JAERI-M
84-107

JAPANESE CONTRIBUTIONS TO THE JAPAN-US
WORKSHOP ON FER/ETR DESIGN
(EXCHANGE Q-16 IN THE JAPAN-US FUSION

COOPERATION PROGRAM, MARCH 26~30, 1984)

June 1984

Tatsuzo TONE, Hiromasa IIDA, Masayosh: SUGIHARA
Tatsuo KASAHARA* Masana NISHIKAWA®, Kazunori KITAMURA®
Toshimasa KURODA*

B x* & ¥ H W ® A
Japan Atomic Energy Research Institute



JAERIM U #— b i3, HRES /B RA A RE M 4F L T 2 FRRREHTT.

ANEORME L, HARTET AR RS SR d SRR (319 1L IR #05fl
WA AT, BELILZE N, TR, JoEsIlBFHEARFLULEEER Y 7
(319 11 Febk R BITALBUGA B A B HEFRATN) THETID LS ERMMEB I T
BN ET,

JAERI-M reports are issued irregularky.
Inquiries about availability of the reports should be addressed to Information Section, Division
of Technical Information, Japan Atomic Fnergy Research Institute, Tokal-mura, Naka-gun,

Ibaraki-ken 319-11, Japan.

©Japan Atomic Fnergy Rescarch Institute, 1984
HHERREIT B ACTE () AT 5T
El! k] vl B B CED RIBR




JAERI-M 84-107

Japanese Ceontributions to the Japan-US Workshop
on FER/ETR Design

{Exchange Q-16 in the Japan-US Fusion

Cooperation Program, March 26-30, 1984)

Tatsuzo TONE, Hiromasa IIDA, Masayoshi SUGIHARA,
Tatsuo KASAHARA™ T 2

»

%
, Masana NISHIKAWA

. * *
Kazunocri KITAMURA 3 and Toshimasa KURODA 4

Department of Large Tokamak Development

Tokai Research Establishment, JAERT
{Received May 18, 1984)

This reports describes Japanese presentations at the Japan-US
Workshop on FER/ETR Design which was held at Fusion Engineering Design
Center, Oak Ridge National Laboratory, March 26-30, 1984, The presen-
tations cover the overview of Fusion Experimental Reactor (FER) design
and major outcomes obtained from the FER design work in FY1983 on the
three topics for the Workshop which are (1) RF heating and current
drive, (2) impurity contrel and divertor/pumped limiter design, and

(3) design integration and maintenance.

Keywords: Nuclear Fusion, Japan-US Fusion Cooperation, Exchange
Program, Tokamak, Fusion Experimental Reactor, RF Heating,

Current Drive, Impurity Control, Reactor Design.

%] Hitachi Ltd.

%2 Mitsubishi Atomic Power Industries, Inc.
%3 Toshiba Corporaticn

*4 FKawasaki Heavy Industries, Ltd.



JAERI — M 84 — 107

FER /ETR#&EiticE+ 20K -7 Y a7
s A AARAIFERR X
(HAG@MESHEGS - LHatBQ — 16)

 BAE LA BRI b A < 2 AT
HRES - REBE - BREY - SEEH
GINEST e RnE BEKL

(1984 £ 5 A 18 5 H)

sy, 198443 4 26 B~ 30 HIckE D4 — 7 Y » VEHERFEDC iKk 0 THE
ént,HER/ETR%%JK%?%E%7~7v3w7m3m18¢M(Eﬂ)ﬁ%itk%
DALDT LD EDOTH S, NEIE, MHAERE FER) OBWELT -7 ¥Yay TDI DD
# -2 leit T BFER @ 58 EE O FEAFEATHREN TV 5, 3207 — <, @B
2 - FREKE, (2)7\%%%}@1&5“41\*4&/%77“ )3y EE, RUGPARKREST ERTTH 5.

* 1 (B0 ABHER
2 ZERTFHILE R
=3 (B BHE

x4 JUAETE (B



JAERI — M 84~ 107

Contents
Preface (in Japamese) .vvivereereoa. e atteea e ena
(T. Tone}
1. Status of FER Design  cieuisvvrorencacnoacaes et i ea e .-
1.1 Scope of FER design activities ...cceieeiiiniiiiinrninnnannns
(T. Tone)
1.2 Overview of FER physics design ....viestesnnnsnansartasoasns
_ (M. Sugihara)
1.3 Overview of FER engineering design ........... cerae e e
(H. Iida)
2, RF Heating and Current DriVEe 4evvvnsnonsons Cearaeenaes ek eeas
2.1 RF-assisted plasma operation scenario for FER .............
(M. Sugihara)
2.2 Engineering design of an advanced FER based on steady
state plasma coperation scenarioc .......... Cers e Phaaens
(T. Kasahara)
2.3 RF launcher design for FER ...vieeererecnrarannns Ceaea e
(K. Kitamura)
3. Impurity Control and Divertor /Pumped Limiter Design .........
3.1 Physics design considerations for impurity control
by divertor and pumped limiter ...... .....:... ............ .
(M. Sugihara)
3.2 Comparative study of engineering features for divertor
and pumped limiter reactor CONCEPLS .+ .crevsrersenanssssrnn
(H. Iida /K. Kitamura)
3.3 Engineering design of divertor and pumped limiter plates
(K. Kitamura)
4, Machine Design Integration and Maintenance .....ciceesveranans

4.1 Specifications and guidelines for the reference-FER

engineering design ........ ceerea areaeae ceeras e e
(H. Iida)
4.2 Design cConceplsS oo vissvsssrrrsaseaaess tehiaareera e nea
4.2.1 FER reactor structure and maintenance ....... e

(K. Kitamura)

4,2.2 A scenario of FER electromagnetics design .......... .o

(M. Nishikawa)

il

168

184

196

221

221

225
225

264



JAERI — M 84— 107

4.2.3 A tritium breeding blanket design for FER .........c00n 312
(T. Kuroda)
Appendix : Agenda : Japan-US FER/ETR Design Workshop .....ee.... 339



JAERI — M 84— 107

51 L 55 jra (ﬁﬁ) ................................................................................................
1. FER :J}E§+®ﬁ'{k ..........................................................................................
1' 1 FER %&%ﬂf‘@lj—‘jﬂ (Eﬁﬁ) ..................................................... hirrraaraarrnes
1.2 FER %@?&§+@ﬂ£ (1;2]?:) .....................................................................
1.3 FER Ii‘»gﬁﬁmgﬂg (@,QEED ............... vt e v et a ey as
2. S A & E R E _
2.1 EEEAERAUAFER 75 Xv@igy 4 U (BR) -
2.2 SEHEEVF ) A IS CFER OIFRE R e IR
2.3 FER @ORF 7 »F + .ﬁ@;;&gf (_E..'igﬁ) ......................................................
3. ARSI E A Ny SRV T I FEEE
3.1 FAx— KT STk B ARSI 2
%E%&Lgfi@%—g (*Zﬁ) ...........................................................................
3.2 FA4N—gERrT) s OFHEOHELE (REEERD o
3.3 FAN—FRERYT ) I FROTERET (BEERD
4. ‘ﬁﬁﬁﬁﬁ%ﬂ”&@ﬁ? .....................................................................................
4.1 FERBEZMESICEY AHBRUEGBE BRE) e
4. 2 §£§+ﬁﬁ .............................................................................................
491 FEROEEEHEEEIETF (EEBAD oo RO
4‘ 2 2 FER @%mﬁgﬁﬁ- ./'}‘ U 71— (@JH) ......................................................
423 FERDND F 9 AMEIET S Voo b (BB e
{43 : FER. ETRH¥%7 2V ay FU B BRI -

3



JAERI — M 84— 107

T L & I

AE|EE, " FER /ETR#E " B4 5HKY—7 s » 7 (BBHBHEERKZRFEQ
16) icBOTHER (B0 S EEE (FER) OEHFROVTRELLLORED T ED
ebDTHD. FIED T —7 5w 7 E1ED BEFOIRy A - TSN (58F 3 H 28
~31H), 4E (943 26 ~30 ) 4 -2 » VHFEMOFEDC {(Fusion Enginering
Design Center ) TiThfl 7z,

GEDT =7 va .y TOLET -7
() RF Heating and Current Prive
(2) Impurity Control . Limiter and Divertor Design
(3) Design Integration and Maintenance
THbd, Thnld, 77 X=RFEEEE YT ) ARED D DY - TR, ROPEERE
BRI B 2 EERETHD, FRSLETTLOCBDTEENLDTH L. BFHEDID
EROMERICT — 2 v ay FDAgenda £3589 V—7 Y= v TOBMFILIEHS O 38 (K,
B, 2B BEWICE > TFEROBTKHEL TS A — A o&i 14 (FH 1 B,
H G =FET, EEHEE BH:NE) OHTHTHS.

AWREEDONEL B FEORIARELE SN TS, THFERFTIC>VL TR BEZIC 45 (B
N, HE, CE, JIE) EsAE L TBREREE LR L, FERRREFOMNATITSH
S fo s, FREMFERBEERENIETLTOABRETHYD, il -» TAREZTOWNER 58 FEDHE
ERIAL AL LTEV. EEMNABIE SV TRENEOLRICL - T, SLDELHO
FhAEFEHERICELT VS, WA, FER O OIIKE BB OB OF AT D Tk~
Lz, FES, VAT L, vINAE NS v 70 FERD A A—VHEBRENE LD ICE
D G- TEEDF — <&@ T, ENEFNMAL OYE - il LOZERDAHEL ST,
iz v+ ) A OLFEE RS, EREEEID AN VR T LD, S5 SR T
DI OFEYATAORERMERRLT S, FERE LTRHBRDI ETH L, YT &
TH&EFOREMETEZXEIR > T 5,

BDF —=ie 20 Th, thH BIHNEHRUFREBGRAHOLT 6T, KIEAET 7 2
TEELHREMEALEEOFHHEMT A 27 7 v = vEBIET SRR D VYR 7 488K
HAMRLTOS, XL BHKHRT ERE -7 2R ES w7 PORIWVIEEIT 7 7 v
POBGHRIORET LTS,

wEﬁmemmwﬂﬁﬁw%§@béﬁ%ﬁﬁm%néocﬂﬁf®mm®rﬁ@ﬂ%ﬁ-

Pt OMRL, S OFEROARBIED & HHFED T I R—R ELTRVICET

%@&%i%n%ocﬂifm<@®fgt LR OLERROFMO LD E L0, FIE
BAeELNGTTETH L, AMEHIL BFEDFER OFF AABIEDEEFT O F H i E D HE Y
WA D26 DTH D, 7— 7 ¥ a3y 7B LHEEXEILTOHP — viewgraph ZAIVTiT - 72
B3, AREERTRBEINEORBENZ I TEELEDLILTHS,



JAERI - M 84 —107

AT—0vay 7O BHCY-TE, B HEZRAWREYs —Frk SXH BRI
E (e —fD), SIATKR A< BRSRICEE OXBEEAMET L ERA L=
4, HBEAREEEOERICHE S B ARG HRERIRERT 3 4 ¥ P EHOOFRETHEED
FRICEELET,



JAERT — M 84 — 107

1. Status of FER Design
1.1 Scope of FER design activities

Conceptual design studies of the Fusion experimental Reactor (FER)
have been performed at JAERI in line with a long-range plan for fusion
reactor development laid out in the new long-term program of the Atomic
Energy Commission issued in June 1982. The FER is an experimental
tokamak reactor succeeding the large tokamak device JT-60 with a major
mission of realizing ignited DT plasma and demonstrating engineering
feasibility of fusion reactors including tritium breeding. The objec-
tives and characteristics of the FER have been identified by the Review
Subcommittee of Long-Term Strategy established under the Nuclear Fusion
Council of the Atomic Energy Commission. The design of FER is conducted
under the following guidelines: (1) to reach a DT ignition with a rather
moderate neutron wall loading, (2) to obtain a breeding ratio larger

than unity and (3) to be designed with cost/benefit considerations.

The FER design activities have been extended to many design optioms
which are realistic or potential candidates for FER concept in terms of
the present data base or its anticipated evolution in the near future.

We selected a reference FER concept and set up its physics and engi-
neering design specifications in mid-FY 1982 after reviewing the previous
specifications and design works. In parallel with the reference design
studies have been initiated to evaluate advanced reactor concepts such

as RF current drive and pumped limiter, and comparative studies for
double-null divertor/single-null divertor/pumped limiter. The detailed
engineering design works have been conducted with the cooperation of

industry under contract with JAERI.

The reference.design of the FER is based on a D-shaped tokamak
plasma with a double-null divertor and on an inductive current drive
operation. The major design parameters are listed in Table 1.1.1.
The heating is provided by neutral beam injection (NBI) and radio-
frequency (RF) heating. The superconducting coil system with the

poloidal coils placed external to the toroidal coils is enclosed in
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a semipermanent common cryostat vacuum chamber (belljar type). Plasma
parameters were determined by optimization studies with plausible
plasma-physics and engineering restrictions such as confinement scaling,
beta limit, divertor configuration and maximum magnetic fields on
superconducting magnet. Priority is given to the divertor concept for
impurity control and ash exhaust in view of its credible physics data
base. A double-null divertor configuration 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 than a sifgle-null divertor. Tritium breeding
blanket, with Li,0 as breeding material, is installed all around the
plasma and at the back side of divertor chambers to enhance breeding

ratio.

During FY 1982 and 1983 the reference design has been extensively
developed, in particular for torus structure concepts and individual
nuclear components since these have the crucial key to establish the
engineering feasibility of FER. Several torus structure design options
have been developed to evaluate their configuration and design impacts
when considering requirements of shield structure, space reduction,
vacuum topology for plasma and SCM cryostat, and assembly/disassembly.

The elevation and perspective views of the reference-FER are shown in

Figs. 1.1.1 and 1.1.2, respectively.

