechanical engineering.
Current activities on these areas conducted at JAERI are described

in this paper, though some of them are in preliminary stages.

Blanket/shield neutronics requires an integrated approach consist-
ing of experiments, developments of computer codes and nuclear data
file, and comprehensive design efforts. Blanket/shield experiments
have started with the Fusion Neutronics Scource (FNS) Facility which is
an intense D-T neutron source recently completed., Various neutronics
computer codes have been developed for experiment analysis and reactor
neutronics design. A nuclear data file for use in fusion researches
is being developed among a series of JENDLs (Japanese Evaluated Nuclear
Data Library).

In order to develop the breeder blanket concept of the Fusion
Experimental Reactor (FER) it is important to timely select the most
promising one among.a number of candidate breeder materials and to
establish the requisite data base., Development activities of tritium
breeder at JAERI are focused on the solid Liy0 in view of tritium
release, breeding performance, safety and thermomechanical design of
blanket. Typical experimental results concerned with the blanket

design are described in chapter 6.

The structural material used in the FER first wall/blanket is
Type 316 austenitic stainless steel which has a relatively large data
base for a neutron fluence of about 3 MW.y/m? supposed in the FER
operation. Neutron irradiation tests with High Flux Isctope Reactor

(HFIR) and Oak Ridge Research Reactor (ORR) planned under the Japan-US
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Fusion Coorperation Program and irradiation test data from JOYO
(experimental fast breeder reactor in Japan) are expeéted to be avail-
able, Irradiation tests of welded materials planned in HFIR will
improve the current poor data base of this area. To improve the
austenitic stainless steel the development of the prime candidate
alloy (PCA) and five other candidates has been initiated. Their

fundamental materials properties were examined.

Various computer codes for eddy current analysis are described
in this paper. They were mainly developed for JT-60 and some of them
have been applied to the eddy current analysis for electromagnetic
force and plasma positional controllability in fusion reactor designs.
Small~scale experiments on magnetemechanical effects are to be con-

ducted in collaboration with the University of Tokyo.

Surface heat flux testing of first wall materials is planned.
The test facility to be installed is equipped with a 30 kW electron
beam system. On the other hand a test stand with a plasma generator
has been completed and experiments on thermal cycle of a divertor plate

will first of all start.

Finally the author would like to thank the following people for
their collaboration to prepare this paper: (1) Fusion Neutronics
Source Facitity - T. Nakamura (2) Evaluated Nuclear Data File ~
T. Asami and Y. Seki (3) Neutronics Computer Codes and Libraries -
Y. Seki, M. Nakagawa and T. Suzuki (4) Structural Materials - K.
Shiraishi (53) Breeding Material - H. Watanabe (6) Development of
Analysis Methods and Computer Codes for Eddy Current - S. Nishio
(7) Experiments on Magnetomechanical Behavior of Toroidal Ceoils and
Vacuum Vessel — K. Miya (the University of Tokyo) and A. Minato
(8) Surface Heat Flux Test Facility - Y. Murakami (9) Thermal Cycle

Test of a Composite Divertor Plate — H. Kawamura.
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2. FUSION NEUTRONICS SOURCE FACILITY

The Fusion Neutronics Source Facility (FNS) has a capability to
allow wide range of experiments with good accuracy by its various neutron
production modes and by a well-designed arrangement of target locations,

(1)

experimental equipments and ports

2.1 Experimental Facility

The FNS consists basically of a high current electrostatic deuteron
accelerator, tritium metal target assemblies, tritium handling and
processing devices, experimental equipments and a building which
plays an important role in experimental program with its shield struc-
ture and ports incorporated in it(z)(B).

The accelerator of 400 keV Cockcroft-Walton type has two ion
sources —-— for high and low current —, pre- and post-acceleration
pulsing devices and two drift tubes in the direction of 0° and 80° to
the axis of acceleration. Each beam transport lines lead to the
separate target room surrounded by thick concrete shield: a 15 mx15m
large target room #1 for the 80° beam line and a small 5 m*5 m target
room #2 for the 0° one. Four types of tritium metal target assemblies
have been prepared: LLL-type rotating, small-sized rotating, water-
cooled stationary and air-cooled stationary targets,

A variety of source conditions for experiments can be realized by
suitable choices in ion sources, beam lines, operation modes —— DC
and pulse — and target types, high intensity continuous source of
initial yield up to 5x10'% n/sec for a sample irradiation in target
room #2 or 2 ns neutron pulse with peak intensity of 10'% n/sec for
time—of-flight experiment in target room #1 for example. The performande
characteristics of the FNS generator is summarized in Table 1.

All tritium gas released from the target into the vacuum system
is transferred to a tritium removal and monitoring unit via leak-free
lines. Tritium containing exbhaust gas is once kept in a storage |
tank and then recirculated through a reactor for oxidation and a
molecular sieve dryer where tritium is fixed in the form of water.

The FNS is provided with a lot of experimental equipments as:
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1) a time-of-flight tube facility with detector stations at 11 m and
36 m, 2} a 25 %25 matrix structure where the experimental media are
assembled in various shapes and sizes, 3) a movable deck to carry
experimental system on and to locate it in a right position relative
to the target, 4) a dual rotatable measuring deck which bears a col-
limetor and a detector shield and rotates around the target from 0°

to 110° to the direction of d+ beam and 5) a pneumatic sample transfer
system between target and measuring rooms. The jillustration of the
main part of the FNS facility is shown in Fig. 1. Absolute source
yield is determined by measuring associated alpha-particles emitted to-
back angle with a small S8D incorporated in the beam line, Auxiliary

monitors are a long counter and Th-fission chambers.

2.2 Experimental Program

The experimental program is divided roughly in four categories as
follows:
a) Experiments on blanket and shield bench-mark systems
They are experiments on simple composition and simple geometry
systems to examine the nuclear data and the calculational methods in
a manner as straight-foward as possible. Detailed spectrum measurements
by using scintillation spectrometer and time-cof-flight method, and
detailed reaction rate measurement, especially of tritium production,
are major items. 14 MeV cross section measurements are also performed.
Target room #1 and 80° beam line is used for this purpose. The experi-
ments on Liz0 system have been initiated.
b) Experiments on modelled blanket and shield medules
A series of experiments on integrated assembly of first-wall,
breeder and reflector/shield is planned utilizing the experimental
hole commecting target rooms #1 and #2. This is expected to provide
experimental verification on the accuracy of nuclear calculation in
the current design work. A modelled module is set in or outside of
the experimental hole. Spatial reaction and dose distribution are to
be measured. Streaming experiment combined with this assembly is also

of interest.
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¢) Experiments on shielding making use of building structure
Duct streaming, deep penetration and sky-shine experiments can be
performed by using target room entrance tunnel, shield doors and vairous
experimental ports. In this case doses and/or spectra of neutron and
secondary gamma-ray are of major concern.
d) Experiments on induced activities
Experiments on induced activities of various materials used in fusion
reactor are planned to examine the results of the calculation code THIDA
which evaluates the shut-down dese in INTOR and FER designs. Samples are
irradiated directly in 14 MeV beam or inserted in the medium such as
Li,0 surrounding the target to vary the spectrum environment and result-
ant gamma ray spectra are measured for different combination of irradia-
tion time and cooling time.
These four categories are related each other and play complementary

roles,

2.3 Experiments

Two blanket and a shield experiments have been performed since the
initial D-T neutron operation in August 1981. Tritium production rate
and other reaction rate distributions were measured in a pseudo-spherical
lithium oxide system with a graphite reflector as the first in a series
of blanket benchmark experiment(z). The experimental arrangement is
shown in Fig. 2. Secondary, time-of-flight measurement conducted for
the angular-dependent flux spectra of the fast neutrons emitted from
the surface of lithium-oxide slab assemblies of different thickness.

A large-scale duct streaming experiment was performed by using a
personnel access tunnel to the target room; dose and spectrum distri-

"butions were obtained for neutron and gamma-ray in the duct. The layoﬁt
of the duct is shown in Fig. 3. Preliminary experiment on the beam
profile at the edge of the hole was under-taken. The cross section of
the experimental hole is given in Fig. 4. .

As a preliminary test, 316 S5 sample was irradiated in the inside
edge of TLi,0 blanket bench-mark system, and the results contributed to
the correction of inadequate gamma data library of THIDA.

The purpose of these experiments was to provide the experimental
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data used in examining the calculational techniques applied in the
prediction of nuclear performances in the FER design at JAERI(é).

Especially there has been no integral experiment data on lithium oxide
that is a promising candidate for bhlanket material due to high Li atom

density to achieve good tritium breeding gain, before cur experiments.
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Table 1 Performance characteristics of FNS

Acceleration voltage : 400 kV
Beam characteristics : i B béam line

DC Mode A beam line ] B beam line Pulse Mode Bunching Sweeping
Max., .
Beam current 23 mA 3.0 mA Pulse Width 1.6 ns 20ns-8us
Target type 23 cmd RT* HSWCST** Interval 0.5-256us 2-512us
’T amount 1,000 C; 25 C; Peak Current | 45 mA 3.0 mA
Max.
neutron Yield | 5x10%2 n/s| 5% 10! n/sl| On/Off Ratio 4 x10° 2x10° j

* ; Rotating Target, %% : High Speed Water Cooled Staticnary Target
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3. EVALUATED NUCLEAR DATA FILE

Japanese Evaluated Nuclear Data Library (JENDL) has been developed
by. Japanese Nuclear Data Committee and JAERI Nuclear Data Center. The
first version of JENDL, JENDL-1, which was released in 1977, has been
compiled to use mainly for fast-reactor development. The second ver-
sion, JENDL-2 has aimed for use in wider fields including fusion
researches, shielding calculations, etc., and its compilation is in
progress. It is scheduled to be released by the end of 1982. At the
same time a plan for the compilation of JENDL-3 has been completed.

The JENDL-3 will be compiled by the end of 1984, benchmark-tested by
the end of 1985 and released in 1986. It will contain some 180 nuclides
listed in Table 1. _

Main feature of the JENDL-3 are as follows.

( 1) The upper bound neutron energy will be kept at 20 MeV.

(ii ) The improvement of accuracy in data will have priority over
the increase in the number of nuclides to be stored.

(1ii) Gamma-ray production cross sections will be included.

(iv) The accuracy of high energy (10 -20 MeV) will be improved.
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4. NEUTRONICS COMPUTER CODES AND LIBRARIES

Fusion reactor neutronics R&D activities in JAERI are summarized
in Fig. 1. In Fig. 1, cross section libraries and computer codes
developed or under development are described with waved underlines.

Some of the activities are briefly described in the following.

4.1 PROF-GROUCH-G/B

A code system for generating group constants library as described

in APPENDIX 4.1.

4,2 GICX40
A 42-group neutron, 2l-group gamma ray cross section set for 40

nuclides of interest in terms of fusion reactor design.

4.3 BERMUDA-1DN and BERMUDA-2DN
One and two-dimensional neutron transport code using the direct

integration method in a multi-group model described in APPENDIX 4.1.

4.4 MORSE-DDX

Monte Carlo cede using multi-group double differential cross

section library described in APPENDIX 4.2.