Plasma operation scenario has been investigated based on various
schemes of plasma current drive. The reference-FER as of FY 1983 has
adopted a conventional startup scheme based on inductive current drive
as shown in Fig. 1.1.3.

A quasi-steady state operation scenario of driving the plasma
current by lower hybrid waves during both periods of startup and
power—dwell as shown in Fig. 1.1.4 has been developed. This scenario
ig under review to adopt as a reference operation coﬁcept in FY 1984.

As the most advanced concept a FER design (RFS-FER) based on
‘steady state burn operation gscenario has been developed. The plasma
current in all operation phases is noninductively driven by RF waves

only as shown Fig. 1.1.5. The candidate wave drivers are CAW
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(compressional Alfvén wave), HSMS (high speed magnetosonic wave) and
LEW (lower hybrid wave). The elevation and perspective views of the
RFS-FER are shown in Figs. 1.1.6 and 1.1.7, respectively. The major
design parameters are listed in Table 1.1.2. The RFS-FER is markedly

small in size in comparison with the reference~FER, for instance, the

major radius 1is decreased to 4 m.

A work of reviewing extensive design concepts developed so far is
in progress to select an optimal FER concept with considerations of
physics, engineering, cost-and the perspective to DEMO. Among most
important issues in the present review work are the plasma operation
scenario mainly consisting of startup and shutdown schemes, current
drive methods and burn time, the neutron fluence, the required breeding

ratio, and the staged operation schedule including engineering test

programme.
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Fig., I.1.3 Startup scheme for Ref-FER
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Fig.

Py © RF power for Ignition
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1.1.4 A quosi-steody stote operction scenario
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Ignition Approach

L—Current ramp Burn ————=1—=——Shut down
(A) (8) (C) (D}
R .
T "
L
Temperature
Density
L >
i | Time
Prf >} |
L
p, | | Prf : RF power for current drjve
Py : RF power for ignition
) -
) Time

Fig, 1.1.5 A steady state operation scenario(RFS-FER)
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Fig., 1.1.7 Perspective view of RFS-FER
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1.2 Overview of FER physics design

Data base for the determination of plasma and device parameters
of reference FER are summarized in Table 1.2.1. They are almost the
same as those of INTOR data base. Figure 1.2.1 shows the fundamental
philosophy to realize the stable core plasma. Most stringent instabil-
ities are disruption and ballooning instability, so that the safety
factor at the plasma surface and the toroidal beta value are set to
2.5 and 4%, respectively, to avoid these instabilities., Figures 1.2.2-
1.2.4 show the optimization of device parameters. Emphases of the
optimization are placed on the device size and power supply capacity
for the PF coils. By these optimization, the aspect ratio of FER is
set to 5, which is slightly larger than INTOR. As a result of this
optimization, the capacity of power supply for PF coils is reduced by
a factor of 2, and the narrow space of the inboard region can be greatly
mitigated compared with INTOR. Figure 1.2.5 shows the operation scenario
of reference FER. By this operation, control scenarios for the stable |
burning and helium ash exhaust will be established, while that for cur-
rent diffusion may be difficult to be established. The latter feature
of the operation means that data base for OH long pulse operation of the
commercial reactor cannot be provided by the present operation scenaria.
This deficiency 1s now under review. Table 1.2.2-1.2.8 summarize the
critical issues for seven major items in physics design; they are 1)
particle and energy confinement, 2) beta value, 3) impurity control,

4) additional heating, 5) equilibrium and stability, 6} disruptiom and
7) operation scenario.

Two operation scenarios with RF assistance are considered for
alternative and advanced FER. One is the current ramp—up in low density
plasma by lower hybrid wave current drive (LHCD), experimental data base
of which has already been established. Quasi-steady operation is in-
cluded in this scenario. The other is completely steady-state operation
scenario by RF current drive. For long pulse operation by lower hybrid
wave current ramp-up, the following items are important; optimization of
current ramp-up scenario, optimization of PF coils for long burn, char-
acteristics of quasi-steady operation. Minimization of current ramp-up

time is studied by quasi-linear theory of current drive coupled with
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power balance. It is most essential for inner most PF coils to be freed
from equilibrium for long burning or decreasing the device size, and it
is shown possible for all range of beta poloidal values by the equilib-
rium code calculation. Characteristics of quasi-steady state operation
must be studied from various view points shown in Table 1.2.9. Conclu-
sions for long pulse operation scemario by LHW current ramp-up are
summarized in Table 1.2.10. For the completely steady-state operation
scenario, three candidate waves for current driver are examined. They
are compresional Alfven wave (CAW), high speed magneto-sonic wave (HSMS)

and lower hybrid wave (LHW). Advanced and disadvanced feature of each

wave are summarized in Table 1.2.11. Relations between each wave in
w*K/ plane are shown in Fig. 1.2.6. CAW is chosen as a primary candidate

wave, since it has the highest potential advantage for commercial reactor.
Table 1.2.12 shows plasma and device parameters for each candidate wave.
Emphases are placed on how much the major radius can be reduced without
aggravating the plasma performance. Based on the parameters of CAW for
current drivers, the design studies on the completely steady-state FER
are made.

A primary candidate for the impurity comtrol of the present refer-
ence FER is the poloidal divertor. To optimize the divertor configura-
tion, two-dimensional numerical calculation code for divertor plasma
has been developed. They consist of the fluid portion, which describes
the plasma behavior in divertor chamber, and the Monte-Carlo portion,
which describes the neutral particle behavior in the chamber and the
evacuating duct. Based on the numerical analyses by this code, low
temperature and high density plasma near the divertor plate can be
formed even for rather open divertor. Figure 1.2.7 shows the two-
dimensional views of the electron temperature {(a) and the electron
density (b) in the divertor chamber. These features of the divertor
plasma can mitigate the heat load, erosion of the plate and the pumping
requirement. Preliminary calculation of the pumped-limiter is made by
one—dimensional transport code. Various transport coefficients in the
scrape~off layer are fitted to reproduce ASDEX limiter experiments.
These coefficients are used to predict the performance of FER. Figure
1.2.8 shows the ion particle flux, heat flux and erosion of the limiter

plate. Applicability of the pumped-limiter to FER is examined by this
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calculation, It 1is found that the radiation cooling is less expectable
than divertor and there should be large heat load and erosion in any

transport coefficients. It is then concluded that cold boundary layer
should be considered for application of pumped-limiter to FER. Design
study is made for advanced FER with pumped-limiter, whose plasma minor
radius is enlarged by about 20 cm for cold boundary layer. Plasma and

device parameters for the design study are tabulated in Table 1.2.13.
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1. Outline of Reference FER Physics Design

e Data bose

o Stoble core plasma

o Plasmu/device parameter
o Operation scenario

o Critical issues

2, Outline of Advanced ond Alternative FER physics
Design

(1) &F assisted operction scenario

o Current ramp-up by LHCD (Long pulse/
Quasi-steady)

o Steody operation by CAW, HSMS, LHW CD

(2) Pumped-limiter
o Applicability to FER-= cold boundgry plasma

Table 1.2.1 Data base for reference FER.

Data Base foy FER Physics Desian

Major items Data base

1. Energy and Particle Confinement | x, = (4~5)%10"%/n,
Xi = (2‘“3))(1

neo
2. Beta value 4~57%
3. Non-circularity - 1.5~1.6
. Cold boundary layer Divertor chamber
20 ~30 cm(pumped-1imiter)
5. Impurity control method Polofdal divertor

6. Additional heating NBI former pericd
‘ RF latter period

H+

7. Toroidal field ripple Q.75 %

8. Burn time 100 sec

"
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fs)s] re Plosmg

. 1. Disruption Sofety Factor (Current)

~ 2.5

}
2. Balloconing Instanility —— Betg Yalue (Temperature)

g~5 2 ~ 10 keV

e 3, Vertical Position -————= WNon-circularity (Plasma Shape) A
Instability - 1.5
13

& 4, Thermai Instability =-=-======—mmmremmmmc oo
long time scale —= control

Contral
Fig. 1.2.1 Four major instablities and the parameters to avoid or

control them. Radius of the closed circle before the item

number denotes the weight of control.

- Ootimization Gevice size
e Power supply

20 T T

Structural Restriction Bmax = 11T

T
I \(‘/ {Volt'second) Bpmax= 8T
i A = 165m
- K =15
1.5 \ ay = 2.5 4
T = 10%aV

Self-ignition

(m}
2

Radius a

Plasma Minor

L \‘q
05 ——————— Plosmg performance —
r —= = Shuctural rastriction
-
| :
0 I ! " ! L
3 4 5 - 6 7

Aspect ratio A

Power supply
Inboard reglon

Fig. 1.2.2 Optimization of the device size. Solid line shows the

self-ignition and long brokn line shows the structural

restriction due to volt-second requirement.
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Fig. 1.2.4

Interruption capacity as a mea-
sure of capacity of PF coils
power supply along the ignition
line of Fig. 1.2.2. Solid line
shows the case with constant
one-turn voltage of 100 V, while
dotted line shows the case, in
which one-turn voltage is assumed
proportional to major radius.

ra n nar
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e ——
. +— Current —— Addlticnal

Burn Shut-down —

Plasma current

1 I
! !
1 | 1
I
} 1 | !
I i ! {
| | 5.3 MA . !
| | i !
I | ! i
: i !~ Temeergture '
| ! B |
i |
| i : Density !
|
! i 11.4x16%° o !
i \ I l
I ! 1
h ! 1
1 : {
19 -3
T3x107T @ ! Time (sec)
1 | 3\‘.? 1 .
o 0.3 _ 5 11 11 126
~ Burn control ~ several sec.
Ash cccumulation ~  Ssevercl tens sec.
Ccurrent diffusion =~ several hundreds seq.

Fig. 1.2.5 Schematic drawing of operation scenario of reference
FER. By this scenario, burn control and helium ash
exhaust can be demonstrated, while current diffusion
for OH long burning cannot be examined.
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CriticoL_Issues

i. Energy and Particie Conflnement
2. Betg Vglue

3. Impurity Contral

4, Additioncl Heating

5. Equilibrium and Stabllity

6. Disruption

7. Operation Scenario
¢ Design value and dota base for reference FER
© Major problems in design
o Future direction for clternctive or advanced FER

Table 1.2.2 Critical issues of FER for energy and particle confine-

ment.
l. Eneragy ang Particle Confinement

Design value and datc base : ; Future direction for glternotive
for reference FER . fajor problems In design or advanced concept _
. TE-1.5 sec « Large device size ag=1.1m ¢ Improvement of energy
(@=1.1m B=57T) PTLE M confinenent
» High hect load o small, circular shape
(400 MW fy51on DowerJ‘ o small fusion output,
« Large additional heagting . additional heating power
(Empirical scoling) power (~60 MW} © divertor-less
e« Toroidal field ripple s Torcidal field coils Heating profile control
size 5.3 X9.4m © small size, number
(onalysis of «-loss) number 14
* Tha ~0.5 sec « Pumping speed ~2X10° £/s * Reduced The (divertor)
no helium enrichment . Pgﬁgifiggg Zg?ls » Helium seiective pumping




Table 1.2.3

2. Betg Value

Design volue and data base
for reference FER

JAERI -M 84 — 107

Major problems in design

Critical issues of FER for beta value.

Future direction for alternotive
or advanced concept

« B~ 43 (5.7 T)

Circular 3% JFT-2
Non-circular 4.6% D-III

Ballocning mode
theory =~2.7%

Table 1.2.4
3, {mpurity Control

Design value and data base
for reference FER

o Large device size
« RHigh toroidal field

Mcjor prcblems in design

+ Higher betao value
6~7% Noncircular
4~5% Clrcular

o Small, circular shape
o Low toroidal fleld

o Wide cperation region
high T, low n
(Thermally stcoble, Long
burn., Current drive

low T, highn
(Low erosion of first wall,
limiter

Critical issues of FER for impurity control.

Future direction for alterngtive
or advanced concept

« Poloidal divertor

DIVA, D-III
PDX, ASDEX

Numercial analysis

Experiments

Table 1.2.5
4, Additional Hegting

Design value and daota base
for reference FER

+« High heat locd, erosion

« Large power supply
(5 GJ, 1500 MvA}

« Complicated remote
maintenance

Mojor problems in design

+ Low temperature, high density
divertor plasma

« Low temperature boundary plasmg
-© Pumped-limiter
small-power supply,
Small non-circular shape
e Long life of first woll
o Yariety choice of wall
material

Critical issues of FER for additional heating.

Future direction for alternative
or advanced concept

« Former period NEI
(150 keV, 30 MW)

Later period RF
(30 MW)
Burn period RF

{DC 1C MwW)

» Breokdown assist  ECH
(10 MW)

« Adjustment, malntenance
of NBI

+ RF heating only

o simplification of reactor
periphery

o mitigation of D,T isotope
separation

. Unification of RF system

including current drive
o gimplification of RF system



Table 1.2.6

5. Fauilibrium gpd Stability

Design value and data base
for reference FER

JAERI — M 84 —107

Major probiems In design

Critical issues of FER for equilibrium and stability.

Future directlon for aclternative
or gdvanced concept

« [ shape, ¢ ~ 1,5

(-1 «~1,8)

« Double null ceonfiguration

(divertor configuration?

Table 1.2.7
6. Disruption

Design value and data base
for reference FER

« ‘Instailation of passive
shell

complicated structure
of first wall
decline of T,B.R,

e [Large power supply

Major problems in design

« Small non-circularity
‘e Pumped-limiter

Critical issues of FER for disruption.

Future direction for alternative
or advanced concept

« Frequency 10°

« Time
15 ms current
5 ms heat

o Energy 180 MJ

Table 1.2.8

/. Ooeration Scengria

Design volue and data bose
for reference FER

« Electromagnetic force

« High heaot flux

Critical issues of FER for operation

Major problems in design

« Decay of frequency

« Control for softening

scenario.