4.4 MORSE-I
Monte Carle code which can treat toroidal geometry and with

improved point detector techniques as described in APPENDIX 4.3.
4.5 THIDA

A code system which calculated Transmutation, Hazard potential,

Induced activity, Dose rate and After heat.
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APPENDIX 4.1

BERMUDA-2DN : A Two-Dimensional Neutron Transport Code

Tomoo SUZUKI , Akira HASEGAWA ,
Toshimi MORI ,.Takeharu ISE

Japan Atomic Energy Research Institute

Tokali-mura , Japan

The two-dimensicnal neutron transpert code BERMUDA-2DN has
been developed from the one-dimensional code PALLAS-TS (BERMUDA--
1DN }. The main purpose of the present code is to analyze the
fusion blanket neutronics experiments for plane or ¢cylindrical

sssemblies, into which D-T neutrons are injected from the outside

along the z-axis. The time-independent transpert eguation is
solved for two-dimensional,cylindrical, multi-regional geometry
using the direct integration method in a multigroup model. In
addition, group-transference Kkernels are accurately obtained from
the double-differential cross section data, without the Legendre
polynomial expansion, but with the energy and scattering angle
correlation relatiocn.

A library file of group constants for the present code has
been prepared using a collapsing utility code CONDENSE-2DN from
the 120-group library of PALLAS-TS. Any group structure is avail-
able through this utility code to adopt user's reculrement. For
more consistent treatment of generating group constants library,
we are developing a code system PROF-GROUCH-G/B. This system
intends to furnish cross sections not only to shielding applicar
tions but also to core analyses or sensitivity analyses from
selected nuclear data through the Evaluated Data File Storage and
Retrieval Systems ( EDFSRS ) using the same procedures. The EDFSRS
is a general utility system for the world-wide evaluated nuclear
data files such as ENDF/B, ENDL, JENDL, UK and KEDAK.

For angular discrete ordinates, a set of fourty points are
selected over the hemisphere made by unit direction vectors. Not
only latitudes but alsc longitudes are taken into account in

calculating the weight of azimuthal angle of scattering. For the
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outer point source which is located on the z-axis ¢f the cylinder
or on the extension of the z-axis, the uncecllided (direct beam)
flux is initially obtained at each spatial mesh point in the point
kernel model. The £first collision source distribution with angu-
lar dependehce is determined by the uncollided flux. The transport
eguation is solved for this first collision source plus slowing
down source from upper graups,using iteration téchnique and neutron
rebalancing scheme. Thus the angular flux distribution is obtained
as the sum of the sclution and the uncollided flux values.

At an intense D-T neutron source FNS, measurements were per-
formed on the angular dependence of leakage spectra from Li,O0 slab
assemblies. A test calculation by the BERMUDA-2DN has shown to
represent fairly well the observed values.

A typical observed angular flux spectrum is shown in Fig. 1 aleng with
the calculated one. The measured source spectrum was used in the calcula-
tion. The experimental errors of energy and flux were estimated to be +4.7
% and -3 to +5 7 for systematic error, and +4.5 % and +(5 to 20) % for
random error, respectively. Though the results were compared absolutely
and there exist discrepancies partially, the calculational spectra agree
fairly well with the experimental ones in the whole. It is clear that the

BERMUDA code was demonstrated to be able to apply the fusion neutronics and
shielding calculations.

-3
c: io F T T T [ T | T_T T T T i T T T T i [ i i :
£ [ L0 Slab | g
= t=2024cm | ]
8 -4 = ° ; I
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Fig. 1 Typical angle-dependent neutron leakage spectrum in LiZO assembly
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APPENDIX 4.2

Development of Monte Carlo Code Using Multi—group
Double Differential Cross Section Library and Its Application

to Shielding Calculation for Fusion Materials

Masayuki Nakagawa, Takamasa Mori and Yukio Ishiguro
Japan Atomic Energy Research Institute, Tokai Establishment

Tokai—mura, lbaraki-ken, Japan

The anisotropy of scattering angular distribution plays an important
role in the neutron energy and angular distributions at the higher energy
region as encountered in fusion blanket neutronics. The conventional
multi—group methods using the P, expansion for the anisotropic scattering
sometimes significantly mispredict the neutron transport phenomena in the
materials with highly anisotropic scattering cross sections. The use of the
lowver order P, expansion of the angular distributions leads to negative
energy transfer matrices, hence sometimes to negative flux.

In order to overcome such problems, the use of the double differential
form of scattering cross sections(DDX) was proposed for the accurate
treatment of the energy-angle correlated kinematics by Takahashi et al..
The transport codes using this type of cross sections can treat accurately
the strong anisotropic scattering observed in the fusion blanket and
shielding materials. Investigations have been made for producing the
multi-group DDX library and applying it in the general Monte Carlo
transport calculations. A simplified form of the DDX has been derived to
produce the multi-group cross section library from the ENDF/B type nuclear
data file. The DDX library production code. PROF-DDX. has been developed

for neutronics calculations. This code produces partial cross sections,
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o7 . neutron . production cross section, Opr” , and energy-angle
correlated scattering probability matrix. I(u,g',g) , in the energy range
from 16.5 MeV to 0.32 eV. The scattering probability is calculated in a
fine mesh structure based on the collision kinematics. The angular mesh
points, ux . are taken to be 20 with an equal width Au . The anisotropy
of scattering is taken into account both fqr the elastic and the inelastic
scatterings.

The general purpose Monte.Carlo code, MORSE-CG has been modified to be
able to treat the DDX library as multi-group cross sections. In the random
walk routines., the energy and angle after a collision are determined by
using the probability table T{u.,g .g) which is calculated for constituent
materials. Since the scattering angle can be selected from the continuous
distribution, the ray effect is not observed in this methed. The
computation +time by the present method is comparable with that by the Py

expansion.

The availability of the DDX library and Monte Carlo method has
been examined by analysing the neutron spectra measured with use of
4 14 Mev neutron source in several materials by Hansen et al. In the
analysis, the results by the conventional Ps cross sections produced
by the SUPERTOG code and the present DDX have been compared with the
measured spectra. The present method shows significant improvements
for ’Li, graphite and oxygen, though the differences between two methods
are not so larger for heavy materials such as irom and lead. The |
‘analysis has been also carried out for the neutron angular spectrum
in Li,0 assemblies measured at FNS facility. The present method can

predict fairly well the measured spectrum.
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APPENDIX 4.3 Calculational Data and Methods Used in the Nuclear

Design of Fusion Reactors

Nuclear design(l) of INTORwJ(Z), the JAERI proposal for the International
Tokamak Reactor (INTOR)(3) has been carried out using one dimensional (1D)
Sy code ANISN(”), two dimensional (2D} Sy code DOoT-3.5¢5%) and three
dimensional (3D) Monte Carlo ceode MORSE-1(6). A 42 group-neutron 21 group-
gamma coupled cross-section library for 40 nuclides GICX40(7), which is
based on ENDF/B-TIT and 1V(®) for neutron data and POPOP4 Library(?) for
gamma-ray production data, was used.

The 1D calculations were used in preliminary calculations and para-
metric surveys on tritium breeding(IOJ and magnet shielding design.

Neutron and gamma-ray fluxes, radiation damage rates and nuclear heating

rate distributions were calculated with cylindrical models. -

Gamma dose rates after reactor shutdown were alse calculated using 1D
model and THIDA code system(ll). THIDA is a code system which calculates
Transmutation, Hazard potential, Induced activity, Dose rate and Afterheat,
It consists of the following: induced activity calculation code; activation
chain, activation cross section, radionuclide gamma-ray energy/intensity
and gamma-ray group constant files; and gamma-ray flux to exposure dose
rate conversion coefficients.

The 2D calculations were carried out to imvestigate the effect of
neutron streaming through the divertor channel. As a result, the streaming
effect is found to cause about two times as much nuclear heating rate in
the magnet than the case without divertor channel.

Poloidal distributions of 14 MeV neutron flux, helium production,
displacement damage and nuclear heating rates in the first wall system
were calculated(lz) using Monte Carlp transport code MORSE-1(67. The peak-
ing factors of 14 MeV neutron flux and helium production rate distributions
were found to be about 1.3 and those of displacement damage and nuclear
heating a little smaller. The peaks were always in the outboard side of
the first wall.

An élbedo Monte Carlo method was developed in order to evaluate the
neutron streaming through neutral beam injector (NBI) ports(ls). Preliminary
results of the evaluation suggest that nuclear heating and radiation damage
in the NBI seems to be tolerable but the induced activation necessitates
remote operation for the repair and maintenance of NBI components around

the ion source.
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The Monte Carlo Transport Code MORSE has been improved.
MORSE-1 is a revision of the MORSE-GG code(14), The following

improvements are made.

(1)

(2)

MORSE-I can treat a torus geometry which is represented by using
surface of fourth order while original MORSE-GG treats those which
can be represented by surfaces of seéond order. The number of

surfaces allowed in a block is increased from 17 to 35.(6)

Point-detector technique is improved

(2)-1 Computational time required is reduced significantly by the Score

Point Selection technique.(15)

(2)-2 Specular reflection boundaries can be used as symmetric boundaries:

Proper usage of this boundary also reduces computational time

practically.(ls)

(2)-3 Infinite variance is eliminated by the Small Density Perturbation

technique.(17)
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5. STRUCTURAL MATERIALS

The Research Committee on Fusion Reactor Materials in JAERI has
initiated an alloy development program to provide materials data for
reactor design by 1990. The program is divided into two phases ——
Phase I is the period extending to 1985 and Phase TT to 1990.

The alloy development for the first wall and blanket structural
materials is concentrated on austenitic stainless steel and a heat of
the prime candidate alloy (PCA) of about 1,000 kg was prepared for
testing in Phase I on the fundamental properties required for reactor
design study. The testing is being made also on five candidate alloys
to be a reference to the PCA in water-coolant enviromment; The PCA
might suffer from stress corrosion cracking in the environment.
Chemical compesitions of the candidate alloys are given in Table 1.

The five candidates (A to K in Table 1) alloys were designed to achieve
less susceptibility of stress corrosion cracking in water-coolant
environment.

All the alloys showed reasonable strength and good ductility as
expected in tensile testing up to 650°C. Short-term creep testing at
temperatures of 550°C to 650°C revealed that PCA had much higher strength
than Type 316 stainless steel in both solution annealed and cold worked
conditions. Yo serious problem was disclosed for weldability of the
alloys by Varestraint hot cracking and high temperature ductility tests.
All the alloys are now being heated to prove phase stability in the
temperature ranged from 400°C to 650°C.

As to the resistance to stress corrosion cracking in water-coolant
environment, PCA has been examined in parallel with the other alloys by
Streicher test, slow strain rate test (SSRT), electrochemical potentio-
kinetic reactivation method (EPR) and double U-bend test. Low carbon
alloys (C, J and K) showed naturally better resistance to integranular
corrosion in EPR test and stress corrosion cracking in double U-bend
test than the other alloys. Furthermore, the tests indicated that
increase in nickel and chromium contents and additiom of niobium were
beneficial for increasing the corrosion resistance. It is also evident
from the examinations that PCA can be used in controlled water-coolant
environment. The susceptibility of stress corrosion cracking for PCA

is continued to be examined with alloys K and C to evaluate endurance
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limit in the water-coolant environment.

In addition to the corrosion study, the examination for establish-
ing the welding procedure of PCA and fatigue testing at temperatures of
300°C to 500°C are planned in the nmext fiscal year. The prime canadi-
date .alloy is also planned to be irradiated in HFIR and ORR under US-Japan
fusion energy collaboration program, to obtain data for evaluating the
lifetime of the first wall as a function of operating temperature by the
end of Phase II. Tensile test, testings on fatigue properties and micro-
structural observations are inc%uded in the post-irradiation examination.
In-pile creep test with pressurized tubes will also be carried out in ORR.

Irradiation test data from JOYO are expected to become available
from a program done in cooperation with Power Reactor and Nuclear Fuel
Corporation. The integrity of the PCA as a structural member is intended
to be verified in Phase II, and materials data needed for reactor design
are expected to be documented in a materials handbook. FMIT is desired
to supply high energy neutron damage data by the end of Phase II.

On ferritic steels, scoping study has been started in relation to
development of wrapper materials in fast breeder reactor. Selection of
the prime candidate alloy is scheduled to be made by the end of Phase I,
and irradiation tests will be performed in Phase II. For advanced
alloys beyond austenitic and ferritic steels, fundamental studies are

left to unlversities and other govermmental laboratories.

Table 1 Chemical compositions of candiate alloys (wt %)

alloy C 5i Mn P S Ni Cr “ Mo Ti Nb B N
PCA 0.06 0.33 1.79 0.027 0.009 16.22 14.51 2.37 0.24 - 0.0035 -
A 0.05 0.52 1.55 0.018 0.007 16.2 16.1 2.6 0.25 0.12 - 0.004
B 0.06 0.49 1.54 0.016 0.006 16.2 16.2 2.6 0.24 0.21 - 0.005
¢ 0.02 0.5 0.5 0.015 =0.01 16 16 2.5 0.25 0.1 - -
J  0.02 0.51 1.47 0.015 0.005 15.92 15.96 2.52 0.296 - - 0.003
K ©0.02 0.48 1.46 0.015 0,005 17.56 17.99 2.6 0.298 - - 0.004
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6. BREEDING MATERIAL

Studies of physical and chemical properties and irradiation
behavior have been carried out since 1975, in order to clarify the
feasibility. These studies have included many principal aspects for
the characteristics of Li,0. Recent works for preparation, physical
and thermodynamical properties, compatibilities and tritium release

(1)

behavior are described below .

6.1 Preparation of Lithium Oxide Pellet

Sintered Li,0 ﬁellets with various kinds of density (84 to 98 X%
TD) and grain size (5 to 100 um) were prepared by a presssintering
method at a certain temperature of 1373 to 1623 K as shown in Fig. 1(2).
In this preparation, Li»0 powders were produced by thermal decomposi-
tion of Li,C0; as a starting material. Occasionally Lis0 powder was

purchased.

6.2 Physical and Thermodynamic Properties

The high‘thermal conductivity is one of advantages of Li,0 over
the other candidate solid breeding materials as shown in Fig, 2. The
thermal diffusivity of Li,O pellets having the wide range of density
(70.8 to 93.4 % TD) was measured using a laser pluse method in the
temperature range from 473 to 1173 K(B). The porosity dependence of
thermal conductivity was fitted with the modified Maxwell-Eucken
equation and Loeb equation.

The heat capacity of Liz0 was measured in the temperature range
from 306 to 1073 K using an adiabatic scanning calorimeter(4). The
heat capacity equation obtained by the least squares method was shown

below,
cp = 75.24 + 9.55 x 103 T - 25.05 x 10° T™? (J/mol-K).

The thermal expansion of zbne—refined crystals (100 % TD) and

sintered pellets of Li,0 was measured in the temperature range from
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298 to 1273 K. The thermal expansion coefficlent increased with density
above 87 % TD. The thermal expansion curve for the fused Li O single
crystal is shown in Fig. 3(a) and for the sintered samples in Fig. 3(b)(5).
The solubility and diffusivity of hydrogen in Li,0 have been
measured by an equilibrium-quenching and hot-extraction method(6).
The disseclved amount of hydrogen in Li,0 was found to be proportional
to the square root of hydrogen pressure, according with Sivert's law.
The dissolved amount was measured to be (6’\111)><10_5 atom mol_l-atom“l/z,
which was equal to 274 wppm at 1 atm, in the temperature range from
770 to 970 K. This result suggests that the dissolved state of hydrogen
in Li,0 lattice is not molecular but atomic or iomic. On the other
hand, hydrogen is confirmed to be scarecely dissolved in the form of
atomic state, according to an electron spin resonance measurement(7).
The diffusion coefficient of hydrogen was determined to be from
5% 107%% to 107!° m?/sec in the temperature range from 850 to 1050 K,

and its activation energy was 34 KJ/mol.

6.3 Compatibility

(1) He ion backscattering spectroscopy study

In order to get fundamental knowledges of compatibility, each
surface reaction of Liz0 pellets coated with Fe, Cr and Ni which were
typical elements of candidate container materials, was studied(s).
Specimens were heated in vacuum in the temperature range from 770 to
1070 K for 600 to 3600 sec. Depth profiles of coated elements in the
specimens were determined by He ion backscattering spectroscopy using
a 2 MV Van de Graff accelerator at JAERT. 1In the case of the pellets
coated with iron, the formation of a more volatile product LisFeOu
was observed, which has been confirmed to be produced by a reaction
between Lio0 and Fe in the compatibility test.

When Li»Q pellets coated with chromium were heated above 870 K,
chromium layer was oxidized to form Cr»0, at the surface by residual
oxygen in vacuum during heat treatment. From the relationship between
the thickness and heat treatment time, the formation of Crz0sz or
LiCr0, layers was found to occur by a diffusion-limited reéction.

In respect to the spectra of Li,0 pellets coated with nickel,
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the width of nickel peak increased with heat treatment time above 820 X,
while the hight of the peak reduced, resulting in consefvation of the
area of nickel peak. 1In the compatibility test between Li,0 and nickel
described in (2), no reaction product was found below 1023 K by X-ray
diffraction. This fact and nickel peak-broadening with time suggest
that nickel atoms diffuse in Li,0 were determined to be about 3x10"1°®

and 7 x 10719 m2/sec at 920 and 970 K, respectively.

(2) Compatibility test

The reaction of sintered 1Li,0 discs with several commercial heat
resistance alloys (304 SS, 316 SS, Incoloy 800, Hastelloy X-R and
Inconel 600) has been dnvensitigated under static He gas atmosphere
of 3.3x10" Pa in the temperature range from 773 to 1023 K(g). The
temperature dependence of the weight gain of alloys is shown in Fig. 4.
The weight gain of alloys was proportional to the square root of reac-
tion time, which is known as the parabolic law, as shown in Fig. 5.
In the case of 304 S8, 316 SS, and Incoley 800, the weight gain of
these alloys was higher than the weight loss of corresponding Liy0
discs. Such an excess weight gain may be attributed to oxidation of
alloys by oxygen exsisting in the surrounding as an impurity. As shown
in Fig. 4, the reactivity of Incoloy 800, 304 88, 316 SS, Hastelloy
X~-R and Inconel 600 decreased in turn in the temperature of 773 to
1023 K.

In contract with the Fe-Ni-Cr alloys, Ni metal did not react

with the sintered Li,0 discs. It was confirmed that Ni plating on
316 SS improved the compatibility(lo).
(3) Reaction of Li,0 with moisture in He atmosphere

It is important to clarify the effect of meisture in He purge gas
on the chemical stability of Liy0, as Lip0 is very hygroscopic. It is
pointed out, recently, that the amount of vaporization of Li,0 in He
atmosphere containing moisture is not negligibly small for design of

(ll). The weight change of Lip0 powder at high

tritium producing blanket
temperatures has been measured using a thermobalance in the flowing He
gas containing various amounts of moisture. Outline of the experimental

apparatus is shown in Fig. 6.

Figure 7 shows the partial pressures of water vapor above LiCH
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and Li,0 as the present work (A)}. In addition, the equilibrium pressures
of water vapor above LiOH and LiO0 which have been measured by an effu-
sion metheod using Knudsen cell, are shown as the present work (B).

These value of our present work (A} are lower than ones of Gregory et
al.(lz)

The apparent vapor pressure of Li 0, which is calculated by using
the transpiration method, are shown in Table 1. Since our experiment
does not satisfy the condition keeping the saturated vapor pressure
around specimen, the rate of vaporization loss seems to be larger than
that of Tetenbaum(ll).

Vaporized substances from Li»0 powder were observed to be mostly
deposited on the surface of nickel foil lapped inside a quartz tube,
and did not deposit on the cold parts of the quartz tube. Since the
region of nickel foil is kept at high temperature enough to decompose
LiOH, the precipitates of LiOH does not retain. There may be no problem

that the vaporization of Li,0 under He atmosphere containing moisture

affects the tritium inventory.

6.4 Tritium Release

As summarized in Table 2, the tritium produced in Liz0 by the *Li
(n,o)T reaction was released mostly in the form of HTO through heat
treatment(l3)qj(l6). The irradiated materials were heated under vacuum
for 20 min at each temperature, which was raised stepwise from 473 to
870 K at 100 K intervals. The following facts are noticed in this table:
(1) The HTO fraction released from Liy0 powder decreased with increas-
ing neutron fluence (nvt) and inversely the HT fraction increased.

(2) The HT fraction from the sintered Liz0 pellet (76.5 % TD) was
larger than that from the powder and the percentage of tritium retained
in the pellet was higher than that in the powder. (3) The distribu-
tion of tritiated species released from LiOH powder seemed nearly
independent of the neutron fluence and the HIO fraction was larger

than that of Li,0 powders.

The diffusion coefficients for tritium in Liz0 powder irradiated
to 8.1x%10'% n/cm? and in the pellet irradiated to 5.4 x10°% n/em? are
shown in Fig. 8 in comparison with those obtained for Li,0 powders by

(17) (18)

Guggi et al. and Vasilliev et al.
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From a series of studies on the chemical behavior of tritium in
Liy0, a tritium release scenario is conclusively written as follows:

In Lio0 containing no protium impurities, tritium atoms or ions pro-
duced by the ®Li(n,a)T reaction are trapped as interstitials in the
crystal. The LiOT formation at the initial recoil events is also con-
ceivable, although the contribution of high energy or hot reactions of
tritium in Li,0 is still a subject to be investigated further. During
heat treatment the interstitial tritium migrates through the lattice
outward and leaves the crystalline surface principally in the form of
T;. In the practical case, however, protium impurity (LiOH) is present
in the vicinity of the surface and the interstitial tritium must be
substituted for H, turning into LiOT before leaving the surface. Hence,
almost all tritium produced in Li,0 is released in the form of HTO(g)
and diffusion of tritium éppears to be a rate-determining step.

In-pile experiments with in-situ tritium recovery have been
identified as onme of high priority items. At present in-pile tests are
planned in thermal neutron fluences of 10%%® and 10%° n/cm? using the
sweep gas capsules in order to elucidate a radiation effect on the
tritium release process and tritium inventory at the steady-state. The
flow diagram of the in-pile tritium release experiment is shown in

Fig. 9.
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Table 1 Apparent vapor pressure of LiZO in He flow

- _ Anparent vopor prﬂssurp":" ctm
Vppom H.0 in He
73K | 1273K
12 30x10°5 | 1.7 x 107
| 30 4.7x10° | 1810
) 6. 6 et ER3
s 1.8 x10 |(1isoonf crIZSBKJ
250 3.2x10% | 9 ¢
- -5 l. O ] IU*XX
420 3.7 x1C , (440pom. gt 1263K])

% Calculated wusing the franspiration eguation

P={w/u)

JIRT/M)

: the rate of weight loss (g/min)

W
u : He flow rate
RT 1224 x10° cm®

(cm*/min)
- gtm / mol

M : molecular weight of Li,0, 20g/mol

% % Values measured by M.Tetenbaum et af.