Future direction for alternative
or advanced concept

« Pulse operagtion
(10%/1ife)

« Thermai, mechanical
stress fatigue of first
wall, T coll

« Steody/Long pulse (quasi-steady)
operation by RFCD

« Breakdown
30V
0.2 ma

« Cyrrent interuption
cepacity

« Bellows structure

« Prelonization by ECH

s Start-up/Shut-down
(~10 sec)

¢ Large paower supply

« large AC loss
(~70 M)

« Additional heating
e Current romp-up by RFCD
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Table 1.2.9
Important items to be
examined for long pulse or

quasi-steady operation
1. Long pulse cperation scenario (Alterngtive FER) scenario.

o Operation scenarfo by using LHW current drive

in low density plasma Important Items

* Optimlzation of current ramp-up scenofio 1. Duty cycle

* Optimization of PF colls for long burn o Current remp-up time

* Choracteristics of quasi-stecdy operation o OH coil recharging time
© Burn time

2. Stegdy state cperation (Advanced RFS-FER)
°© Pumping time

o Physics design consideration for candidate
wove drivers

CAW, HSMS, LHW 3. Over-turning moment of TF coils

2, Eperagy transfer of PF coils

o Plasma and device parameters for design study 4, Device size

Table 1.2.10 Conclusions of the optimization of
long pulse operation scenario.

Conclusions for long pulse onergtion scendrio

1.'St0tic equilibrium control is possible aver whole
range of beta-o and [D. The inner-most PF colls can
be free from equilibrium,

2. Long burning can be realized when plasma current is
romped-up to 4 MA by LHW,

3, Romp-up to 4 MA is favorable from view noint of total
energy consumetion per fusion cutput energy.

4, Recharging time will be 200~300 sec for 100 v.s.
The time can be shortened effectively by imourity,

5. Recharging at I =4 MA is also favarcble to reduce
the variation of over-turning force. -

6. Reduction of mognetic energy transfer will be
difficuit for non-circular nilasma,
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[, Polojdel Divertar

(1} Guldeiine of divertor design (conclusion
by numerical analyses)

o low pumping reguirement for He exhaust
(S € 10° #/5)
o low plosma temperature near divertor piate
{Ty ¢ 30 eV)
¢ moderate heat load on divertor plate
(P €20 MW/d.D)

{2) Criteria for the formation of dense/cool
¢ivertor plasma

{1, Pumped-limiter

o Limiter chawer: 2D colculation as in divertor

o Limiter surface: scrgpe-off anclyses [ncluding
main plasma gre essential

Preliminary
Calculation

1D (r) calculation with
convection model

impact of transport
coefflcients on DerformonceJ

of limiter
110’
[T9}
(8]
12 . 40 =
- 15 2
1.0 «
o 0 =
[ =
08 - 5
- 28 =
- €
06 20 g%
- 158
04 -
o >
o 10 3
02| -
- 3
~ o
0.01-:'11:111111:111111!!|:11:13.LJ.11" bvuhmisbnbbenbendbebens, L L. 00
42 44 46 48 50 52 54 56 58 60 62

R (m)
Ion particle and heat flux to the limiter and erosion
depth of the limiter surface calculated by one-dimensional
transport code, in which the transport coefficients are

fitted to reproduce ASDEX limiter experiments.



Table 1.2.13
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A cobifity of Pumped-Limjter

© Large uncertainty In transport coefficients

© Plasma pardmeters gregtly depend cn the

coefficients

o}

[+

Large heot load/erosion in ony case

convective mpdel is insufficient?

radiative cooling is less expectable

than divertor

2D calculation s necessary?

© Cold boundary loyver shouid be considered for

application of pumped-limiter

—— larger plasma size

Plasma and device parameters for comparative design

studies of pumped-limiter.

In Case L2, cold boundary

layer of 20 cm is considered.

Plasma gnd Device Parameters for Design Study

of Purmped-limiter

Case L1

Case L2
1. Cold boundary None Yes
layer ~0.2m
2. Temp. of scrgpe-off 2 100 e¥ | ~ several tens eV
layer
3, Major radius (m} 5.7 6.0
4. Minor radius (m) 1.17 1.45
5. Avergge ion temp, 10 10
{keV)
6. Average ion density 1.28 1.2
(10%° m*)
7. Toroidal field (T) 5.5 5.2
8. Plasma current (ia} 5.5 5.8'
9, Safety factor 2.5 2.5
10. Fusion power (M) 460 480"

Same plosma performance within the cold boundary

layer
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Conclusions
Divertor Pumped-Limiter
Advantage o Cold/dense plosmg in ;o Applicability to less
divertor region elongated plasma
Criticol point | o Vertical position ° Formaticn of coid boundary
contro! : N layer—s larger plasmg size,
potential cdvantage
in heat removaol in
commercial reacter
Suitable for FER Commercial Reactor
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1.3 Overview of FER engineering design

I W N

Specifications and Guidelines for
the Reference-FER Engineering Design

, Reagctor Configuration and Maintenance
. First Wall/Blanket
. Divertor

Electromagnetics

(Control of Plasmag Positional Instability)
Shield '

TF/PF Coils

Plasma Heating System

Power Supply Systen

Cooling System

. Tritium System-
. Safety
. Plont Layout
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REACTOR CONFIGURATICN

Case Shield Post - \ﬁgggﬁoﬁort %g%r&]gntation of
A no | Tep & Bottom 42 (3/port)
B yes Top & Bottom 28 (2/port)
C yes Midplane 28 (2/port}
D YES Top & Bottom 42 (3/port)
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Cryostat vacuum

Side module

Side module

Torus assembly sequence

Divertor module

Pin

{\%\X\%ﬁg ;
N =“=\ “f/.»A '
VA

Shield plug

Cooling tube

Access door
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First Wall

Blanket Vessel & First Wall

S
]
Zone i « Plasma
Bl
fﬁmul s ™~ Sputtering Armor ( 316 55 )
Coolont 4 3f3 ( moximum life time : 1.5 W.Y/mz )

Bare 316 SS First Woll

4= Plasma
~
Q

| i
ool t'___________,_,_' 4 - Sputtering Armor ( Mo )
QN

( maximum life time : 3.0 MW-y/mz )

[

First Wall with Mo Armor
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FIRST WALL

1. Bare Stainless Steel

o Simple
c Short Life Time (1.5 MWY/m?)
© Large Thermal Stress during Plasma Disruption,

2, Stainless Steel with Mo Armor

© Longer Life Time (3 MWY/m?)

o Acceptable from the View Point of Impurity
Control?

o Fabricability?

Impurity Control

1., Comparative Study of Engineering Fegtures for
Divertor and Pumped Limiter Reactor Concept

Reference Design ---- Double Null Divertor

Alterngtive Desldgns < (1) Single Null Divertor
(2} Pumped Limiter, L1
(3) Pumped Limiter, L2
Effects on the following items are studied
(g) Regctor Size
Reference Design 1s the smallest
(b) Mainteonce

Alternative Designs have adantage over
the Reference Design

(¢} Magnet Systei
Mechanical Stress and AL loss are
smaller in the alternctive designs

{d) Required Capacity for the PF power Supply
The required capocity for pumped limiter
desion is aobout half of those for divertor
design
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Main plasma pcrometers for the Reference and Alternative designs

Double Nul

Single Pumped

1iSingle Null|Single Pumped
Divertor Divertor Limiter, (1 | Limiter, L2

Plgsmg major radius (m) 5.5 5.72 £.01
Plasma minor radius (m) 1.1 1.17 1.46%
Plasma elongation 1.5 1.5 1.5
First woll radius (m) 1.25 1.395 1,685
Average jon tempergture (keV) 10 10 T Same as 10
Avercge ion density (1022 m=3)| ~ 1.35 1.28 single null 1.19
Toroidgl field on plasmg axis (T) 5.7 5.48 divertor 5,22
Peak thermonuclecr power (MW) 1 440 458 480 .
Plasma current {MA) 5.3 5.54 5.8*
Safety facter 2.5 2.5 2.5
Toroidal B (%) 4.0 4,1 4,1

Note : Farameters are determined for equclity of blasma confinement

performance,

*) Plasma scrope off laver is excluded

Current in plgsma cold laver in neglected

+} Plasma shegth (0.2 m} is included. .
Plasmg confinement performance is.evaluated for plasma minor

radisu of 1.26 m

Conclusicn
DND SND L1 L2
Reactor size o 1) & X
TF Coil Stress % a o o
PF Coil Stress X —~ &
Plasma Control X s o X
Power Supply Ca- . . o .
pacity for PF Coll
TF Coil AC loss X X a a
PF Coil AC loss o o o o
(X) {X) (a) (&)
Maintenance b o o o
o ---- good
a ---- medium
X ---- pad
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2. Engineering Deslgn of Divertor dnd
Pumped Limiter Plotes

a) Thermal-hydraulic design
b) Thermgl stress Analysis

¢) Electrical Insulaotion design

DIVERTOR PLATE \\\ CCOOLING SUB HEADER

COOLING HEADER

1

ARMOR (W}
COOLING CHANNEL
(Cu}

@10 Iy

TIOIOI0|0 =
™~
—
- =
P
SUPPORT PLATE — | =
INSULATOR (s.5)
100 J
Sec., AA

Divertor plate
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Electromagnetic Design

1. Parametric Study of the Shell Effects

Items Studied
* Number of Shell Segmentation

1. Neutronics Analysis | « Shell Location (Inbord and/or Outboard)
* Thickness of Front—Shell

2. Tritium Recovery Study
' e Thickness of Side-Shell

3, Structural Analysis | s Conductive End Wail
4. Temperature Control Analysis 2, Electromagnetic Force and Stress Analysis
5. Fabrication Procedure Study 3, Plasma Position Controi Simulotion

(Evaluation of Required power supply
capacity for active contrel coil)

Be ATy AP
R TN o,
. v 2o
.“.- nT ~.' T ‘..
N N
‘ L p
\ R
— T~
Pb Lt KN R .
IR
‘\ ~ ':'" ’
U
FURR R e
TS
_\.".-. /- s
LRl

Shell Conflquration
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REFERENCE SHELL MODEL

For HiGHER SHELL EFFECT AND
HigHER TRITIUM BREEDING RATIO

)
S TT—— For HiGHER SHELL EFFECT

For MepIuM SHELL EFFECT AND
HiGHER TRITIuM BREEDING RATIO

$US(3502")

Ballovs

t Shield Structure
sUS(20ma")

SUS {10me=F)

Po(60:==%}

Conductive
Shell
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Bird’s-eye View of the RFS-FER
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2. RF Heating and Current Drive
2.1 RF Assisted Plasma Operation Scenaric for FER

Two operation scenarios using RF wave current drive have been
investigated for alternative and advanced FER. The first one is long
pulse operation scenario for alternative FER using lower hybrid wave
(LHW) current drive in low density plasma, which is based on the
present-day experimental data base. In this operation scenario, the
plasma current is ramped-up by LHW in low density plasma, so that the
inductive volt-sec can be used for burning. Quasi-steady operation, in
which the plasma current is sustained by LHW even during the recharging
phase of OH coils, will be natural extention of the long pulse opera-
tion scenario. Long burning and high duty cycle will be essential
factors, so that optimization of current ramp-up and flux supply by PF
coils are most important. Characteristics of quasi-steady operation is
also investigated.

The second one is completely steady-state operation for advanced
FER. For the design study, plasma and device parameters by considering
three candidate wave drivers; compressional Alfvén wave (CAW), high
speed magneto-sonic wave (HSMS) and lower hybrid wave (LHW).

Figure 2.1.1 shows schematic drawing of long pulse (quasi-steady)
operation. Table 2.1.1 summarizes potential (dis)advantages for quasi-
steady operation. Those for completely steady-state operation are also
summarized for comparison. For the long pulse (quasi-steady operation,
important items to be investigated are duty cycle, energy transfer of
PF coils, over—turning moment of TF coils and device size. To improve
the duty cycle, the optimization of current ramp-up time, OH coil
recharging time, burn time and pumping time is essential. Optimization
of current ramp-up time and recharging time is done by using a simple
physical model based on quasi-linear theory of current drive coupled
with power balance equation. The results of the optimization are shown

"in Figs. 2.1.2-2.1.9. From these results, it is concluded that both
current ramp-up time and OH coil recharging time are rather long {(~100
sec and ~200 - 300 sec, respectively), so that some measure to reduce

this time will be necessary. Impurity contamination will be a promising
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method for this. To prolong the burn time by OH coils, the key point
is whether or not the inner-most solenoid coils can be freed from the
function of equilibrium. This point is also essential to remove
completely the inner-most PF coils in completely steady state reactor.
Strong restrictions, however, exist for this; total ampere turn and the
position of magnetic null point. It is concluded by the static equilib-
rium calculation that the inner-most PF coils can be freed from the
equilibrium for various beta poloidal values without increasing total
AT so much and changing the null point so much. To realize long pulse
operation, current ramp-up ‘scenario is very important. Figure 2.1.10
shows various ramp-up scenarios and their burn time. To investigate
the characteristics of the quasi-steady operation, it is very important
to examine the variation of the over—turning moment of TF coils, the
amount of magnetic energy transfer and total energy consumption for
various current ramp—up and ramp-down scenarios. The results are shown
in Figs. 2.1.11-2.1.15. From these investigations, we conclude that
current ramp—up and the current sustaining in recharging phase by LHW
at the level of 4 MA will be most favorable.

For the design studies of completely steady-state operation reactor,
three candidate wave drivers are examined (CAW, HSMS, LHW). Advanced
and disadvanced features of each wave are summarized in Table 2.1.2.
Relations between each wave in m—%/ plane are shown in Fig. 2.1.16.
Current drive efficiency, frequency for fast wave (CAW, HSMS) are shown
in Figs. 2.1.17-2.1.19. A key point for the steady-state reactor design
is the reduction of the major radius due to the removal of the inner-
most PF coils. RF power injection compensates the aggravation of the
plasma performance due to the reduction of the toroidal magnetic field
on axils through the reduction of the major radius. The parameter for the
risk of the performance is introduéed, and the plasma temperatures are
chosen so as to retain the same plasma performance for each candidate
wave driver with different driving efficiency (Figs. 2.1.20, 2.1.21),
Table 2,1.3 summarizes the plasma and device parameters for steady-state
FER by three candidate wave drivers. CAW is chosen as a primary can-
didate for driver, since it has highest potential advantages for
commercial reactor (highest efficiency and good accessibility). However,
these candidate waves can easily be replaced by others in design study

by changing operation temperature when data base is clarified.
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1. Long pulse operation scenario {Alternative FER)

o Jperation scenario by using LEW current drive

in low density plasma

* Optimization of current ramp-up scenaric

« Optimlization of PF coils for long burn
e Chgracteristics of guasi-steady operotion

2. Steady state operation (Advanced RFS-FER)

o Physics design consideration for candidate

wave drivers
CAW, HSMS, LHW

o Plgsma and device parameters for deslgn study

Fig. 2.1.1

AN

Py - RE power for current drive
Pn : RF power for Ignition

Pecy - ECH for breakdown and

stariup

S s —— o — oo e
ta) (B) (o) (D] {£) {Fl (G} (HY | (T}
Ip . s : . Plasma current : I, o i i
‘ — = Samm
i 3 T i
) Temperature
& i
Density —
£ t Time ™
Vs -Qi(flux) V.s (flux} :
Py 2 ! il
P F’rl'
\\fw : P\
LN )k
0 ‘ | AN Y Time -

Schematic drawing of long pulse or quasi-steady operation

by lower hybrid wave current drive.

sustainment in recharging phase is performed by LHCD.

Current ramp-up and
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Important jtems

1, Duty cycle
o Current ramp-up time
o OH coil recharging time
o Burn time
° Pumping time

2, Energy transfer of PF colls
3, Over-turning moment of TF coils

4, Device size

Simple Fodel Egugtions

o Driven current, deposited power: Qugsi-linear theory

' () 5
frp()=6.56 X 1070 —E— exp [ 2—25"—10] [% - %J (A/n2)
e'fl ny Teridans N

2

_ nair) 2 .56 XIOS no, _
P o(r)=3.,78 x 107 %%k E=ie exol:- ‘—] In £ w/ms)
't M) n? T ) Ny,

Soturated value — avoid hollow current orofile

° Ny, Accessibility condition:

O w= 2 mLH(O) «— Avpid parametric Instability

0

Power bolance

Ge Po # Prg + Py + Prg = Poy = Ppr - Py = Pypp = 0 ¢ electron

(1 - BgIPg + gy - Pyy =0 poion
© Equivalent circuit eguations
, dr, di, . dl,
OH coil : L, ot M12-6¥-+ Mis Frad .
dIl dIOH (‘.'13 dLD
Plgsmg le E + Lp —a'E““ + MZS E +(RD + E)IOH
= - L 9};& - .d..i
P dt dt rf ’
Vertical coil: M ah M alp | L afy y
i coil: s —_— - =
) 13 dt 23 dt 3 dt 3
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Accessibility condition for lower hybrid wave

2 1
- I
nz>nLC"(l ] Q.) UJSLUc !
e i
@ w g Qé o, %
n,o>n.= 25 4|1+ (-EEY) (- F55) w
z LC oo, ¥ w
e e
where
:  w?’Q 4 Q%
w, = _Pe lEl-%— mze)'i l]
28 pe
o Current ramp-up time
]
te = -tin (1 - 29 (sec}
lrf
where r = (LD +\/r/ID)RD
o OH coll recharging time
T —1 (sec/V.S)

r =
Rolpe - 1p)
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Current ramp-un time. required enerqy., nower

Ny = 3x1048 073 1,=0-4 MA  Na Lmpurity

3 t N 1 i I
¥ 17 2
w =
o~ AY —_—
= N 16 &
= | L N
I_L" 2 ™ \\ = 5 %;
@ i —_
E ! 44 2
"o
[~ I~ —_
7o 15 =
g .| 5
< B
- 42
z i g
= B
3 | 1) B
- g
Ot I L L s . o]
4 5 & 7
Upper paraliel refractive index Ny,
LD= 12 pH %LDIE =96 MJ
ad = 10 Vs
Fig, 2,1.2 .

Current ramp-up time, required energy and power
by LHCD as a function of upper parallel refrac-
tive index. Plasma current is ramped-up to &
MA. Electron density is 3x10!% n™3 and no
impurity contamination. Efficiency of ramp-up
(stored magnetic energy/injected RF energy) is
~A25% at its maximum, which is roughly consist-
ent with PLT results.,

3 3 T T T T 3 T
< 1 el -
= w T R
: B E - /// E
w 2 B - 2r - -
L | [l i -
Q L @
E E 7
g | s |
Elr g1
g2 i s |
i L i ! 1 1 L 1 L 1 1 L 1
0 | 2 3 4 5 6 7 0 | 2 3 4 5 6 7
Average electron  density (x10'® rr3) Average electron density (x10"® r3)
Fig. 2.1.3 Fig. 2.1.4
Minimum current ramp-up time (solid Minimum current ramp-up time for
line) and the ramp-up time when the impurity contaminated plasma as
injected energy is minimum (dotted a function of electron density.
line} for various electron density. Oxygen impurity is assumed.
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g 5 :
S
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&
£ 2f ]
S M%H(Tr}
30 |
T
o ! 1 ! 1 1 i

0 | 2 3 4 5 1<) 7

Average electron density (x10'%m3)

Fig. 2.1.8

03 T T T T 1 T
Q2 &
- =
= - -~
™~ (=]
o i w
- ~
01 .
L | i | H | O
0 f 2 3 4 5 & 7
Averoge electron density (x10"%m3)
Fig. 2.1.9 Drift velocity normalized by electron thermal velocity

and electric field normalized by Dreicer field as a
function of electron density for the minimum recharging

time.



(MA)

bp

50

40

30

20

1.0

Burn Time

o Inner-most solenoid colls can be freed from
function of equilibrium?;
—This possibility leads to complete
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Key point

removal of inner-most PF coils in

complete steady state reactor

Restriction

o Static equilibrium must be realized without
increagsing total AT too much

o Position .of magnetic null point must not be
moved too much

o Optimization of flux supply by OH and EF coils

Optimum operation scenario for current

ramp-up by RF and OH, increase of BD

OH
Coil

Burn Time (aec)

Fig. 2.1,

LHCD.

10 Burn time for various

V.s for all cases.

scenarios of current ramp-up by

Resistive volt-sec in the OH phase is assumed 3
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Fig. 2.1.11 Magnetic energy transfer in various phases of quasi-steady

operation scenarios given in Fig. 2.1.10,
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asing (efficiency
decreasing}

Fig. 2.1.16 Relations between three candidate wave drivers of fast
waves of ICRF in w—E/ plane. Vis Ve and C denote ion
and electron thermal velocity and the velocity of light,
respectively. Lower hybrid wave is alsc shown by LHW.
Current drive efficiency is decreasing as the parallel

refractive index n, is decreasing.



Table 2.1.2
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"Advantage and disadvantage of candidate waves for current

driver. CAW is chosen as a primary candidate wave for

current driver due to its potential advantage for commer-

cial reactor.

Candidate Woves for Current Driver

(1)

Fast wave ----- Good accessibility
Comppressional Alfvén Wave (CAW)
Theoretically best efficiency
Difficulties --- Antenng design
trapped electrons effect

High Speed Magnetosonic Wave
Low efficlency
No difficulties in CAW

(2) Lower Hybrid Wave

Experimentally proven
Density limit, Accessibility

Conclusions for long pulse onergtion scendrio

1.

Static equilibrium control is possible over whole
range of beta-o and I, The inner-most PF coils can
be free from eaullibrium.

Long burning con be realized when plasmg current is
rameed-uo to 4 MA Dy LHW.

Ramp-un to 4 MA s favorable from view noint of total
energy consumotion per fusion output energy.

Recharging time will be 200~300 sec for 100 v.s.
The time can be shortened effectively bv Imourity.

Recharging at I =4 MA {s also favorable to reduce
the variation of over-turning force.

Reduction of magnetic energy transfer will be
difficult for non-circular nlasmg.
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Hoior Radjus

Compactness < Plasma performance
Megsure of plasma performance
an T
- T
= —=—r
Pa * Prr = Py

a

CR ~ 0.6 for reference FER

Minor rodius is not changed g=1.1lm

Major radius is decreased
« R~4 mmay be limiting value for engineering
Removal of inner-most EF colls .
Increase of areg of conductor
Installetion of center cylinder

150 I T
Crisk=0-2
100 ' -
=
=
a
50— —
HSW  LHW
* | i [ IO |
0 A .2 3 4 5
Y

Fig. 2.1.20 Required rf power to achieve the same risk of plasma
performance as a function of the current dirve efficiency
Y. The efficiencies of CAW, HSMS and LHW are shown on
the horizontal axis. Major radius is 4 m and minor radius

is 1.1 m.



Fig. 2.1.21

Table 2.1.3
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Crrsk

5 5 25
-Te (l(e\/)

The risk of plasma performance for various major radii as
a function of average electron temperature. Solid line

shows the case of CAW and the dotted line the case of

LHW.

Plasma and device parameters for completely steady—state
advanced FER. Major radius is decreased as long as possible

without aggravating the .plasma performance.

Pilasmo and device Pgrometers for RFS-FER

RF Driver| caw HSMS LHW

1. Plasmag parcrmeters

Temperature (keV) 13 19 14,5

Density  (x10'® m™%) 3 |6.2 8.1

Fus{on pawer {(MW) | 250 210 250

Wall loading - (MW/m2) | 0.9 0.76 0.9

@ volue 14 4.2 10

RF power (M) 18 50 25
2. Device parameters

Major radius (m) 4.0

Minor radius (m) 1.1

Noncircularity 1.5

Toroidal field (m 4.5

Plasma current (MA) 6.4
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RF Parameters

1. CAW ( current drive )

power 20 MW

frequency 8 MHz
wave length In z direction l1.26m

2. ICRF ( additional heating }

power 30 Mw
frequency ‘ 69 MHz

mode D 2nd harmonics

3. ECH ( preionizatien, control }

power 10 MW
f requency 126 GHz
mode 0 mode

Summary_and Conclusions

1. CAW 1s chosen as primary candidate for driver

o £fficlency (potential advantage for commercicl
reactor)

o fAccessibility

2. Major radlus Is decreased to 4 m
¢ Compactness of reactor
o Equilibrium without inner-most EF colls

3. Almost some plasmo performance
°o No degradation of confinement

o Adjustable by lowering plasma temperature and
increasing RF power

4, Candidate waves can easlly be replaced by others
in design study by changing operation tempercture
when datao base is clarifled
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2.2 Engineering Design of an advanced FER Based on Steady

" State Plasma Cperation Scenario

Part 1. Engineering Design

(1) Introduction

Engineering design study of & RF drfiven steady-

state advarnced FER (RFS-FER) with a double-null

poloidal divertor is presented.

CAW (Compressed Alfven Waﬁe) is adecpted as the RF
for plasma current driving.

Taking the adﬁantage of continuous operation, the
engineering design of the reactor is simplified con
the basis of the concept for eliminating OH coil
and taking structual advantage of rigid wvacuum

boundry vessel.

{2} Specification
Specification of the RF driven steady-state
advanced FER is shown in Tables 2.2.1, 2.2.2, 2.2.3
and 2.2.4.

(3) Design Concept
(3.1) Basic Assumption’

The concept of the RF (CAW driven steady-state

advanced FER with double null poloidal divertor

has been assumed as follows:

(1) OH coils are eliminated by the use of CAW
current drive,

{2) All magnetic field coils are

. superconducting ceil.

All EF ceoils are set outside the TF coil
to minimize the size of the TF coils.

{3) The number of EF coil is minimized as far

as the plasma eguilibrium is permited.



13.2)

{4)

(5)

(6)
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Shell effect for stabilizing‘ﬁertical
positional instability of non«~circular
plasma is giﬁen by simple members,

A maintenpance system is full remote
handling and adapted for the 1life of
components., In—ﬁessel components, that is,
di&ertors, blankets and RF antennas require
replacement for maintenance eﬁery fixed
period. .On the other hand, vacuum

vessel’, shield, and'magnets.are expected

te last long and fix during plant life

under ncrmal operating condition, however

" provisions are placed for their

replacement.
Stainless steel is mainly used as the

structural material.

Reactor Configuration .

Major design parameters are listed in Table.

2.2.1 and bird's-eye view of the reactor is

- shown in Fig. 2.2.1.

The reactor cross-section is shown in Fig.

2.2.2 and the top view is shown in Fig. 2.2.3,

(1)

(2)

The reactor has twe vacuum region, that is,
plasma vacuum region and cryostat vacuum

region. These two vacuum regions are

separated by a commOn vacuum boundary which

is located behind blanket except the
access port.
The concept of vacuum boundary is shown

in Fig. 2.2.4.

Bellows of a vacuum vessel for sustaining
one-turn electric resistance along
toroidal direction are alsc eliminated by

adopting RF current drive.



(4)

(5)
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Construction has been emphasized that in-

. vessel components can be removed and

replaced in a simple and practical manner
dividing into small and easy handling

modules.
Torus is divided into 12 sectors and access
ports are provided in évery sector.

The divertor is divided intoc 3 modules in

one sector and 36 modules in a whole. 1Its

concept is shown in Fig. 2.2.5.

In each sector, one module called the
center module is placed in the middle of
the sector and the other two called the
side module are placed both side of the
center module.