Table 2 Distribution of tritiated specles released from neutron-
irradiated Li,0 heated up to 870 K under vacuum
Material Neutren fluence Distribution of tritiated species (%)
em™? HTO HT CH,T  CpH, T Retained in
(n=1,2,3) material
1i,0 powder 5.4 x 1017 99.1 0.4 0.1 0.2 0.2
3.6 x 1018 98.0 0.9 0.9 0.1 0.1
8.1 x 10t8 97.6 1.8 0.4 0.1 0.1
8.9 x 107 93.4 5.6 0.7 0.1 0.1
Li,0 pellet 5.4 x 10'5 95.4 3.5 Q.5 0.03 0.6
{76.5 %TD)
LiOH powder 3.6 x 1016 99.4 0.3 0.1 0.2 0.01
8.9 x 1017 99.1 0.8 0.1 0.01  0.03

The samples were heated for 20 min at each temperature which was
raised stepwise from 473 to 870 K at 100 K interval.
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7. ELECTROMAGNETIC ENGINEERING
7.1 Development of Analysis Methods and Computer Codes for Eddy Current

7.1.1 Lumped constant circuit method

(1) RING-I

This code is for determining transient current distribution on a
vacuum vessel of tokamak device which has no electric insulation in the
toroidal direction. The vacuum vessel is treated as many toroidal
conducting rings connected electrically with their mutual inductance.
The current distribution (except saddlelike current) on the vacuum vessel
ig determined from the currents of these rings by solving the circuit
equations. By this method, the current distribution of a vacuum vessel
with arbitrary cross section can be obtained. The ring model of wacuum

vessel is shown in Fig. 1 and the circuit equatiomns can be expressed

as follows.

¢, . .
Ve = < z (Mijj + Mkjlj) (1)
¢k = Mijj (2)
by = ka dt (3)
v, +RJI =0 (4)

And the symbols in above equations are as follows.

Mkk ; self inductance of ring k

« mutual inductance {(k and 1)

Mkj 5

Ik ; current of ring k

Rk ; resistance of ring k
v

¢

one—turn voltage of ring k

.
1 ]

; linkage flux of ring k
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(2) RING-II

This code is for easily evaluating the shell effect for passive
control in the case of vertical.plasma displacement., This function is
added to RING-I. The vertical plasma displacement is expressed by using

a dipole current model which is shown in Fig. 2 as follow.

AS = 2a &6Z (5)
p
e B oas M s ©®
dt PR} = S5t
ma ma
P P

(Uniform plasma current Ip is assumed)

where

a_ 3 plasma minor radius

8Z ; vertical displacement
8t ; spent time for OZ

AS ; area of shadow

I, ; dipole current

(3) TOKAMAK crrcorT D

Tn this method, the MHD equilibrium theory is taken into the frame-
work of circuit equations. By this method, it is possible to carry out
the simulation of the horizontal plasma position, plasma cross sectiom,
poloidal magnetic field and the current in the plasma channel and
tokamak components through all phase of the discharge: current build-
up, flat top and shut down phase. For course it's easy to calculate the
induced eddy current at the plasma disruption phase.

This simulation is useful both in the analysis of plasma behavior
and in the design of the feedback system of the plasma current, posi-
tion and shape. The magnetic flux functions and equations describing
the plasma motion and shape are derived from the MHD equilibrium
theory(z). A model of plasma and vacuum vessel is shown in Fig. 3.

The flux function can be easily expressed by currents in the components.

For example, the flux function wp by plasma is given by
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8R R -R
P =R Mol (Rn-;JB -2+ pr' cosw)
u L8
UoI 8R T 2 1
- Pr1-gn-—E - B (4 +3] r cosw (7)
2 r 2 1 2 u p
u I'u

(in the first order approximation of the expansion in the

inverse aspect ratio)

I ; plasma current

]
1

8, + 4;/2-1 X
8 ; poloidal E

. 3 internal inductance

An equation which governs the plasma motion can be readily derived

from the flux function following the procedure given by V.S, Mukhovatov

and V.D. Shafranov(z).
uOIp 8R 1
~j§w-(£n ::B + Al - E) + ZWRPBZ = { (8)

Similarly, the equation describing the shape of plasma 1is

3r? 8R 5 Al. r3 r 8R 1
& +—E (S&n—r—E A A £ Al - H% (Qn'r—P—“:2'+ Al)n= 0 (9)
4R2 p R2 R p
P P P

where

B ; vertical field
& 9B

n ; n-index =@ = -] R 2]
o BZ 3R "R=R

while, i is set as the current on the vacuum vessel with circular
u

cross section.

I 1 I

. . . . - u u
i =1 + i cosw+ 1 cos2w = 0 4+ —X crosw +
u un ul uz ZTTru 2r

up

cos2w
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iu ; uniform current density
0

iu ; dipole current density
1

iu ; quadrupole current density
2

3 in TOKAMAK CIRCUIT enables us to consider the saddlelike

A further study
current if the saddlelike current have been obtained beforhand.

Similary, the flux functions due to poloidal field coils can be derived.

7.1.2 Distributed constant circuit method

The computer codes of EDDY series have a common theory (method).
This method for analiying the eddy current in thin conductors is named
'"Finite Element Circuit Method'. The thin conducter is divided into
finite elements and the current potential on each element is defined.
Electromagnetic coupling constants between current potentials at
‘respective nodes are calculated by energy integral. The circuit
equations are calculated by eigen value analysis. The method is easily
applicable to conductor of any shape, especially the vacuum vessel,
with no limitatioen by the aspect ratio and the uniform resistance.
For example, the bellows of vacuum vessel are assumed to be anisotropic
conductive plate.

In order to calculate the eddy current on the pericdically symmetric
torus with arbitrary shape, EDDYTORS and EDDYACT were developed(h).
The conductive torus is assumed to be made of infinite thin plate with
equivalent surface conductivity to the actual torus. Plasma motion
can be simulated by employing the dipole current model in Fig. 2, i.e.,
MHD equilibrium model as described in TOKAMAK CIRCUIT. Here, the
bellows of vacuum vessel is also assumed to be unisotropic conductive

plate.

Among EDDY-series computer codes the following EDDYMULT and
EDDYARBT are the most advanced.

i) EDDYMULT(S)

To the demands from a numerical design and control analysis of
plasma position, current and its shape, intensive efforts of numerical

and analytical eddy current studies have been made in JT-60 project.
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Current analysis in JT-60 multi-torus system has been made using
the numerical code EDDYMULT which was newly developed at JAERI.
Taking into account of the mutual coupling between a vacuum vessel,
toroidal coils, support plates and a central column, the eigen func-
tions of eddy current defined in the entire multi-torus system are
obtained by the method of modal analysis(7).
In order to confirm the validity of EDDYMULT the model experiments
were carried out in a simplified torus plate model illustrated in Fig. 4.
The torus consists of rigid and bellows sections each of which is
made of copper. Radial distributions of toroidal eddy current along a
middle line of rigid section are shown in Fig. 5. The numerical results
are in good agreement with the experimental values.
ii) EDDYARBT(6)
The numerical method for analyzing transient eddy currents on thin
conductors with arbitrary connections and shapes was developed. The eddy
currents are described by current functions and discretized in the
usual manner of the finite element method. This code is effectively
applied to a torus system comprising multicomponents by analyéing
simultaneously eddy current distributions on individual compenents.
In particular this method is efficient to analyze the eddy currents on
complicated conductor structures. The EDDYARBT has been applied to
a electromagnetic design of fusion reactors (FER, commercial reactor
and INTOR-J) having belljar-type cryostat, shield, blanket and first
wall.
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R

Fig. 1 Ring model of vacuum vessel

vessel

Fig. 2 Dipole current model

ru£

‘Fig. 3 Model of plasma and vacuum vessel
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7.2 Experiments on Magnetomechanical Behavior of Toroidal Coils and

Vacuum Vessel
7.2.1 Objectives

Among many engineering problems relating to the technology of
Tokamak type fusion reactor, an achievement of viable structural design
of its first wall is indispensable with regard to a preotection of the
first wall against a plasma disruption, a deterioration of fracture
strength by neutron irradiation and sputtering and erosion by plasma
particles.

The plasma disruption accident is the most crucial problem to the
viable design of the tOkaﬁak type reactor among the three at the present
time when an effective way to prevent it has not been demonstrated yet.

The experiment to be performed in the near future is closely
related to the plasma disruption accident and dynamic deformation of
the first wall due to electromagnetic stress is measured to verify the

theoretical analysis based on the FEM code,
7.2.2 Contents

(1) Experiment

The experimental devices consist of an 8 coil full torus and a
vacuum vessel, which are shown in Fig. 1. The vacuum vessel has four
electrical cuts in one case to generate a saddle shaped eddy current
and has no cut in other case to generate a loop current. A toroidal
field at the axis is about 0.2 Tesla. 10 turn wires are set at the
center of the vacuum vessel to simulate the plasma current changé.
The current is supplied from the 18 kJ condenser bank with the maximum
peak current of around 2% 10° A and a pulse width of about 200 usec
(Fig. 23}.

The dynamic deformation is measured with use of a displacement

bar and shielded strain gages.

(2) Numerical analysis
The computer code already available such as SAP is used to analyse

the experimental results. And the experimental results are also analysed
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by a new FEM code of which originality resides in an application of

Kantrovich method.

7.2.3 Goals
The followings are revealed throuth the present theoretical and
experimental investigation.
(1) A validity of the computer code
(2) An experimental technique for dynamic deformation measurement
under transient magnetic field

(3) Key features of structural design og the first wall
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§. THERMOMECHANICAL ENGINEERING

Surface heat flux testing of first wall materials is planned.
A 30 kW electron beam system will be included in the surface heat flux
test facility. On the other hand a test stand with a plasma generator
has been completed and experiments, first of all thermal cycle tests

of a divertor plate, will soon start.

8.1 Surface Heat Flux Test Facility

Surface heat flux on component materials surrounding a plasma and
its duration time largely depend on the plasma operation. Ranges of
heat flux and pulse length cbvering JT-60, FER and INTOR are shown in
Fig. 1. The capabilities of the test facility planned are depicted in
Fig. 2. Objectives and specifications of the test facility are as

follows.

Objectives
Thermal-hydraulic and thermomechanical testing of various candidate
first wall materials {(and components) with emphasis on surface heat
load and heat load transient (such as during plasma disruption)

effects.

Specifications

Vacuum System

» Vacuum chamber diameter 1.0 m

+ Vacuum chamber length 1.5 m

* Pumping system Turbomolecular pumps & tryopumps
* Base pressure < 107° Torr

Electron Beam System

+ Max. power on target 30 kW
* Beam diameter <1lcm
* Scan rate Very fast

« Max. scan length on target 8 cm
{(z-v plane)

Diagnostics IR camera, thermocouples, etc.

Heat Removal System
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8.2 Thermal Cycle Test of A Composite Divertor Plate

A thermal cycle test of a divertor plate is prepared. The wall
is made of a composite solid of Cu and W. A question has been raised
whether such a composite solid can endure to thermal cycles or not..

In this test, a brazed test piece of 5 cm in diameter is set up
in a plasma flow conduit of 9 ¢m in diameter. It is heated by am Ar
plasma as shown in Fig. 1. The other side of the test piece is cooled
by an impinging jet of water.

Figures 2 and 3 are photographs of the plasma generator and the

plasma flow conduits, respectively., The performance of the Ar plasma

is
Ar gas pressure 10 atm (guage) max.
Ar gas flow rate 1.6 -20x%10"2 kg/s
mean temperature of plasma 2500 — 8000 °K
power source 240 kW.

An average heat load of 2 MW/m® has been obtained over a test piece

2

surface of 20 em® in area. The plasma is discharged automatically in

repeated pulses.