The blanket is divided into outer

blankets and inner blankets,

Outer blanket is divided into three

modules, and inner blanket is divided into
two modules in every sector, as shown in

Fig. 2.2.6.

The vaccum bkoundary vessel is designed to
give the shell effect.

Emphasis is put on the construction which
permits the removal of in-vessel
components without breaking the seal of
cooling pipe for maintenance.

As shown in Fig. 2.2.7, it has removable
part in access ports between TF coils.
The removable part 1ls composed of two
pieces.

One is a shell piece which play a roll of

,shell'effect member connected with a fixed

part and the other is a seal plate to take



(6)

(7)

(8)
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a roll of sealing. ' The concept of shell

structure is shown in Fig. 2.2.8.

The shield consists of two partg. A part
of the shield is located in the cryostat
ﬁacuum region, however the removal part
for maintenance is put in the access ports,.

Fig. 2.2.9 shows concept of the shield.

The magnets coils are all incorporated in

-the cryostat which provides vacuum

insulation.

They are also surrounded with thermal
radiation shield that is cooled by liquid

N2 to minimize the heat leak.

"TF cecils are joined with shear panels to

withstand the out-of-plane forces rigidly
in upper and iower sides. The space near
the midplane between TF coils is made use
of maintenance as access ports.

Number of EF coil is three for each half
plane. They are located in the same
cryostat vacuum region with TF coilsg and

suppcrted by the structure for TF coil.

Cryostat incorporates the whcle magnet
system.

Crvostat 1s connected with vacuum
boundary vessel at access ports. Sc the

cryostat vacuum is kept independently

‘during maintenance without any

interf€rence.

The vacuum pumps are located at the top ‘
and bottom of the reactor to pump out the
exhaust gas arround the poloidal double

null divertor.
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{10) Five access ports are used for RF
antennas c¢f three kinds, that is, two
ports for CAW, two ports for ICRF and one

port for ECH.

(11) Az the results of the configuration cof
'aboﬁe mentioned, the removable methods of
in-ﬁessel components such as divertor and
blanket, for maintenance, are shown in
Fig. 2.2.10 and 2.2.11 respectively.
f{12) Radial build of reactor compositions in
.the midplane of reactor core is Fig.

2.2.12.

(4) Results of analysis

{4.1) Equilibrium configuration

Fig. 2.2.13 Equilibrium poloidal field
configuration

Fig. 2.2.14 Current patern of PFC
(4.2) Divertor

Fig. 2.2.15 Divertor structure
. Fig. 2.2.16 Thermal stress analysis of

divertor plate
(4.3) First wall/Blanket

Fig. 2.2.17 First wall/Blanket structure
concept

Fig. 2.2.18 Integrated trtium breeding ratioc
in blanket region.

Fig. 2.2.19 Nuclear heating distribution in
blanket region.

Fig. 2.2.20 Temperature distributicn in
blanket region

Fig. 2.2.21 Thermal stress analysis of first

" wall



f4;4)

(4.5)

{(4.6)

(4.7)

(4.8)

{4.9)

(4.10)

(4.11)
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" Vacuum Vessel and Shielding

Fig. 2.2.22 Concept of structure

Magnet'

Fig. 2.2.23 Main parameters and conauctor
- structures of TFC
. Fig. 2.2.24 Main parameters and conductor
structures of PFC
Fig. 2.2.25 - Oﬁerturning'moments distributions

of TFC
Fig. 2.2.26  Stress distributions of TFC He
case

Table. 2.2.5 Evaluation of stress intensity

RF antenna

Fig. 2.2.27 Structures of CAW antenna

Radiocactivity
Fig. 2.2.28 Dose rate distributions in
reactor core at 24hrs after

reactor operation shutdown

Electrcocmagnetics
Fig. 2.2.29 Shell effect
Fig. 2.2.30 Vertical Field Penetration

Components weight

Table 2.2.6 Weight of reactor components

Maintenance

Fig. 2.2.31 Divertor model replacement
process

Fig. 2.2.32 Blanket model replacement

process

Power supply
Fig. 2.2.33  System concept of power supply
Fig. 2.2.34 Power chart of power supply

Table 2.2.7 Peak power and Energy of power
supply
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{4.12) Site Pplan

Fig. 2.2.35 ~Site plan

{5) Conclusion
" RF driven steady state reactor can be possibly
. gimple in a view point of engineering design
. requirement and feasible in expectation of

development cf technology with R & D.

Part 2. Comparison of RFS-FER with Reference FER.

Comparison of the design: parameters’ of
RFS-FER with that of FER is shown in Takle

2.2.8 (consists of 15 sheets)
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Table2.2.1 Specifications of RFS-FER

Plasma Parameters

Average plasma temperature (KeV) 13
Average plasma density (m™%) g %10
Effective mean charge <1.5
Toroidal beta - (%) 4.7
Safety factor 2.5
Thermonuclear power (MW} 250
Neutron wall load (MW/m?) 0.9 -

Current Drive RF=CAW

Injection power (MW) 20
Frequency (MHz) 8
Wave length of Z direction (m) 1.26

Additional heating=ICRF

injection power (MW) 30
Frequency (MHz) 69
Mode _ ? nd Harmonics (D)

Pre-ionization=ECRF

Injection power (MW) 10
Freguency {GHz) 126
Mode © ‘Ordinary
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Table 2.2.2 Torus Parameter

Plasma major radius (m) 4.0
Plasma half-width (m) | 1.1
Plasma eiongation ' 1.5
Toroidal field on chamber axis (T) _ 4.5
Toroidal ripple (%) <1i.0
Plasma current (MA) 6.4
Impurity ;:ontr;JI - Double NulL
Poloidal Divertor
Number of toroi&al field coils 12

Table 2.2.3 Plasma Operation Scenario

Description Value
Start up (sec) 500
Shut down (sec) 100
Burn time (sec) continuous
Number of burn 10_[]0,/151‘_@
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Table 2.2.4 Plasma Disruption Parameter

Major disruption

Number of disruption 10

Time constant

Plasma current (ms) 15
Thermal energy {ms) 5
Energy
- Thermal energy ;(M\J) 80.5
Magnetic energy (MJ) 30
Distribution

Phase II (thermal energy)
40% Divertor
Phase Il (thermal energy+magnetic energy)

50% _ 30% on inboard
(Peaking factor 2)

50% Uniformally by radiation




JAERI — M 84 — 107

Fig. 2.2.1 Bird’s-eye View of the RFS-FER
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Cryostat

Vacuum Vessel

Seal Plate
o(Removal)

Common Vacuum Vessel (Fi

he(mgl :
Ra_dtatlo \ Vacuum Vessel |
Shield ‘

(Removal)

‘Exhaust Duct
A-A Cross Section B-B Cross Section

Fig.2.2.4 Concept of Vacuum Boundary
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D-D-

C-C

Access Hole

Divertor Center Module

Exhaust Duct

o] g
LR ! = I;

p=— [J

A-A Cross Section B-B Cross Section

Fig. 2.2.5 Concept of Divertor
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Inner (left) module

Inner (right) module

Blanket Support Frame

Quter Blanket

Inner Blanket

Blanket
Support Frame

1/ |
)

A-A Cross Section B-B Cross Section

Fig.2.2.6 Concept of Blanket
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Vacuum Boundary Vessei

A-A Cross Section

Exhaust Duct.

(Fixed)

" B,
S
>

Blanket’

)
N
8
]
B
x
A

(/
',

N

S:aal Plate
Removable| Access
Vacuum Port
Vessel

/' Seal Plate

¢

Py

I

B-B Cross Section

Fig. 2.2.7 Vacuum Boundary Vesse
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_ Connect Removable Vacuum

Vessel with Fixed Vz_acuum
Vesse! Electrically

Vacuum Boundary Vessel Shell Piece

// e

(=

\\\&*\ /

—_—

‘A-A Cross Section B-B Cross Section

Fig.2.2.8 Concept of Shell Structure
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Shield

/ (Removable)

Shield (Fixed)

/¢ Thermal |3
3 / Radiation. ki
Shield =5

~
g A S

A-A Cross Section B-B Cross Section

Fig. 2.2.9 Concept of Shield
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A-A
--' r l‘
- ] |l BB
Z - Divertor Center Module
¥
o , BN _
Divertor Side Module y . Shield Block
- 3
Seal Plate
Side Module Center Module

/ 1 | _é Seal Plate Shield Block

=+ |

f-——

Fig.2.2.10 Divertor Module Removal
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=2
\,?
g .
Slield

Seal plate

Outer(center) module

~ -Shield
Quter-Blanket| Seal plate

Inner Blanket

Fig.2.2.11 Blanket Module Removal
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————— - 9.50
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&
Support
1.80— g — —— — —— IR
/ shield | > TTL 110
6.80 7, R o 7/
| Shield %
- N 7777 A
5.9 L | _Soooopeg—tegn
- 3.80— .. Vacuum Vessel M —5 4g
B I0 e e o N " Blanket cunnort o] 2o | 5170
20| \_Blanket support 7| "o’
3 To— =t~ OQuter bianket ___==—5.25
. -_— -.:_'..:\ i
N Serapesofft s
40— Plasma 4,00
R // ___._—_S-é_?é_p_g_gff: \\ e
2.80—p—4/" _Inner blanket _“\y—=q—2.90
275 ooooo //_Elanket SUpport \\ %ﬂao 275
2.40 | gl — == —= ——T—— —~ Y —4 -4
2. ?g—_—%’_ _VYacuum Vessel _ —3-30
1.80__y /4 _ . _ Shield —1.80
t70 \__Thermal shield _ .70
TFCsupport, TFC
0.65—FH-— ———— | I —0.65
Support
0. 10— e e 0.10 4
0
access port across TFC

Fig. 2.2.12 RFS-FER radial build
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5.0

4.0

3.0

2.0

1.0

"ﬁi”:’f(.ﬂ(f’

EQUILIBRIUM-FIELD COILL CONFIGURATION

Coil | Coil configuration Equilibrium-field coil
current at start-up
No. R(m) Z(m) current [MAT]
1 1.0 5.3 lh =-2.0
2 3.3 6.7 l;= 20.0
3 8.1 4.8 ly=-5.9
Plasma current lp= 3.2 [MA)
Poloidal beta Bp= 0.1

Fig.2.2.13( 1) Eguilibrium Poloidal Field
Configuration
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6.0

5.0F

4.0

3.0F

2.0

1.0
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o

v

|

W7
)

(m]

EQUILIBRIUM-FIEL.D COIL. CONFIGURATION

Coil | Coil contiguration Equilibrium-field coil
] current at flat-top
No. R(m) Z(m) current [MAT)
1 1.0 5.3 l1 =-10.0
2 3.3 6.7 lg = 33.8
3. 8.1 4.8 I3 =~13.0
Plasma current lp:. 5.4 [MA)
Poloidal beta Bg= 1.3
Fig.2.2.13(2) Eguilibrium Poloidal Field

Configuration
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PF COIL CURRENT ln (n

—/ IZ )]
| 1)
30 P 6
-5
E
é 20' '4
< , E
W
10+ -2
- 1
{§ T 0
TIME(SEC)
I
¥
I3
_____ .ﬁ.——————

=20

Fig.2.2.14 Current Pattern dj_F’FC

PLASMA CURRENT 1 (MA)



JAERI — M 84 — 107

L7
¥
Qutiet Main Pipe

Inlet Main Pipe

, W
R\
L2\
.
A

>
? 4
Header

Support Plate

Outlet Manifold

Inlet Manifold

Guide Rail T

Supporter

Guide Rail

Iniet Manifold

Outlet Man:fold

¢
=

— < E.D <
(L) L? %)
5 —
s [
n J -t 2 &}

J @
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(Be) —Cooling
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Can _Cooling Tube
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Fig.2.2.17 First Wall/Blanket structure concept
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Nuclear heating (W/cm?)
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2[] ﬁ T I | T
| ( Region Structure ]
| . L;0 |
I 2 SUS(Spacer) ]
i 3 Be - ]
15.0H s L,0 —
10.0— _
I @ N i
5.0 ]
0 1 I - i 1 | i .
0 10 20 30 40
T ‘Distance (-Blanket region) {em])
Plasma -
Side

Fig.2.2.19 . Nuclear heating distribution

in blanket region




JAERI

- M 84-—107

Plasma

f

5U°C

)

i

EUDC

0

N

N A\ ANNNNN

Breeder First Region

-k\kaz u

\<

SOOUIRRNRY \

Multiplier Region

(Be)

\\\

77.0

150.0

94.0

800°C

BI]UC

600°C

goo°c

B NN |
O © o -0

600°C

630°C

400°C

ﬂ’@@@@ﬁ@@@@@
>
5% © © 6 0.0

‘Max. Temp.

360°C

f Breeder Second Region

iy

Region II
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Cooling pipe
_ A\ Breeder 1st region side
sljel YN
{2 o, 0, —
50
e D '
1

Breeder 2nd region side

(a) Cooling pipe position in Be multiplier

g4a0°cC ;"”k
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850C

630°C
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(c) Result of the region @

(b) Result of the region D

« Fig.2.2.20(bJTemperature Distribution in -
Be Multiplier Region of the Blanket .
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Fig.2.2.22{(a) Concept of Vacuum Boundary Vessel

SHIELD

VACUUM

BOUNDARY VESSEL

Fig. 2.2.22(b) Concept of Vacuum Boundary

Vessel and Shield
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Fig. 2.2.23 (a)
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Main Parameters of TF Coils

10.

1.

12,

13.

14.