Photographs of the test pieces are shown in Figs. 4 and 5. Cu and
W of the composite solid was brazed by two methods; by the silver-
brazing and by the nichro-brazing

High heat flux removal tests are being conducted; and the thermal

cycle test will be started in November 1982.
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rlasma flow conduits

3

Fig.

2 Plasma generator

Fig.

x:,
B g w s e .
BEHAS F Fow s o ooon
¥ HELLE EE KK «
G BH BB E S EE P et g s .
Il B Y FRBERERE £ a3 5 onow
BB E I REEE B g Lo h o
SR EPERRER B L ooy o
X ELEES ERE R

leces

Test pi

5

Fig

in

t up

lece se

Test pi

4

Fig

a flow conduit



JAERI—M 830056

Appendix { View graph presented)

RELATED DIVISIONS FOR FUSION BLANKET RESEARCH AND DEVELOPMENT AT JAERI

—lFusion Reseorch and Development Cenfer J . F{Div. of Nuclear Fuel Research ]
Div. Lerge Tokomok Development ? _[ Physical Melaliurgy Lab. I
Fusion Reactor System Luab. ] ' -—-fFuel Property Lab. ]
Div. Thermonuclear Fusion Reserch I —{Molien Matericl Lab. [

Plasme Engineering Lob, I

Div. of Radioisoiope Production ]

Tritium Engineering Lab. ]

Production Development Section I

r-{[}iv. of Reactor Engineering ]

Div. of Physics ]

——{Fusion Reactor Physics Lob. I

Accelerators  Section l

—{Reoclor System Lab, l

! Shielding Lab, |

Nuclear Data Center ]

| Japanese Nuclear
Data Committes

Div. of High Tempercture Engineering I

Heat Tronsfer Lab. |
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III. Outline of FER Blanket Concept

The outline of FER blanket concept is introduced. The reference
blanket design is given in Section 3.1 followed by two alternatives in
3.2. Tritium breeding ratio for the reference design is discussed in
Section 3.3, thermal and mechanical design in Section 3.4 and the effect
of vertical position stabilization measures on the tritium breeding ratio

is discussed in Section 3.5.

3.1 Reference Blanket Design

Design philosophy for FER blanket is summarized in Table 3.1. Key
features of the reference blanket configuration are described in Table
3,2. The overview of the outer blanket and its cross sectional view

are shown in Figs. 3.1 and 3.2, respectively.

3.2 Alternative Blanket Design

The key features of the reference and alternative blanket designs
are compared in Table 3.3. Since the alternative A design has tritium
breeding blanket only in the outboard portion, the tritium breeding ratio
is 0.69. Key features of alternative blankets are summarized in Tables
3.4 and 3.5 and are shown in Figs. 3.3 ~v3.12. The alternative A design
is similar to the reference one except for the employment of Pb multi-
plier. The alternative B design contains Li,0 pellets in tank type
blanket vessel separated by cooling channels. Heavy water is used to

cool lead blocks to increase tritium breeding ratio.
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3.3 Tritium Breeding Ratio for the Reference Blanket

Tritium breeding ratio (T) calculated with one-dimensional (1D),
two-dimensional (2D) and three-dimensional (3D) models are summarized in
Table 3.60.

From the results of 1D calculations, T is evaluated to he in the
range of 1.05%v1,08. For the model without the NBI port, 2D and 3b
calculation give T of 1.053 and 1,037, respectively. The small
difference between the 2D and 3D results is mostly due to the differ-
ence in the modelling of the outboard blanket.

Since the NBI port exist only in the 2 out of 7 sectors of the
blanket, while the 3D calculation assumes an NBI port for each sector,

the actual T is evaluated to be,

% x 1.002 +%x 1.038 = 1.028 .

3.4 Thermal and Mechanical Design

Thermal and mechanical design has been conducted based on 1D
or 2D finite element method analyses. The thickness of the first
wall and the blanket wall facing the plasma side is made as thin as
possible so as to obtain tyitium breeding ratio greater Fhan 1.0.

Two types of the first wall are designed. One is the integral
type with the blanket wall and the other is the separated type from
the blanket wall.

The blanket wall is designed as to endure the pressure of purge
gas in tube-in-shell type or to endure the pressure of coolant in tank

type. The pressure and temperature of the coolant are held at low level.
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The temperature in Li0 regiom is controlled with helium gap.
The life time of the blanket is dependent on the erosion and

melting rate of the first wall.

3.5 Shell Effect Enhancement

The shell structure made of electriec conductor shown in Figs. 3.12
and 3.13 is proposed as a mean -to stabilize the vertical motion of the
elongated plasma. The change in tritium breeding ratio caused by the
introduction of such a shell structure is evaluted by 1D and 2D
neutronics calculation for various type of shell structure made of-

Cu, Be and Pb. As a result, the one employing the combination of Pb

and Cu is shown to give the largest tritium breeding ratio. (Fig.3.14)

Further optimization is in progress.
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Table 3.1 Design Philosophy of FER Blanket

g Tritium generation for fuel self-sustaining
Q Inésitu, continuogus tritium recovery

a Non electricity generatiaon

o Adeguate life time

o Simple structure

Table 3.2 Key Features of Reference Blanket Configuration

Tube-in-Shell Type — Poloidal Axis for Coolant
( simplest structure ) Breeder : Li,C small pebble
Neutron Multiplier : none
Neutron Moderator ¢ none
Integrated First Wall
Tube-Panel Type Toroidal Axis for Coolant
Low Temperature Coolant —— HZD :  60/100°C

Helium Gap and Ceoolant Tube Arrangements for

Temperature Controll —— 400°C ~1000°C
{ Nominal 450~700°C )

Helium Gas Purging for Continuous Recovery of Generated

Tube

form

Tube

Tritium
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Table 3.4 Alternative Blanket A

Blanket : Tube in Shell

First wall ¢ Integral with blanket wall, panel
of rectangular cross section

tubes with groove., (Fig. 3.3)

Multiplier : Pb (5 cm), both sides cocling
(Fig. 3.4)
Blanket wall : Partition plate with coolant channel

to cool lead and to sustain the

purge gas pressure.

Temp. Control in Li,0 : Helium gas with spacer ring
(Fig. 3.5)
Evaluation : thermal stress, mechanical stress

by helium purge gas, electro-

magnetic force (Fig. 3.6)

Sector of blanket/shield : TFig. 3.7

Table 3.5 Alternative Blanket B

Blanket : Tank type (Fig. 3.8)

First wall : Separated from blanket wall,
SiC armor bragzed to Al.

(Fig. 3.9)

Multiplier : Pb (5x5 cm square pillar)
All sides cooling (Fig. 3.10)

Blanket wall : Ribbed panel to sustain the
coolant pressure (1 MPa)
(Fig. 3.8)

Evaluation : thermal stress, mechanical stress

by coolant pressure

Sector of blanket/shield : Fig, 3.11
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Table 3.6 Comparison of Calculated Tritium Breeding

Rate of the Reference Blanket

Inboard Qutboard Total

Blanket Blanket ota

Calculational Model

Tein T?in Tin cout 70Ut Tout T

———— —— 0.286| — —_— 0.733] 1.02

—_ — 0.355| — e 0.728 1 1.08

1.05
0.353] 0.100) G.453] 0.388 | 0.213 | 0.600 | 1.053
0.308 1 0.096 | 0.404 | 0.186 | 0.080 | 0.266 | 0.670
3D w/o NBI Port 0.353 ] 0.100 1 0.453 | 0.392 | 0.191 ; 0.583 1.037
3D with NBI Port 0.361 ] 0.101 | 0.462 | 0.361 | 0.180 [ 0.542 {1.002

1D :
2D
3D

one-dimensional calculation by ANISN

two~dimensional calculation by DOT-3.5

three-dimensional calculation by MORSE-I
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Fig. 3.4 Lead multiplier zone of alternative blanket A
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Fig. 3.5 Cooling tube structure of alternative blanket A
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Fig. 3.7 Schematic of blanket/shield concept (blanket A)
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Fig. 3.13 Structure of rectangular shell
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Neutronics Design of FER Blanket/Shield

Subjects of this presentation are as follows:

Requirements for neutronic design of FER

Tritium breeding ratio (TBR) calculations

TBR parametric survey

Inboard shield considerations

Outboard shield consi&erations

Penetration shield considerations

Neutronics considerations of the Swimming Pool-type Tokamak

Reactor (SPTR)

Neutronics Requirements

Table 4.1 Major Requirements for FER Neutronics Design

Net TBR greater than 1.05

(Local TBR greater than 1.15}

Sufficient shielding for superconducting magnets (SCM)

Cu~dpa rate < 5 x 107° dpa/yr®

SC fast neutron fluence < 2 % 10*® prem™?/10 yr¥
Nuclear heating rate < 107% Weem 3%

Epoxy absorbed dose < 3 x 107 rad/i0 yr*

Total nuclear heating rate < 10 kW¥

% Values being re-evaluated

Sufficient shielding for personnel access after shutdown, 2.5 mrem

outside the outboard shield one day after shutdown
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2. TBR calculations

O (Calculational Method

GICX40 Library  —-———- 42n-21Y from ENDF/B-3, 4
1D -——- ANISN

2D ==~ DOT-3.5 DOT-DOMINO-MORSE

30 ——- MORSE-I

Induced activity ——-—— fHIDA code system

O Calculational Model

Fig. 4.1 —=——- 2D Model
Fig. 4.2 ————— 3D Model
O TBR results —-———- Table 4.2

If 7Li(n,n'a)t cross section evaluated by P.G. Young is used,

T decreases by "37%Z.
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3. TBR Parametric Survey

Use of multiplier (s) Pb, Be  -———- Fig. 4.3
Reduced 1lst wall thickness = ——=== Fig. 4.4
Pb + (Pb + Lio0) mixed zone 0 6———w== Fig. 4.5
Pb + (Be + Liz0) mixed zone - —==== Fig. 4.6

(Be + Liz0) mixed zone

ist wall and/or blanket coolant ——-— He, D,0, H,0
Blanket thickness = ———== Fig, 4.7

®Li enrichment (Pb-multiplier) ————— Fig. 4.8

®1i enrichment (Be-multiplier) = =——-= Fig., 4.9

Pb thickpess ——=—= Fig. 4.10

Be thickness  ————= Fig. 4.11

Be volume fraction Pb + (Be + Lis0) -———- Fig. 4.12

Relation of TBR and Blanket Complexity (Cost) —-—-—- Fig. 4.13

Recommended actions in case the TBR of reference blanket becomes

lower than 1.0

estimated

increase

(1) Change lst wall coclant H,0 — D30 " 3%

(2 Employ Pb or Be multiplier 3%

(3) Multiplier + ®1,i enrichment N13%
(4) Mix Be pebbles with 30% enriched Li,0 pebbles

with 5 % Be ——————==r—————————m—m———— v10%

with 50% Be ——————=—mm—————m s m— V30%
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4. 1Inboard Shield Consideration

When inboard breeding blanket with 40 cm thickness is employed and
more than 20 cm is required for the SCM helium vessel and cryostat, only
about 40 cm remains for the inboard shield. Inboard blanket materials
should be chosen with high TBR as the first priority. Considering the
structural strength required in the inboard shield and its heat removal,
stainless steel cooled by water seems to be the reasonable choice as
the major constituents of the inboard shield. Addition of '’B in some
form, the use of W or Mo will be considered only if further improvement

in the shielding capability is required.

5. Outboard Shield Considerations

As regards the shielding of the outboard region of a tokamak
reactor, its objective is to allow personnel access at the reactor
shutdown. If personnel access is made to be permissible, radiation
damage to the reactor components will be held sufficiently below the
allowable level.