. Bore radius

. Number of coils

. Total ampere-turns

. Ampere-turns per coil

. Winding dimension

9.0m/5.7m
2
90 MAT

1.5 MAT

. Winding double pancake winding
. Average current density 26.8 A/mm?
. Number of turns/ 1coil 360 turns
. Operating current 20.8 KA
Conductor 4 grades
127, 10T Nb3Sn
8T, 5T NbTi

Maximum magnetic field of winding| 12.6 T

Inductance
Stored energy

Cooling

56 H (total)
12 GJ

Pool boiling

— 104 —

(Max 538mm, Min 270) X637mm
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— "
(70turns) LE 5
25?.3‘ ~ | e
: {12turns) He 3 ¥
3458 =y B i
a| 2
, et | =
' (B8turns) eq|3
122.4 zels
’J <__(130turns) —LEE 3
_ N
531.6
ld4double|pancakes
unit : mm
Cu Ni w2
T A= =
AN i
copper \/) N T |
t ~)} Spacer
SC wires /f :LL w| {.\.__L o| -
0l S = A | =S
Rough surfaceﬁj{ 1 Jl" \|L
16.8 2.4 16.8 2.4
19.2 19.2
127 - 10T
= w
I ‘ o
\§ N2
il 1 i
E O | S +‘~/| < |-
HENN == AN 2=
=N CN
A’/:1|7 ™ Al !
16.8 2.4 16.8 (2.4
19.2 9.2
8T 5T

Fig.2.2.23(b) Dimensions of winding & conductors
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Insulation CuNi
~10um 0.43 OF Cu
OF Cu T - A— NbTi
. Py X192 12.9um ¢X 7
CulNi . J.4u . ‘
'57.5um
_—OF Cu
1.0
J.4um
1.18 97.5um
L 15rhrmrTwist
X3 ©22.5mm Twist
X3 45.0mm Twist
X3  90.0mm Twist
Insulation (Kapten) ,
SUS Conduit \ X 3 180mm Twist o
N\ ud
— N
VS W )
21
R3.0
—T— 360mm Twist
b, A i \_ —-—
h ( == =
: = s
\\ y. A j 1
57 ’

Fig.2.2.24(b) Cross section of a Conductor for PFC
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235\
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i
' -10 95
1 U i 1 - 1 | - 1 1 _Dx L -
2 4 6 8
Radius from Toroidal Center {m] -
(a) Distribution of Overturning Force of Each Block
on TF Coll ' '
z
]
—~ Z|
B
\‘ —
=
he]
=)
X
©
= g
= T 1z
Q
£
Q
=

(b) Distribution of Overturning Moment per Unit Length
Along the Coil Perimeter (Steady State)_

Fig. 2.2.25 Overturning moments dis‘trib'utions of TFC |
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Stress intenety (kg/mm?)

Stress intenety (kg/mm?)
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Side Plate

.o
—— outer surface £ T
o
0= inner surface L
80 o -
£
60
40
20
D Al T T T

36 30 25 20 15 - 10 5 1
‘ Cross Section Nao.

(a) Stress distribution off Side Plate
| (by hoop froce and overturning force)

10

38 13§ —— outer surface

—-o-- inner surface

‘Inner Ring:
O

36 30 25 20 1l5 10 5 1
Cross Section No. =
(b) Stress distribution of Outer Ring
(by hoop force and overturning force)

Fig.2.2.26 Stress distributions of TFC He Case

Outer Ring

Quter Ring’
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Allowable Stress Intensity

Unit kg/mm?
Sm 1.55m
OFHC (Winding) 22.7 34
SuUsS i
He Contalne_r 51 3 80
316N Shear Pannel

Maximum Stress Intensity

Pm Sm Pm+Pbl 1.55m

Winding 9.0 | 22.7 | 14.5 24

inner Ring 38.3 93.6
He

Side Plate 39.3 69.2

Container 53.3 80
' Quter Ring | 20.0 64.95
Shear Pannel 28.7 60.2

Table. 2.2.5 Evaluation of Stress Intensity
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Fig.2.2.21(a) Structures of CAW antenna
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BRANKET \, PLASMA
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DOSE RATE [rem/Hr]

r—RAY
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Fig. 2.2.28 Dose rate distributions in

reacter core at 24hrs after reacter
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1.0
_t
szBext (1_8 'r')
_ B Bea=11(T)
— T=50msec 30% ]
— reduction
_| 0.6 -
<
o -
i
L 0.4 —
=
m
0.2 i
0 25 50 75 100

TIME (m SEC)

1. External field

2. Field of eddy current on vaccum vessel

3. Field at the center of plasma

12 of electrical breaks

_____ 12 of Bellows

—_— Neither break nor bellow

A thickness of vaccum vessel is 1530mm.

Fig.2.2.30 Vertical Field Penetration (1)
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Table 2.2.6 Weight of Reactor Components

(unit: §)
ltem Weight Remarks
inner module : B
Blanket 410
. Centerifl
, outer module ‘Side 5
Center module | 0.25
Divertor , 10 : ,
-Side module : 0.2
Vacuum boundary
700
vessel *
Shield 4000
one of TF coil : 370
TF coil 4440
PF coil | 750
Supports (Duct support,
' 820
Backing post et.)
Bell-jar 3000
Taotal 14,130
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ENERGY
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1

8)

400 0.800

50.00 100.00 150.00 200.00 250900 300.00 350.00 400.00 450,00 500.00

R(W) (10 xx
400, -0.000 0

<5 SECONDS

W =

z 7

o= .

Q= (1) Active power chart

~Z 147 .4MVA

* -

=] ' 50.00 100.00 150.00 200,00 250.09 300.00 350.00 4d0.00 450.00 500.00

2= SECONDS

i

i

z -

o8

(£ N .
0 (2) Apparent power chart

== 11.4GJ
=1 "s0.00 100.00 150.00 200.00 250,00 300.00°350.00 450.00 450.00 500.00
= SECONDS

5T
= (3) Energy chart

Fig.2.2.34 Power chart of PF Coil power supply
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400m
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L
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I 1
!
T N A T
N Entrance
1 Tunnel Approach Road
i Room :
i
| N
'LL—~ AC & DC
T i~ 7] Power Supply
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fRabwaste‘ " Building
L __ | acCc & DC
+—-——— Power Supply
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Ro om Tunnel Approach Road
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L 1 1 I -y
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Fig. 2.2.35(a) Site Plan
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2.3 RF Launcher Design for FER

RF plasma heating of FER is composed of three heating systems accord-
ing to frequency ranges, that is ICRF, LERF and ECRF.

The general restriction of this design is the aperture height limitation
(+75 cm from the mid-plane) of r.f injection because of the attachment of
plasma stabilization shell to the first wall.

In ICR¥ heating, the frequency is 88 MHz, the input power launched
by 4 loop antennae is 15 MW for the first 10 sec and 5> MW for the follow-
ing 100 sec as shown in Table 2.3.1. Specifications of antenna are shown
in Table 2.3.2. The power supply is about 30 MVA as shown in Fig. 2.3.1l.
The typical veltage and current distribution along a line are gshown in
Fig. 2.3.1. The bird's eye view of a standard all metal type antenna is
shown in Fig. 2.3.2. The lateral cross sectional view is shown in Fig.
2.3.3. The heat load of the antemna is shown in Table 2.3.3. The elec-
tromagnetic forces at plasma disruption and mechanical stress are shown
in Figs. 2.3.4, 2.3.5 and Table 2.3.4. The outer frame structure of
Faraday shield shown in Fig. 2.3.4 is adopted to reduce the electromag-—
netic force. The most important problem of this design is not only the
electromagnetic force but alsc the larger r.f power loss of the Faraday
shield as sheown in Table 2.3.5, 1t cannot be helped that the gaps of

Faraday shield are more separated to reduce the r.f power loss as shown
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in Fig. 2.3.6, so that the heat flux from plasma is deposited on the
conductor surface. The cross sectional view of ICRF launcher is shown
in Fig. 2.3.7. The choke type coaxial cable connector shown in Fig.
2.3.8 is used to make the launcher replacement procedure simple. Two
feed throughs are located for safety and SF; gass between then can cool
the ceramic heat due to tand loss. The installation and replacement of
ICRF launcher are illustrated by Figs. 2.3.9, 2.3.10 and Table 2.3.6.
In LHRF heating, the frequency is 2 GHz, the input power launched
by 4 Grill launchers is 15 MW for the first 10 sec and 5 MW for the
following 100 sec. The specifications of LHRF heating are shown in
Tables 2.3.7 and 2.3.8. The power supply is about 70 MVA as shown in
Fig. 2.3.18. The launcher front view is shown in Fig, 2'3f12' There
are two special features of this design. The one is the grooves on the
launcher front surface as shown in Fig, 2.3.13. These grooves can re-
duce the thermal stress of the surface. The heat loads of launcher
result from the nuclear heat (8 W/cm?®), the plasma radiation (17 W/em?)
and R.F power loss are shown in Table 2.3.9. The electromagnetic forces
shewn in Fig. 2.3.14 are not problem. The forces and the mechanical
stress are shown in Table 2.3.10. The other feature is the multi wave-
guide comnector using choke circuit as shown in Fig. 2.3.15. The low
resistive contact can be gained by the choke. The installation and re-

placement of LHRF launcher are shown in Figs. 2.3.16, 2.3.17 and Table
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2.3.11. The connecting part is composed of the multi waveguide connector.

In ECRF heating, the frequency is 160 GHz, the input power launched
by 2 metal mirrors is 10 MW for 10 sec. The specifications are shown in
Table 2.3.12. The power supply is about 80 MVA as the preliminary result
as shown in Fig. 2.3.22. RF wave beam is injected from low field side in
O-mode. RF wave beam is transportgd by quasi-optical system consists of
some metal mirror as shown in Fig. 2.3.19, which have negligible conduc-—
tion loss on their surfaces. The heat loads of the metal mirror fer r.f
beam injection are shown in Table 2.3.13. The electromagnetic force at
the plasma disruption is not problem. The ECRF heating system is shown
in Fig. 2.3.20. The ceramic window is composed of two ceramic plates for
safety. They are cooled by circulating SFg or N; gass. RF beams are
deflécted to change the injection angle by the deflector consists of a
metal mirror and a motor. The replacement of ECRF launcher is illustrated
by Fig. 2.3.21 and Table 2.3.14. ECRF heating system maintenance is
easiest from the point of view of the disassembly and assembly.

In future, the material consideration is the most important.
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Table 2.3.1 Specifications of RF Parameters

items mode 1 mode 2
Frequency (MHz) 88
Tctal input power (MW) 15 5
Pulse width (sec) 10 100
Port numper | 2

L5} mode 1 Heating scenario

Py (M)

mode 2

——t t{sec)
1 11 111

;swhere Pin is the input power and t is the time from

tokamak start,

Table 2.3.2 Specifications of Antenna Parameters

Number of antenna —-———===so—me o _______ 2 /port

Distance between plasma surface {including scrape off

layer 2 cm) and central conductor ———--cee———e- 18 cm

Distance between central conductor

and return conductOr =—————e e 30 cn
Central conductor length ———=emmmm oo lm

Central conductor width ——=-——c—-mmmm 40 cm
Central conductor thickness —=—=-——wee-w 3 cm

Gap between Faraday shield and
central conductor ———e—— e 1.5 cm

Load impedance

s
il
(%))
w
o]
.
E

e
I
—
i
o
=2
~
=

where plasma center density is 2 = 1020 p~—?

Characteristic impedance of coaxial cable --- 30 &
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Table 2.3.3 Heat load of ICRF antenna, where the nuclear heat
density is 8 w/cm’, plasma radiation density is
17 w/em? and conductors and Faraday shield have
no copper coating.

Element R.F power loss Nuclear heat r;gfgff;n
Central conductor 10 kW ‘ 50 kw 70 kW
Return cenductor ~10 kW : 50 kW 70 kW
Faraday shield 20 kW ' 10 kW 36 kW

Table 2.3.4 Electromagnetic force and mechanical
stress of ICRF antenna, where f£,7E,

are shown in Figs.l.4 and 1.5.

(1) raraday shield (header)

force ¢ (kg/mm?®)
£y 8 kg/mm 4
£ 2 kg/mm 2
(2) Center conductor
force o (kg/mm?)
£a] 2 x 107° kg/mm? 2 x 107¢

£y 1 kg/mm 5
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Table 2.3.5 RF loss of Faraday shield, where v is the vertical width of
the shield bar, Ri is the antenna resistance due to the
dissipation of Brfl field, Ry;; 1is the antenna resistance
due to the dissipation of Byfy; field, Pf is the r.f power
less of Faraday shield, APL is the r.f loss density for
Brf i is

Brfir and AP3; is the r.f loss density for Brfg .

the r.f magnetic field perpendicular to the shield bar and

By, f11 is the r.f magnetic field parallel to the shield bar.
(a) No coating case, where the resistivity of $S (v20°C) is 7.2x1077 §-m
and the setting pitch of shield bar is 4 cm.
v{cm) RL(Q/m) Ryp (2/m) Pg (kW) APL (W/cem?) APy (W/em?)
2 0.13 0.011 100 23 1.0
2.5 G.24 0.013 170 40 1.0
3 0.53 0.014 350 85 1.0
3.5 | 2.1 0.015 1100 270G 1.0
(b) Copper coating case, where the resistivity of Cu (2200°C) is
3.44x10"% Q-m and the setting pitch of shield bar is 4 cm.
v(em) | RL(0/m) | Ry (@/m) | Pe(kW) | APL (W/em?) | APy (W/em?)
2 0.029 0.0025 22 5 0.2
2.5 0.051 0.0028 38 9 0.2
3 0.12 0.0031 82 20 0.2
3.1 0.14 0.0031 100 25 0.2
3.5 0.46 0.0034 300 75 0.2
{c) No coating case, where the resiétivity of 8§ (n200°C) is about
9x10~7 9-m and the setting pitch of shield bar is 10 cm.
v(em) | Ru(9/m) | Ry {/m) | Pe(kW) | APL (W/em2) | 4Py (W/em?)
2 0.011 .0037 22 10 1
3 0.015 . 0020 38 13 1
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Table 2.3.6 Replacement procedure of ICRF antenna

- Disasgembly -

(1) Shutdown.

(2) (Bake and evacuate for tritium removal)

(3) Cool for the removal of decay heat.

(4) Disconnect the bolts of connecting part-A.

(5) Cut the lip seal of connecting part-A.

(6) 1Install the sub-support structure.

(7) Cut the vacuum seal between the access door and the
antenna.

(8) Cut the cooling pipes.

(9) Remove the antenna.

- Assembly-

(1) Install the antenna.

{2) Connect (weld) the cooling pipes and NDT.

(3) Weld the vacuum seal between the access door and the
antenna, and NDT.

(4) Remove the sub-support structure.

(5) Weld the 1lip seal of connecting part-A and NDT.

(6) Connect the bolts of connecting part-A.

(7} Bake and evacuate.
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Table 2.3.7 Specifications of RF parameters
items h mode 1 mode 2
Frequency (GHz} 2
Total input power (MW) 15 5
Pulse width (sec) 10 100
Port number 1

Table 2.3.8 Spcecifications of Grill antenna

H W

Waveguide size m~=-emmmmmm e 125 mm~ x 28 mm

Distance between lateraly adjacent two waveguides

centers -——————mmmmmmm———— .. 36 mm
Total waveguide number ———-———--— 128
A/4 short waveguide ~-————--——=- 32

. H . W
Launcher gize ————--————omo o 330 mm % 770 mm
Number of launcher ~w——————————- 4

Table 2.3.9 Heat load of launcher, where the launcher
length is 2 m.

Heat locad (kW)
Nuclear heat 1500
Plasma radiation 30
R.F loss 10
Total heat load 1540

Table 2.3.10 Electromagnetic force and stress at disruption,

where oz is the shering stresses due to f;q and f,.

Force and stress
£r10 (kg/mm) 52 ‘
fi11 {(kg/mm} 13
o5 (kg/mm?) 0.2
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Table 2.3.11 Replacement procedure of LHRF launcher

- Disassembly -
(1) Shutdown.
{2) (Bake and evacuate for tritium removal)
{3) Cool for the removal of decay heat.
{4) Disconnect the bolts of connecting part-A.
(5) Cut the lip seal of connecting part-a.
(6) Install the sub-support structure.
(7) Cut the vacuum seal between the access door and the
antenna.
(8) Cut the cooling pipes.
(9) Remove LHRF launcher.
- Assembly -
{1) 1Install LHRF launcher.
(2) Cconnect (weld) the cooling pipes and NDT.
(3) Weld the vacuum seal between the access door and the
antenna, and NDT.
(4) Remove the sub-support structure.
(5) wWeld the lip seal of the connecting part-A, and NDT.
(6) Connect the bolts of the connecting part-A.
(7) Bake and evacuate.
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header

Faraday shiel

return conducter
central conductor

Fig.2.3.2 Bird's-eye view of standard metal
type antenna composed of central
conductor, return conductor and
Faraday shield. They are all made
of S5 without copper ccating.

20

Faraday shield

//// Central conductor

200 ‘ 400

15

30

Lol

200

300

Return conductor
Fig.2.3.3 Latelal cross sectional view of ICRF antenna.

unit : mm
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central conductor

40
100

N\

shield bar

gap

Fig.2.3.6 Schematic view of Farady shield
unit: mm , where V is the height
of the shield bar.
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v 1400

Fig

— 159 —

.2.3.12

Launcher size of LHRF heating.
Total launcher size is about
1400 mm height and 770 mm
width. The both side each
two wavequides are short
terminated at A/4 length,
where A is the wavelength.
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Fig.2.3.13 Grill launcher of LHRF heating.
The groove can reduce the thermal

stress of the front surface.

Bp,Bv

=

-/

B

BT

Fig.2.3.14 Induced current and electromagnetic
force of LHRF launcher, where £,
arises from i, .xBe, £y, arises from
i, 4% (BP+BV), and the current i,, is
induced by Bi(v0.2T).
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choke circuit

777 . T

i iisnios NN

r/4 h/4

Fig.2.3.15 Multi-waveguide connector using chcke circuit.
This connecteor is the example of double choke.
A is the wave length.
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Fig.2.3.17 Replacement of LHRF launcher.
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Qutput power
of waveguide

Power amplifier - 117 kW
L

[—s 1

I
I
i

— 117 kW

32

AC
amprifiers

71 MVA

v

= 117 kW

Power amplifier

e

]
¥
I
S
1

b 117 kW

Fig.2.3.18 Schematic diagram of power supply, where the transport
efficiency is about 50%, the r.f amplification efficiency

is ‘about 50% and the power factor of D.C supply 1s about 85%.

R.F beams

Fig.2.3.19 Mirror system of ECRF heating unit : mm.

RF beams are reflected at the mirrer and
injected into plasma. The mirror surface

is curved to focus the beams perpendiculary.
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po8d®

¢
OF PFLASMA

—— |—TORUS ACCESS DOOR
F =
SHIELD
METAL MIRROR
7 /
: SHIELD
A4
,/ i :
A
A
— _._1[[ _J_

Fig.2.3.20 Schematic cross sectional view of ECRF heating systeﬁ.
The ceramic window is composed of two ceramic plates for

safety. ©SFs gass is circulated between the two plates to
cool the tand loss heat.
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MODULE - b
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COOLING PIPE

MODULE - @
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FI1G,2.3.21 RepLAcEMENT oF ECRF LAUNCHER.
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3. Impurity Control and Divertor/Pumped-Limiter Design

3.1 Physics design considerations for impurity control by divertor

and pumped—limiter

Poloidal divertor is a primary candidate for impurity control of
reference FER, while pumped—-limiter is also considered for advanced FER.
In the poloidal divertor, the optimization of the divertor configura-
tion is studied by two—dimensional self-consistent numerical analyses
of divertor plasma. Emphases are placed on the helium pumping require-—
ment, remote radiation cooling in the divertor chamber and dense/cold
plasma formation near the divertor plate. Based on these analyses,
guidelines of divertor design are given as follows; low pumping require-—
ment for helium exhaust (S < 10° 2/s), low plasma temperature near
divertor plate (T, < 30 eV) and moderate heat load on divertor plate
(P < 20 MW/d.p). It is most important to clarify the criteria for the
formation of dense/cold divertor plasma and this study is now under
way. Figures 3.1.1. and 3.1.2 show simplified model geometry of the
numerical calculation. Behavior of the plasma in the divertor chamber
is described by fluid equations, which consist of the conservatien
equations of particle, momentum and electron and ion energy. The scurce
terms from the neutral particles for these conservation equations are
calculated by the Monte-Carlo neutral particle transport code. They
are solved self-consistently by iteration. Figures 3.1.3-3.1.5 show
the results of the numerical calculations. It is shown that dense and
cold divertor plasma can be formed even for rather low incoming ion
flux to divertor. Since it has not yet been fully clarified that these
dense and cold divertor plasma can be formed in any divertor configura-
tion such as open divertor, some geometrical restrictions are imposed
on the design study of the divertor shown as in Fig. 3.1.6. Another
factor, which is not identified at present, is the incoming particle
flux to the divertor. Thus, the required pumping speed is set to
10°> &/s, which is rather larger than the calculated value.

In the pumped-limiter for advanced FER, it is most important to
examine the applicability to FER impurity control system. Since the

limiter surface contacts with the main plasma directly, it is essential
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to solve the main plasma and scrape-off plasma simultaneously. At
least, two-dimensional (one-dimensional in minor radius direction for
main plasma and one~dimensional in magnetic field direction for scrape-
off plasma) treatment is necessary. However, these numerical calcula-
tion code has not yet been fully developed, so that one-dimensional
calculation both for main and scrape—off plasma is made as a preliminary
calculation for the design study. Emphases are placed on the impact

of the variation of transport coefficient in scrape-off plasma on helium
exhaust, heat load and erosion of the limiter. Convection models are
incorporated into the scrape—off layer transport model and the transport
coefficients are adjusted to reproduce the ASDEX limiter experiments.
Figure 3.1.7 shows the schematic drawing of the numerical calculation.
Two examples of the numerical calculations are shown in Figs. 3.1.8-
3.1.10: one is the conventional sheath model case and the other 1is the
best fitting case to the ASDEX experiments. Transport coefficients of
both cases are summarized in Table 3.1.1. From these preliminary cal-
culations, it is concluded that the erosion and heat load on the limiter
surface will be untolerably large for any transport case. Although the
convection model is not sufficient, radiative cooling and flux ampli-
fication is less expectable than divertor. Even when a more precise
two-dimensional calculation of limiter scrape-off plasma is done, these
situations will not be changed so much. Thus, we conclude that cold
boundary layer should be considered for the application of pumped-
limiter to FER. This leads to a larger minor radius of the plasma.

For the comparative design study, we determine two sets of plasma and
device parameters, which are summarized in Table 3.1.2. In determining
the parameters of Case L2, in which about 20 cm of the cold boundary
layer is considered, they are set so as to realize the same plasma
performance within the cold boundary layer. Conclusions for the cheice
of divertor and limiter are summarized in Table 3.1.3. In divertor, the
advantageous point is the substantial reduction of heat load and erosion
due to the cold and dense pilasma formation near the plate, Critical
point is the control of the vertical position inmstability. In pumped-
limiter, the advantageous point is the applicability to less elongated
plasma. The critical point is the formation of stable cold boundary
layer compatible to the hot core plasma. This leads to a larger plasma

size. while has the potential advantage in heat removal in commercial

reactor.,
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[. Reference: Poloidal divertor
o Optimization of FER divertor
(20 (z,r) numerical analyses)
o He pumping requirement
o Remote rodiation cooling
o Pense/cold plasmu formation

11, Advanced: Pumped-limiter

o Applicability for FER impurity control
system (1D (r) transport analyses)

o He exhoust
o Heat load
o Erosion

I. Poloidal Divertor

(1) Guideline of divertor design (conclusion
by numerical analyses)

o low pumping reauirement for He exhaust
(S < 10° 2/5)

° low plasmd temperdture near diverter plate
(T € 30 V)

o modercte heat load on divertor plate
(P <20 MW/d.p)

(2} Criterig for the formation of dense/cool
divertor plasmg

— 170 —



JAERI — M 84 —107

TOpod TEOTIBunU Jo AI133W098 [9pOW pUB A0JABATP

Teprorod y¥yuqg Jo uorjeInSIyUOD PI®13 DTI31auBew wniiqriinby

_.-—.m -WH.WH

e T e e e g g .
e G T
i .ﬂ\«...ﬂﬁr?l.\.u\...\v\‘ \O.‘

e

Y]
an

Wy pooy RYRE [ . o
£ ......&.xh%ﬂ%& 3
MnihﬂﬂﬁwmﬂmmmwmmmmWWﬂ\

ket rrotr

/

— 171 —



JAERT — M 84 - 107

Ske\eto»\ OI numer.‘u., model
CONSISTENCY BETWEEN PLASMA AND NEUTRAL PARTICLE

(1) SCRAPE-OFF PLASMA — FLUID MODEL

e particle, momentum & energy conservation eg,
e ionizaticn, charge exchange & radiation

i perpendicular diffusion
(2) NEUTRAL PARTICLES — MONTE CARLO MODEL

{ ITELATICN )

GeOMetry far $luid model

X
h

DIVERTOR v
CHAMBER ¢
~—_ NEUTRALIZER

7 PLATE
/SCRAPE - OFF ‘
2:=0 // PLASMA Z=L(x)

7 EXHAUST
B yB DUCT

/
v -
Bp

Fig. 3.1.2 Model geometry of fluid model of divertor plasma. Z=0

is divertor throat entrance and Z=1L 1s divertor plate.
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Divertor Plosmg
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Fig. 3.1.3
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*
1

{a)

Two-dimensional view of electron temperature and electron
density in the divertor chamber caleulated by self-consis—
tent numerical code of divertoer plasma. Electron tempera-

ture decreases below 10 eV at the divertor plate.
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Fig. 3.1.5
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80 : :

ELECTRON DENSITY
AT PLATE, n., (10"%cm?)

0 { 2 3 4 5
INCOMING ION FLUX, 1 (10%s)

Electron density at the divertor plate for various heat
flux to divertor chamber as a function of incoming ion flux.
Low temperature and high density plasma can be formed even

when the incoming flux is rather small.

20 1 T [ I
Ll
e
2
=
<C
e
LL[’—\
%?@
=T
Zw
£
=
O
ul
.
H 1 ! | !
0 | 2 3 4 5

INCOMING ION FLUX, | (10%%/5)

Electron temperature at the divertor plate for the case of

Fig. 3.1.4.
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Conclusions in Divertor analyses

1. Cold and dense divertor plasmag formation con well be
expected in FER.

2, Geometry of divertor chamber is important to supnort
the cold und dense nlasmg formation.

3. Low pumoing speed (< 105‘1/5 ) will be sufficient for
helium ash exhaust.

Geometry

L 50 cm

Ld 40 cm

d 5~10 ¢m
6}] 10 cm

Particle flux 2x102q 1/s

Electron tempergture nedar
divertor nlate 30 eV

Heat load
particle 6.4 MW
radiatien 7.7 MW

Pumoina speed 105 1/s

Fig. 3.1.6 Geometrical restriction imposed on the divertor design

study.
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11, Pumped-Lim|ter
o Limiter chamer: 2D calculation as in divertor

o Limiter surface: scrape-off anclyses Including
main piasma gre essentiaol

Preliminary
Calculation

1D (r) calculation with
convection model

impact of transport
coefficients on performance
of limiter

Mode|

(1Y Maoin plasmg transport eguations

Deuterium:
an N
D_ 1 s _ D
G T Tor [T M e TSy
Tritium:
an g
T 19 . I
— L = 2 = s - npNe <ov> + 5 ;
at rer 1 DT fooey 7T

Singly ionized heltum:

AN+ N+
THeT o 18 o HeT s
at r ér He™ T, Re

Fully ionized helium:

an ++ ++
He T . .18 + <oyr e -
at = rar r FHe++ ”D”T GV e

+ Sy +F
T, He
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Electron density n,
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Table 3.1.1 Two cases of various transport coefficients in the
scrape—off layer, conventional simple sheath model case
and best fitting case for the simulation of ASDEX limiter
experiment by cne-dimensional transport code.