To reduce the shutdown dose outside the shield, first of all the
attenuation of 14 MeV neutron flux must be accomplished to reduce the
products of the (n,p) reactions such as “%Co and **Mn. Stainless steel
(or iron) 1s an excellent attenuator of the 14 MeV neutron flux and
should be used up to "90% of the volume fraction of the outboard shield.
Secondly, low energy neutrons penetrating through the shield must also
be reduced to decrease the troublesome (n,y) reaction products such as
5%9pa, %o and *'Cr. Neutron moderation by water and its absorption
by 198 is5 one of the best combination to reduce low energy neutrons.
The material arrangement of S$S90B4C shield proposed in Fig. 4.14 is

believed to be near the optimum for reducing shutdown dose.
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Penetration Shield Considerations

Classification of Penetrations in a Tokamak Reactor

Thru blanket and shield ~---- NBIL port, rf duct, diagnostic port,

Thru blanket = ————= divertor/limiter gap, blanket

module gap, cocling pipe

Thru shield e Exhaust duct, cooling pipe
Shield sector gap
Space taken by bellows

Gaps between blanket, shield and TFC
Most problematic —-——- Class A-type
O NBI pert streaming effect study —----—- Fig. 4.15
DOT - DOMINO - MORSE
DOT (R-2Z) with and w/o NBI port
DOT (R - 0) with and w/o NBI port
Fig. 4.16 v 4.19

Comparison of results Table 4.3
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7. Neutronics consideration of SPTR

Merits
1. Penetration shieldings greatly simplified
NBI ports, rf ducts, diagnestic ports,
evacuation ducts, cooling pipes
2. Non existence of shield .sector gaps, gaps between shield and TFC
3. Relaxation of shielding requirements by the wall and roof of the
reactor room.

4. Reduction of solid radwaste

(5. Increase the feasiblity of repalr and maintenance)

Problems and evaluations

1. No increase in inboard shield thickness

2. Tritium leakage into pool water -—----— tolerable
3. Additional hydraulic pressure -————--—— tolerable
4, Corrosien problems ——=r--—————————=——- tolerable
5. Heat loss to pool water ———=————————= thermal insulation required
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Tabkle 4.2 Comparison of Calculated Tritium Breeding

Rate of the Reference Blanket

Inboard Outboeoard Total
Blanket Blanket
Calculational Model

Tsin T?in Tin Tsout 7out Tout T

— —_— 0.286| ~— — 0.733¢1.02

— —_— 0.355) — — 0.7281 1.08

1.05
0.353 1 0.100! 0.453¢{ 0.388| 0.213 | 0.600 | 1.053
0.308 1 0.096 0.404 | 0.186 | 0.080 1 0.266 | 0.670
3D w/o NBI Port 0.35310.10010.453;: 0.392 [ 0.191 {0.583 }1.037
3D with NBI Port 0.361 ! 0.101 | 0.462 | 0.361 | 0.180 | 0.542 | 1.002

1D
2D
3D

one—dimensional calculation by ANISN

two-dimensional calculation by DOT-3.5

three—-dimensional calculation by MORSE-I
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Table 4.3 Neutron and Gamma-Ray Fluxes Around NBI Port

{(unit in neutrons or gamma ray.

cm™2. 57

Calculation code DOT-3.5 MORSE (£sd)
Geometry R-2 R~0 General
NBI port shape Without port | Toroidal slit Vertical slit | Cylindrical duct
At NBL ¢, (14 MeV) — 1.8 % 10%° 5 % 103 1.3 x 107 (0.011)
beam line |¢,(>0.1 MeV)} — 1% 1wt? 9 x 102 6.6 x 10%? (0.010)
(R=865 cm) by (total) | - .6 x 10%° 4 % 10** 9.3 x 10** (6.01L)
z=180 cm ¢ (total) — 1.5 x 10t? 5 x 10%°® 4.2 x 101% (0.044)
At water |, (L4 MeV) 3.8 x 107 2.4 x 10%° 9.4 x 10" 12.0 x 10*° (0.075)
between NBI|¢ (>0.1 MeV) 2 x 107 2.3 x 1012 5.4 % 101 3.9 x 10%° (0.166)
and SCM ¢, (total} .5 % 108 1.1 x 1012 2.2 x 102 3.9 x 1017 (0.166)
(R=863 cm cpY(total) 1 x 10%? 1.6 x 1012 5.6 x 1012 2.0 x 10%* (0.280)
Z=180 cm)
At water by (16 MeV) 8 x 10° 4.6 x 107 — 3.6 x 167 (0.973)
midphane $,(>0.1 MeV) x 107 7.0 x 10" — 9.1 x 107  (0.564)
(R=895 ems | ¢, (total) 7 x 10° 1.8 x 10%° — 9.1 x 107 (0.564)
z=0 cm ) ¢Y(t0ta1) 2.4 x 10%° 1.5 x 10*? — 1.2 = 10' (0.198)
At SCM 9, (14 MeV) 1.2 x 10° — 2.3 x 10° 3.6 % 107 {0.118)
front 9, (>0.1 MeV)| 5.5 x 108 — 3.8 x 10%° 4.9 x 107 (0.119)
surface ¢ (total) 1.1 % 10° — 7.0 x 10%° 9.5 x 107 (0.119)
<R=860 cm) o, (total) 2.3 x 10° — 7.0 » 10° 9.5 x 10° (0.163)
Z=180 cm
At SCM 9,14 MeV) | 7.0 x 10° — 8 x 107 2.4 x 107 (0.350)
midpoint ¢ (>0.1 MeW)| 5.8 x 10°® —_— x 10*° 3.3 x 107 (0.266)
(R=922 cm) 9, (toeal) 1.8 x 107 — 2 x 10%° 3.3 % 107 (0.266)
Z=215 em ¢Y(t0tal) 1.3 x 10° — 2.6 x 10° 9.9 x 107 (0.288)
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OISTRNCE FRONM 61D PLRNE (Cht

4
500 3 5.C.H
] Cryostat | *-*-lJ{;}
00 3 J_J
E Water
' Yatuum Vessel
300 >
rfr’J Inner Blanket b
Quter Blanket
200 3 =
Pump Limfter
End wWall
100 3 First Watl H
: Plasma
o g I 1 TYT lllvlrlﬂflﬂmmm
o 160 300 150 600 150 300

OISTINCE FROH THE PLASMAR RXI1S 1CH)

Fig. 4.1 Two-dimensional model of FER (SPTR alternative)
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Fig. 4.2 Three—-dimensional model of FER (SPTR alternative)




JAERI—M 83005

' P12

/—M‘—L / /MULT[PL!ER
/

R .-_.__..’--.-_-.b-_.-..——.—.-

o=

i ‘.

.‘ﬁoooouoooouuoocou\.
0 00000000000
| : . i | R I
© 0 © 0 9.0 0 O 0 0

I !
|

© 0o ©o 0 06 0 0 6 O

[
()
el R
F
o
N ™M
pr o
30
IO

: ' ] I
- === ‘
| g
0.l

SUPPORT FLANGE w__ L4030

Fig. 4.3 Tube in shell type blanket with multiplier



JAERI—M 83—005

E
— . — [oB]
| ) —
. | © 3 - 0
g < & \\ i 3] SR - = -
£ 3 | T
\ . o1 hy= oM T
o \ r; — — o — -
\, —
3 c =
o g - o oo oo
— e (Vo T o T R Vs B
P , o n o oMYy Myt
c i _8 = s — = =~
R o o 5
@ ; Mo 5N
2 g 2 i ~ =
— 2: O
*
- x
*
™
Z ™
TTEM »0H % —
9]
pu 4 56 %GEH
r~
=)
H %62
8UO7 «0%H %
Japgal
pesJd 55 %11 .
Z = X
0“T1 %66 . =
o > ,I_U‘
™4 o
TTEM 7 E
UOTITIIES x0°H %67 @H %€5 S5 %27 o =
z 0> ¥ g
Qs o
JSTIqu‘[nH (/DZ ) *O H o W
unJlinap (%9 )% ) i
(%26)%56 (98 10)4d o -
(28) . > T
qd %7§ *0°H %IV SS %WT . P
— - O
z g £ A
TTem 4S~‘U< «0%H %Z%  SS %8BS — S e
o J T b
- v £
| ss %00T & .
[Tl
(9]
—
BWSETd
&
8]

Geometrical Model for ANISN Calculation

Fig. 4.4



Plasma

JAERI-M 83005

[T
[ D oo ]
[ CH T [y
~ oy or— @ — o
— — ~N oo c o~ [N |
o [=% - R ow —
= fagr] D 4 m ot X = —
[w ) - o— e a o
-~ ~o— o3 + hal o =
] o3 - = + o
= o= = = 'Y o
ol [:33 o o [ c
L = = [= W faa) w
Pb (95%)|Pb Yoo Li,0 (59%)
- -
55 ( 5%”120}( 2
SS°( 5%) 55 (11%)
He (20%) Coolant (5%)

le— ScCft —e— Spm —

Fig. 4.5 Blanket Concept of Pb-Li,0 Mixed Zone

)

P
—~ LR )
© C D
— Bl Ord ©
1] a (] e
= [ e o m oom
@ [+ Q) - = o -
= ] i — + 20 F —
« @ ' - = o
© H o= '-' x
— e . @ o E:;
a L = [« = =
Pb Be :
59%
Li 0
i
55 11%
Coolant 5%
b—5 C M

Fig. 4.6 Blanket Concept of Be—LiZD Mixed Zone



JAERI—M 83005

o0t

Gutpsalg wNT3TI| uo FUAWYDITIU] ﬂgm jo 3981)3

(%) INIWHITYNT 9-WATHLIIT

oe 09 on oe

Jueteo) oy

Wwag ssaudatry]
13y 7dT3TNN-94

Fhﬁt.:uﬁqm
§

= :Vﬁdw
1830

oQ<g

g v:31y4

z°1

DI1vd INTQIIHE WNILIYL

BuTpoalg WNTITI| ua S53UXITY] FB>UBTd JO 303343

001

(W2) SSINHNITHL L13INNYIE

08 09 oY 0z

T T 1 T

R S

L{pute)Tl,
]

L(Rfu) T,
1e30]

o0d

ﬂ*ll\\\\\\\

hYIIl\\\\\\ juetoo] ap

1at7dT3TNY ON

wnTYIT] TBINGEN

o-1

'l

w1

Ly 81q .

DILYH ONIA33¥9 WATLIYL



st e

JAERI—M 83-005

BUTPS3Ig UNT3TIL U0 SSEWRTY] J8TIHITAN 9d 4O 393333 )T " " ST,

o1

(wa) SSANAITHL HITNJILINK-ad

8 9 ] 4

T T T T

Zuo.c.c:._... v jueroe) oly
LRI, W o
reio] @ e
teouta)rl, v auereed ol
LetuY T, [ WNTYITY Teaniey
12101 O

JuBTOOD
Teuiaju]

B TO0D
TEUIaJUT oy

0Iivd ONIOZ3¥8 WNILlidlL

Burpaslg wnTjra U JuawydTIUY H._m 40 3983373 6 " 3 Tq

oot

(%) LINIWHITYNI 9-WNIHLIT

0e 0y on 0z ]
T 0

L 420

= . 1 %70
jueyoo] 0 {/9H

Wag SSAUNITY]

Jatrdrin §-ag

- 490
L(eetu)1y v

L . L 4a-g
tetuyrty, O
eyay QO

- 40°1

™ 121

L ] L 1 71

ODIlvd ONIQ33H8 WAILIEL



JAERI—M 83—-005

GuTpaalg WNTITI) L0 LOY3IBI4 BUNTOA BF JO 393447 ARE A A

(%) UOT]OBI4 BUNTOA a8y

05 oy 0 0z o1 ]
T T T 0
- 120
= X
B 990
x3ueT00] ay
wag $8aUAHITY|
L 1817dT3{NW~Td dg0
JUBWYITIU] .
UNTY3IE] % ¢
- 101
~ 421
B 141
L 1 _ ] 9-1

OIlvd ONIO33Y8 WNILIHL

DUTPasIQ WNTITI| UG SSauXaTY] JBTTAIITNW @8 4O 328303 TT*¢ "S14

(wd) SSANNIIHL ¥3ITNdILINW-2d

st zt & e 0
T T T
B v
jueTo00]) aH
B JuswyaTIuy B
wNTYIT) %0C
B Pnut.cgﬂJh v 7
ety 0
teyel O
wurﬁaou JUBTCOD
I reuiaju] TeuIauT

1

0Isvd ONIQIFHE WNILINL

— 94 —



high

Cost

low

JAERI—-M 83—005

Fig. 4.13 Relation of TBR Improvement with Structure Complexity and Cost
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Fig, 4.15 Three dimensional model of the NBI port and the TFC (SPIR

alternative)
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Thermo—mechanical Design of the FER Blanket

Considerations for Design of FER Blanket

Mission of fusion Experimental Reactor is integral test of tech-
nolocgies concerned with future fusion reactors. Tritium production
technology by incorporating a tritium breeding blanket is one of the
missions. Since annual tritium consumption rate of about 3 Kg—T2 is
anticipated for FER operation, tritium availabilify from existing
sources is guestionable. So tritium breeding ratioc (TBR) of greater
than unity is required for self-sustaining of reactor fuel.

The solid breeding material is preferable because it offers the
advantages of engineering design simplicity and relatively low
stored chemicaltenergy. Lithium oxide (LiEO) was selected because
of its relatively high thermal conductivity and good tritium breed-
ing capacity.

From the economical and safety peoints of view, tritium gene-
rated in the blanket is continucusly removed by a low pressure
helium purge stream. For this purpese, temperature of the breeder
must be maintained above 400°C to facilitate tritium release and
to reduce tritium inventory in the breeder.

Electricity production is not planned because it places diffi-
cult constraints on material and cenfiguration of the blanket. The

blanket is cooled by low temperature water coolant.

— 103 -
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Type 316 stainless steel is selected as the structural material
because it provides adequate radiation damage resistance and an
allowable design stress intensity under the anticipated operating
conditions.

Blanket vessel must be designed to endure electromagnetic forée
during plasma disruption in addition to internal pressure and thermal
stress. Baking system for Qutgassing blarnket surfaces must be

considered related tc the torus vacuum system.

Blanket Configuration

Major design parameters of tritium breeding blarket are shown in
Table 1. The type of the blanket is tube-in-shell that consists of a
box-like container and coolant tubes for removing thermal energy
generated in the breeder region.

Figure 1 shows the bird's-eye-view of the outboard sector.
Tritium breeding blanket is provided in almost all part around plasma
except NBI, RF and vacuum ducts. It consists of outboard and inboard
blankets,

Coolant tube in the breeder regicn have a poloidal axis for
the structural simpliecity, that means it will have less number of
welding parts than the structure using coolant tubes with a toroidal
axis.

The outboard blanket vessel is supported at three levels that
are upper, middie and lower levels. The weight of a blanket is
mainly supported by one support structure. The others suppert

horizontal movements during replacement and so on, and they are
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loose fittings considering the thermal expansion of the blarket
vessel.

The number of blanket modules is 63, and three of the modules
form into a sector which is moved as a unit at replacement.

Figure 2 shows the cross-sectional view of the outboard blanket.
First wall is integrated to the blanket wall from the viewpoint of
obtaining relatively high tritium breeding performance and avoiding
the complexity of its own.support system. The first wall is a bare
tube-panel type that the plate with cireuwlar-coolant tubes brazed to
it., The minimum thickness of the first wall is decided for 10 vears
of lifetime considering erosions by physical sputtering and plasma
disruption. The wall thickness of the outboard and inboard blankets
are 7.5 mm and 8.5 mm, respectively ét the beginning of life, and
5 mm and U4 mm, respectively at the end of life.

Coolant tubes have a toroidal axis considering reinforcement of
the blanket vessel. The coolant of the first wall also cools the
blanket side wall, and manifold c¢ollecting the coolant is provided
in the support flange.

The depth of cutboard blanket is 500 mm, and the width is about
720 mm which is designed for blanket vessel to endure the internal
pressure of 0.1 MPa of helium purge gas.

The basie concepts of the inboard blanket design are the same
as those of the ocutboard blanket. Blarket depth is 400 mm, and the
width is about 370 mm in order to provide the same number of blarnket

modules as outboard blanket.
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Natural LiZO is used as the breeder. LiZO is formed into small
size pebbles because packing in the blanket vessel seems to be
easier as compared with pellet or block forms. In addition, s=mall
pebbles have less possibility of cracking due to temperature difference
in them. The bulk packing fraction of the breeder is 0.7. And
estimated net tritium breeding ratic for this design of no neutron
multiplier and no moderator is about 1.03 by 3-D Monte Carlo in
consideration of penetrationsl

Fressurized light water, HEO’ is selected as the coolants of
both of the breeder region and the first wall. Its inlet and outlet
temperature are 60°C and 100°C, respectively. The outlet temperature
is low because of no electricity generation.

The allowable temperature range of the breeder is éstimated
to be from 400°C to 1000°C from thermochemical consideration of LiEO.
To keep the minimum temperature of the breeder higher than hoeec,
a stagnant helium gap i1s provided around a coolant tube, and to keep
the maximum temperature lower than 1000°C. Coolant tubes in the
breeder region are properly arranged azccording to attenuating heating
rates. Considering several uncertainties, the blarket is designed
to maintain the breeder in the temperature range between 450°C and
700°C urder nominal operating condition.

For continuous tritium recovery, helium gas purging is adopted.
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Thermal-mechanical Performances

Thermal-hydraulic and mechanical analyses for the blanket
module have been carried cut, and the performances obtained from

these analyses are described below.

{1) PBreeder Region

The blanket structure is BOT/NM type and the heat generated in
the blanket is removed bv the coolant flowing poloidally. The
breeder which consists of small pebbles of natural isotopic lithium
oxide is packed in the blanker vessel.

A diameter of 1 mm was chosen for the pebbles in order to keep
off a remarkable wall effect of coolant tubes on the packing frac-
tion of pebbles.

Breeder temperature is centrolled by helium gaps around coclant
tubes and proper arrangements of blanket coolant tubes. The breeder
temperature is maintained in the range between 450°C and 700°C, st
any part of breeder region in nominal operating condition. The
effective thermal conductivities are used in the estimation of
breeder temperature. Two diwmensional effects; coolant tube wall
effects and thermal radiation effects are taken into account for
coolant tube arrangement. It is considered that the limits of
operational temperature range for lithium oxide is 400°C ~ 1000°C,

from the viewpoint of continuous tritium recovery. And as a result,
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it is obtained that the permissible range of power density variation
is 85% ~ 150% of predicted power density,

Pressurized water is used as the coolant for breeder region.
The inlet pressure is 1.5 MPa and the inlet and outlet temperatures
are 60°C and 100°C, respectively. The pressure lesses of the
coolant in the blanket module is about 0.3 MPa, and maximum coolant
velocity is about 4.5 m/s. These values would not cause severe

problems.

(2} First Wall/Blarket Vessel
Some thermal anaivses for the first wall have been carried out.

Temperature distributions in cuthoard and inbecard first walls

2

during burn were calculated. Surface heat fluxes are 12 W/em™ for
both outboard and inbeard walls. Volumetric heating rates within
outboard first wall structure are 10 W/cc, and within inboard first wall
are 7 W/ce. The maximum temperatures of the putboard and inboard
first walls are both about 240°C by 2-D calculaticns. These values
are permissible from the viewpoint of structural integrity. The
maximum film temperature drops at the surface of first wall coolant
tubes are about 30°C fer both outboard and inboard cases. Therefere,
even local subcooled boiling will not take place on the coolant
tube surface.

Temperature response during beam shine-through were also
calculated. The surface heat flux during beam shine-through which

2

continues about two seconds is 3 MW/4m“ on the inboard wall. The

maximum structural temperature after two seconds is about 215°C.

— 108 —



JAERI-M 83—-005

It is considered that the temperature would not cause a severe
problem.

Pressure lcsses and velocity of the first wall coeclant were
estimated. The pressure loss of the outboard first wall coolant
is- 0.048 MPa, and of the inboard case is 0.077 MPa. The coolant
velocity is about 1.6 m/s. These values are acceptable.

The eroded thickness by physical sputtering and vaporization
during major plasma disrup£ions was evaluated. The thickness of
about 2.5 mm is necessary for physical sputtering during reactor
life (10 vears). The vaporization thickness is predicted to be
about 2.0 mm. Therefore eroded thickness for outboard and inboard
first wall are 2.5 mm and 4.5 mm, respectivelv. In this design,
the lifetime of the first wall is equal to full reactor life (10
vears) .

Primarv stresses in the blanket vessels have been analyzed with
the load of internal pressure of 0.1 MPa by two-dimensional model
under plain strain condition. The maximum stress intensity of the
outboard blanket is 187 MPa even at the end of reactor 1ife when
the minimum wall thickness is 5.0 mm. A& value of 127 Mba is obtained
at the beginning of life when the minimum wall thickness is 7.5 mm.
For the inboard blanket case, these values are 98 MPa and 46 MPa,
respectively. The value of 1.5 Sm for tyvpe 316 stainless
steel is 191 MPa by ASME Section ITI. The evaluation is based on
design standards of as-received 31688, because hot working such as

welding will impair the properties of cold-worked material. All of

the calculated stress intensities are below this value.
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Thermal stress intensity in the first wall was also analyzed.
The maximum stress intensity of the outboard first wall at the
beginning of reactor life is 357 MPa. And that of the inbeoard
first wall is 370 MPa. At the end cf life these valves would be
reduced due to depletion of the wall. The value of 3 Sm for type
316 stainless steel is 382 MPa, and that of 2 Sa for y x 105 cyeles
reactor full 1ife is 373 MPa. Therefore, even at the beginning
of reactor 1ife, the maximﬁm stress intensity is below these values.
Table 2 summarizes the results of these stress analyses.

From these discussions the integrity of the blanket structure

was confimed.
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Fabrication of Rlanket Structure

Fig. 3 shows the fabrication sequence of blanket structure and
vacuum vessel, The material of blanket structure is type 316 Stainless
Steel. As shown in this figure, main techrologies required for
fabrication of blanket are shown below;

1) Machining of Heavy-section Stainless Steel

2) Cold- or Hot—workiné of Heavyv-section Stainless 5teel such as

Bending Work

3) Jeining of First Wall and Cooling Tube

4) Welding of Heavv-section Stainless Steel

5) Bending of Small-size Cooling Tube

6} Welding of Small-size Cooling Tube

7) Non-destructive Testing of Stainless Steel Welds,

Afore-mentiocned technologies, kev technelogies to the fabrication of

blanket, are explained below in accordance with the fabrication sequence.

{1) Machining of Heavv-secticn Stainless Steel

Heavyv-section stainless steel is machined at first to prepare the
jeining between front wall of blanket (first wall) and cooling tube.

This groove machining is carried out by milling machining.

(2) Cold- or Hot-working of Heavv-section Stainless 5Steel
Heavy-section stainliess steel (50 mm thick for ocutboard blarket

and 100 mm thick for inboard blanket) is bent by 90 degrees with hydraulice

press of severasl thousands tons in its capacity.
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{3) Joining of First Wall and Cooling Tube

In this bianket design, front wall of the blanket serves as the first
wail at the same time. Therefore, coeling tube is jeined to the grooved
blanket by brazing or some other fechnique for preventing overnheat of

first wall.

(4) Weiding of Heavy-section Stainless Steel

Heavy-section stainless steel is welded to fabricate the blanket
vessel. In this case, full considerations should be paid to select proper
welding process. That is to say, welding should be performed at small
heat input lest the welds should incur hot cracking and heat affected zone

should widen. 1In this sense, EBW (electron beam welding) 1s mest desirable.

(5) Bending of Small-size Cooling Tube

Small-size cooling tube is bent by cold-bending machine.

(6) Welding of Small-size Cooling Tube
Small-size cooling tube is welded in a limited space by automatic
orbital TIG welder. In this case, heat input should be controlled to

as small value as possible. Further, tube-to-stub welding is performed

bv inner bore welding process.

(7) Non-destructive Testing of Stainless Steel Welds
Everv welds is examined by non-destructive testing to assure
integrity of the welds, Inner bore welds is tested bv radicactive isotope

of small diameter such as Tm-170.
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Table 1
Blanket

005

Summary of Design Parameters for Tritium Breeding

Number of Modules
Number of Sectars

First Wall

Thickness ( initial )
Outboord
Inboard

Thickness ( end of life )
Outboord
Inboard

Lifetime
Blanket

Thickness ( including F/W )
Outboord
Inboord,Top,Bottom

Structure
Maximum Temperature

Breeder
Form
Density
Pocking Fraoction
Min./Max. Temperature

Allowoble Power Variotion

Temperature Control Method

Coolant
Inlet/Outlet Temperature
Inlet Pressure
Flow Direction
Tube Diameter
Net Tritium Breeding Raotio

Tritium Purge Gas
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43
21 ( 3 modules/sector )

Integral with Blanket
Tube-Panel ( bare 316 S.S.

5 mm (sp.;2.5mm)
mm (sp.;2.5mm,disr, ;2mm)
mm
4 mm

10 vyeors ( estimated }

Tube~in-Shell Type

50
40
type 316 stainless steel
<250 °C

LiZO ( natural lithium )
pebble {1 mm¢ }

85 %T.D.

70 % ( bulk }

450/700 °C { Nominal )
400/1000 °C ( Limits )
85%~150% of Nominal Power

cm

cm

Helium Gop

Coolant Tube Arrangements
HZO

60/100 °C

1.5 MPao

Poloidal

10 mmO.D.

1.03 { 3-D Monte Caorlo )
He { 0.1 MPa )

200 N3 /hr
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Birds-eye View of Outboard Blanket

Fig. 1
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Appendix (View grapgs presented)
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Appendix

Key Features of Blanket Configuration

oTube-in-Shell Type
{ simple structure,
BOT/NM )

olntegrated First Wall

oLow Temperature Coolant
oStructural Material
oTBR

oTemperature Control

Poloidal Axis for Coolant Tube
Breeder : LiZO small pebble form
Neutron Multiplier : none

Neutron Moderator : none

Tube-Panel Type
Toroidal Axis for Coolant Tube

H,0 : 60 / 100 °c

Type 316 stainless steel
1.0 ( 3-D Monte Carlo )

Helium Gap

Coolant Tube Arrangements
Nominal : 450 ~ 700 °C
Limits : 400~1000 °C

oHelium Gas Purging for Continuous Recovery of Generated

Tritium

oStructure to endure Internal Pressure, Thermol Stress

and Electromagnetic Force

oShell Effect for Vertical Plasma Stability
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Appendix
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Appendix
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Design Pecint

QO Beginning of Life

/N End of Life

1.55m = 191 MPa
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Minimum Thickness of First Wall ( mm )

Maximum Primary Stress Intensities in First Wall.
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VI. Technology Issues of the FER Blanket Development

In order to develop a viable blanket concept, data bases for
varicus kinds of materials (structural, coating and armor) under high
heat flux and neutron irradiation cenditions are required. Feasibility
testing data obtained from the structural testing are also required to

determine the concept of blanket structure.

1 Material data bases

1.1 Plasma-Fisrt Wall Interaction
- First wall candidate materials -

« structural material ; 316 5.S5., modified 316 S$.S5., Alminium,

Mo-alloy,
« armor material ; SiC, Graphite, etc.
= coating material 5 Beryllium, etec.

(1) Charged particle

*» physical sputtering rate

+ chemical sputtering rate

* bristering rate
(2) Intense surface heat flux at plasma disruption
* surface temperature

* melt layer

» surface evaporation

+ sublimation

without and with the effect of electromagnetic force and the effect of

vapor shield.

— 127 —



JAERI—M 83—005

1.2 Neutron irradiation data
(1) Strength and fatigue data of structural material including
welding part
(2) Physical properties (thermal conductivity, specific heat

capacity, etc.) of Liz0, Pb, Be, 316 5.S5. and modified 316 S.S.

2 Structural data bases

2.1 Fisrt Wall Structure
— Partial models of the candidates -
. integral type or separated type
. surface structure and coolant channel structure
tube~panel, semi-circular-tube-pannel and ribbed panel
grooved and non-grooved surface
coating surface
(1) Heat load during burn time
- temperature distribution
+ thermal stress and cyclic thermal fatigue
+ thermal and mechanical integrities of brazing, coating
(2) Heat load during plasma disruption
« surface temperature
- thermal stress
- thermal shock and its fatigue
(3) Coating technique
(4) Attachment technique of armor
{(5) Brazing technique
(6) Fabrication technique

(7) Inspection technique
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2.2 Temperature Control of the Breeder
(1) Partial model
» packing forms of Li,0 pebbles,especially near coolant tube
. thermal conductivity of packed bhed and temperature distribution
in the bed
« flow distribution of the coolant
+ sensitivity of helium gap on the temperature control
» fabrication accuracy of.the clearence of helium gap
+ performance of other candidates of temperature control: ceramic
coating, metallic bonding or active control including material
selection
» flow distribution of helium purge gas
(2) Full model
+ temperature control for the poloidal change of power density
* hot spot

+ structure free from thermal expansion

2.3 One Module of First Wall/Blanket Vessel
(1) Construction technique
(2) Test for internal pressure and thermal load
(3) Fatigue test for thermal cycle
(4) Thermal shock test for plasma disruption
(5) Support structure of first wall (separated type)

(6) Safety of blanket by rapture of cooling tube

2.4 One Sector of First Wall/Blanket Vessel/Shield
(1) One turn resistance
{2) Electromagnetic force
(3) Seismic test

(4) Repair and maintenance technique
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3 Design standards for a fusion blanket

The philosophy and procedures in ASME Boiler and Pressure Vessel
Code will be available to assess the structural strength of the
bianket. However, there are some problems to apply the code to
fusion reactor design: the classification of components and of service
condition (level A, B ——=), etc. 1In order to establish the design
standards for a fusion reactor, it is required to clarify the loading
condition and the service temperature of the each component, the safety

level, and s¢ on.
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&4 Fabrication of Blanket

Based on state-of-art technologies for the fabrication of blanket,

following issues are to be solved in near future.

4.1 Fabrication Technique
Main technologies required for fabrication are mentioned in
" YV Thermomechanical Design of the FER Blanket ". In these technologies.

following issues should be solved.

(1)} Precise Machining and Cecld Bending of Heavy-section Stainless Steel
Machining of austenitic stainless steel causes work hardning which
impairs machinability and precision. Further, cold bending also causes
plastic deformation which makes precise joining more difficult after
that. Therefore, following research should be performed.
. Selection of proper machining cenditions
-Material modification of tool for machining

. Cold bending of full-scale and heavy-section stainless steel

{2) Joining Method for First Wall and Cooling Tube
In this blanket design, it is difficult to join the first wall and
cooling tube with integrity. Therefore, full considerations should be
paid to the joint design from vieﬁpoint of joining. In this meaning,
following research should be made.
*Proper joint design

.Development of practical joining method suitable to joint design

{3) Welding cof Heavy-section Stainless Steel
Heavy-section stainless steel is welded by EBW (electron beam

welding). This welding is carried out in the vacuum chamber for complicated

large component which requires mobile gun and beam tracking system to
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avoid misalignment of the electron beam. In this meaning, following
research should be conducted.
.Development of mobile gun fopr large component

.Development of beam tracking system

4.2 Demonstration of Technolcegies required
Technologies required for fabrication of the blanket should be
established by use of the partial mcdel. In this demonstration, following
techniques should te verified.
.Fabrication technique mentioned above
.Non-destructive testing
Further, these techniques employed should be finally comfirmed to

be useful for the fabrication of blanket through the mock-up test,
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5 Blanket-Tritium System

5.1 Fabrication technique of LizO breeder
5.2 Physical and chemical properties of LiZO breeder

-hydrolysis reaction rate and weight loss rate in the presence

of water vapor in flowing He

‘major vapor species over Li.0 and their vaporization pressure

2
in operating temperature range

-effective thermal conductivity in helium atmcsphere

{ ineluding LiZO pebble packing fraction and wall effect )

.compatibility with structural material

5.3 Integrity assurance of L120 breeder

-‘grain growth, sintering and pore-closure under high temperature

and neutron fluence

mechanical integrity cf sreeder zone under cyclic thermal

condition

5.4 Tritium release rate from Lizo breeder

effects on tritium release for a number of variables such as
chemical composition of breeder, particle and grain size,

temperature, and purge gas flcow rate

5.5 Energetic Tritium Permeation

.determining process (diffusion,recombination,etc)
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VII. Studies on the Fusion Reactor Blanket Engineering

at Universities in Japan, 1980-1982

Study Items on Fusion Reactor Blanket Engineering at universities
in Japan may cover #ery wide fields. One side of our works on
these fields is the contribution to Blanket & Shielding Designs
for variocus conceptual Fusion Reactors, which includes the Reactive
Plasma Study Project (IPP. Nagoya Uni.), the Laser Fusion Reactor-
Senri (Osaka Uni.), the Heliotron Reactor (Kyoto Uni.), the Tandem
Mirror {Tsukuba Uni;) and the D-D Tokamak‘(Kyushu Uni.}. The
other side may include the promotion of basic engineering studies
on fusion neutronics, thermal-hydraulic study, stress analysis
and other miscellaneous items.

The former works were mainly based on the already established
nuclear fission reactor design technology with some ad justments,
such as a typical neutrons transprotation code ANISN and the Nuclear
Data File ENDF/B-IV which are widely adopted for nuclear reactor
design.

However, the latter works indicate big discrepancies between
caleulated values based on the conventional technology for fission
reactors and some experimental values obtained by some basic studies
for fusion reactor design. For the future conceptual design study
of fusion reactor, it is clear that we must have specific design
methods which emphasize the properties of fusion energy.

To override such technological gaps between the basic studies
and the reactor design, it was decided that special financial
supports for the developement of fusion reactor blanket engineering
from the fisycal year of 1983 to 1985 should be provided as Grant
in Aids for Fusion Research from the Ministry of Education, Science
and Culture.

Contributions to each conceptual design work were already
presented at several international meetings, for instance, IAEA
Symposium on Fusion Reactor Design at Tokyo in 1981 and at Baltimore
in 1982. So, the appendix of this memorandum contains only the

summaries of basic studies of 1980 and 1981 in the field of blanket

engineering.
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