Sinulation of ASDEX Limlter Experiment
Conventional i
Sheath Model Best Fitting
Cd 0.3 1.0
Cq 0.3 0.5
Yo - 5.8 15.0
Yi 2.0 2.0
(a) (b)
to”F —i0° |o'9Ef T . . .
L . E ; L
Z -
18 —  1yn2 ' a8l 4
10 F m, j10 o E 10 : ]
F ] — r
[ 1 ® - [ —\n
I ] 35 - I :
' s e 2 =
- R E g L
=)
10”” A ~10! 5 = 1017_ i
C 1 ° 5 L b
g ] @ o T
L A ] L
[ —  Calculation ] " — Calculation
[ ® Me : [ ¢ e Experi
periment
AT } Experiment . AT, }
1O|5 - L L 10 10'5 L . !
¥ 38 40 42 44 3 38 40 42 44
Radius (cm} Rodius  [cm)
Fig. 3.1.8 Electron density (®) and temperature (4) profile in the

1o

Te (eV)

fempergture

Electron

scrape—off layer observed in ASDEX limiter experiments.

Solid lines show the results of numerical calculation by

using conventional sheath model (a) and best fitting

transport coefficients (b).
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Bosition in screpe-off layer (cm)
Fig. 3.1.9
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density N

Electron

(b)

T TVTTT

T 1T 1T TTT]

T

T

Bgsition  in scrape - off

layer (cm)

Density profile in scrape—off layer of FER with pumped-

limiter calculated by numerical code by using simple sheath

model (a) and best fitting transport coefficients {(b).
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15 T T T T [ T T T 7
- Heat flux {x2
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]
-
=
5
= 05
5
=
k=]
[v3)
T
0
40 50
Rodial coordinate R (m)
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Fig. 3.1.10 Ion and heat flux and erosion of FER pumped-limiter surface
calculated by numerical code by using simple sheath model

{a) and best fitting transport coefficients (b}.
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Applicabllity of Pumped-Limiter

o Large uncertainty In tronsport coefficients

o Plasmg parometers greatly depend on the

coefficients

Q

Large hegt leoad/erosion in ony case

o convective model 1s insufficient?

radiative cooling is less expectoble
than divertor
2D caleulation s necessary?

© Cold boundary layer should be considered for

application of pumped-limiter

—_—

larger plasmc size

Plasma and device parameters for comparative design
studies of pumped-limiter. In Case L2, cold boundary
layer of 20 cm is considered.
Plasma and Device Parcmeters for Design Study
of Pumped-Limiter
Case L1 Case L2
1. Cold boundary None Yes
loyer ~0.2m
2. Temp. of scrape-off > 100 eV | ~ several tens eV
layer
3, Major radius (m) 5.7 6.0
4. Minor rodius (m) 1.17 1,46
5. Average lon temp. 10 10
{keV)
6. Average lon density 1.28 1.2
(10%° ™)
7. Toreidal fleld (T) 5.5 5.2
8. Plasma current (iA) 5.5 5.8
9. Safety factor 2.5 2.5
10. Fusion power (MW) 460 MSO*

Same plasma performonce within the cold boundary

layer
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3.2 Comparative study of engineering features for divertor and pumped

limiter reactor councepts

Comparative study of engineering features is carried out for divertor
and pumped limiter reactor concepts. These are 4 concepts: double null
divertor (DND) as a reference concept of FER, single null divertor (SND),
single pumped limiter with medium edge temperature (SPL1) and single
pumped limiter with low edge temperature (8PL2). Plasma parameters of
these concepts are determined by maintaining equality of plasma con-
finement performance {confinement time and plasma f). 1t is found that
SND, SPL1 and SPL2 have several merits and demerits relative to the

reference conceptsas follows.

(1) Reactor size and maintenance
The single null divertor and pumped limiter concepts have a dis—
advantage of the increase of TF coil bore, resulting in the
increase of magnetic ripple (0.89% in SPL1 to 0.5% in DND) and
reactor size, Howéver, divertor and limiter plate replacements
for those cases are simpler than that of deouble null divertor case

becase they can be done with single straight motion.

(2) Passive stabilization
Plasma vertical dispiacement will be stabilized partly by means of
caddle coils made of beryllium in the blanket. Since plasma decay
index of DND is relatively large, DND is not good selection in
comparison with SND and SL1 concepts for passive stabilizatiomn. The
SL2 concept is also not advantageous because the location of shell

must be far from plasma.

(3) Magnet system
In the single null divertor and pumped 1imiter, case mechanical
fatigue strength for both TF and PF coils are reduced considerably.
The AC losses in the magnets also decrease considerably, in partic-—

cular, reduced by half in cases of the pumped limiter concepts.
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(4) Capacity of power supply
Stored energies of PF coils in cases of pumped limiter concepts are
about half of those of DND. Capacities of power supply for PF coils
also are approximately reduced in proportion to the sotred energy.
Table 3.2.1 Main plasma parameters in cases of Reference and Alternative
designs
Double Null | Single Null [Single Pumped | Single Pumped
Divertor Divertor |[Limiter, L 21 ‘Limiter, L2
Plasma major radius (m) 5.5 5.72 6.01
Plasma minor radius (m) 1.1 1.17 1.46"
Aspect ratio 5.0 4.88 4.12
Plasma elongation 1.5 1.5 1.5
Plasma triangularity >0.2 >0.2 >0.2
First wall radius (m) 1.25 1.395 1.685
Same as
Average ion temprature single nullj
{kev) 10 10 divertor 10
Average ion density (m ) 1.3¢6 1.28 1.19
Torcidal fiels
on plasma axis (T) 5.7 5.48 5.22
Peak thermcnuclear
power {Miv) 440 458 480
Plasma current (M1A) 5.3 5.54 5.8%
Safety factor 2.5 2.5 2.5%
Toroidal & (%) 4.0 4.1 4.1
Poleoidal 8 (%) 2.28 2.18 2.08
Note: Parameters are determined for eguality of plasma

confinement performance.

*)

Plasma cold layer is excluded.

Current in e¢old layer is neglected.

+} Cold 1layer (0.2 m} is included.

Plasma confiment performance is evaluated for plasma

minor radius of 1.26 m.

— 185 —



JAERI - N 84 - 107

Table 3.2.2 Bore size of TF coil and toloidal ripple in Reference
and Alternative Designs

Bore of TF coil | Magnet- Max. Field | Ripple at plasma
{m} motive {(T) cuter radius (%)
force (MAT}
Double Null Divertor
(Reference) 6.3%x9.42 m 157 11.58 0.50
Single Null Divertor 6.7%%8.9 157 11.56 0.53
Single Pumped Limi-
ter, L 1 6.59x8}2 157 11.57 0.73
Single Pumped Limi- 7.17x8.8 157 11.58 0.71
ter, L 2
Table 3.2.3 Electro-magnetic Forces on TF ccil in Reference and Alternative Designs
Double Null Diverter Single tull Divertor | Single Puped Limiter | Single Pumped Limiter
{ BND ) { SND } Case 1 ( spPL 1 ) | Casa 2 { SPL 2 )
Hoop Force (ton) 114,500 110,700 104,800 109,900
Centering Force {ton) -36,960 -35,400 -32,150 -35,160
Vertical Force (ton) 24,610 25,510 25,130 25,230
Overturn Force {ton} -1,461 1,663 590 644
{Upper Half)
Max. Qverturning Forece
per Unit Length (ton/m) 2,040 1,910 964 i.11c
Overturning Moment
around R-axis (ton-m) 3,896 9,338 10,800 16,480
Torsicnal Moment
around Z-axis (ton-m) 12,290 17,683 16,960 18,02¢
z
Mz
Mg
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Table 3.2.4 Stress of inner ring &t each position due to overturning force

A B C D
Double Null Divertor 45.4 12.4 12.4 31.4
Single Null Divertor 16.8 13.6 17.8 36.8
Single Pumped Limiter, Ll 16.6 13.5 15.3 | 16.7
Single Pumped Limiter, L2 18.0 14.0 16.0 15.5
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Table 3.2.5 stress in TF coil due to hoop and overturning forces in

Reference and Alternative Designs

Thickness | Double Null| Single Null ; Single Pumped | Single Pumped

{mm) Divertor Divertor Limiter, LL Limiter, L2
Inner Ring 100 45.8 39.4 27. 29.0
H@iizzl Outer Ring 180 59.2 63.7 60, 62.5
Side Plate 150 29.0 29.4 27. 30.0
Support Frame 100 15.8 15.7 16. 17.6
Shear Panel 100 40.5 32.7 21. 24.2
Suppert Ring 300 -37.6 -39.6 -37. -38.9
Center Post 600 43,0 41.13 41. 41.2
Coil Leg 100 8.1 7.8 7. 3.0
FRP Radial —_— ~24.1 -22.6 -21. -21.5
Spacer | 4iial — -17.1 -15.9 -10. ~11.7
Conducter - 28.6 27.6 27. 27.4

Unit : kg/mm?

Table 3.2.6 Equivalent cyclic stress amplitude, Seq of support

structures on TF coil

Double Null Single Null | Single Pumped | Single Pumped
Divertor Divertor Limiter, L1 Limiter, L2
Inner Ring 29.0 22.9 9.7 10.5
Outer Ring 13.6 13.4 9.0 10.0
Shear Panel 24.9 22.1 12.9 14.9
Salt Salt: Cyclic stress amplitude
Seg= s
€9 1 Smean Smean: Modified mean stress
su '

Su .
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Tahle 3.2.7 Comparison of Electreomagnetic characteristics for PF system

Double Null | Single Null | Single Fumped | Single Pumped
Divertor Divertor Limiter, Ll Limiter, L2
Max. Ampere turns
(MAT) 98.7 71.3 52.6 66.9
Max. Field on coil 4 5 6.0 6.7 6.3
(T)
o -
Stored Eneragy 5.96 4.94 2.73 3.47
(GJ)
Induced Voltage
(kV) 12 16 8 8.5

Table 3.2.8 Electromagnetic forces of PF coils in Reference and Alternative

Designs
Inboard coil Qutboard coil
mut—of- plane out—of-plane
Hoop force force Hoop force force
Double Null Divertor 15,000 6,570 42,600 9,360
Single Null Divertor 13,800 4,070 32,500 7,850
Single Pumped Limiter 13,200 5,110 20,600 6,190
(L 1)
Single Pumped Limiter 11,500 3,400 22,800 3,260
(L 2}

Unit : ton

Table 3.2.9 Stress of PF coil in Reference and Alternative Designs

Inboard coil Outboard coil
Hoop stress | Bending stress |Hoop stress Bending stress

Double Null Divertor 41.5 8.49 20.2 8.18

Single Null Divertor 38.0 g8.24 17.8 11.2

Single Pimped Limiter 36.3 6.58 a.71 8.20
(L 1)

Single Pumped Limiter 31.3 5.96 13.5 8.02
(L 2}
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Table 3.2.12 Capacity of PF Power Supply

Common
power Separate v
supply power
supply
Effective Reactive Apparent
Power Power Power
Double Null 1234 MW 1926 MVA | 2566 MW
Divertor
Single Null 1208 MW 1864 MVA | 2705 MW
Divertor
Single Pumped 462 MW 889 MVA | 1421 MW
Limiter, L1
Single Pumped 637 MW 1133 MVA | 1854 MW
Limiter, L2
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,

Parameters for passive stabilization analysis

(L) (2)
Double-null Single-null | Single-limiter | Single-limiter
divertor divertor { LL) {L2)
Plasma
Major plasma radius 5.5 m 5.72 m 5.72 m 6.0l n
Plasma current 5.3 MA 5.54 Ma 5.54 MA 5.8 MA
Peloidal beta 2.28 2.18 2.18 2.08
<Bz> -0.37 T ~-0.39 T -0.41 T -c.39 T
<n> -1.86 -1.50 -1.33 -1.28
Shell
Material Be Be Be Be
Electrical resistivity T ufQ-cm 7 pfl-cm 7 ufi-cm 7 uft-cm
Cross section ’
0.03 {:uzzzzzzzzzo_og:l:lzzm 0_0351: T 0_03",!:2222222225
1lm im 1l m ‘ im
Connector
Material Cu Cu Cu Cu
Electrical resistivity 2 pfircm 2 ufi-cm 2 ufircm 2 uR-cm
cti . ' .
Cross se on 00002 0.02 0,02 0.02 ]
L0024~ o, 002 EET | 0.002 mm 0.00
0,02 0.02
0.02* lnsp | 0.92% lo5m ' E.Sm 0. 5m

(1) Medium edge temperrature limiter

{2) Low edge temperature limiter

Connector

Shell
Table 3.2.14 Characteristics of the passive stabilizing coils
for divertor/limiter conceptis
Double- Single- Single (1) Single (2)
null null limiter limiter
Givertor diverter Ll) (L.2)
Max. decay index
of passive coil 2.8 2.6 2.6 1.8
Time constant
of passive coil 72ms 74ms 74ms 7Bms
Growth rate of
plasma vertical 36ms 54ms 71lms 32ms

instability

(1) Medium edge temperature limiter

{2) Low edge temperature limiter
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L}

31.54

3.03

1.00

4 50

00

.00 [T

Fig. 3.2.2

5.50 %.c0

5.50 7.00 7.50 ¥.c0

Contours of decay index on the plasma due to

currents induced in passive stabilizing ceils

located at (R, Z)

as a result of vertical plasma

displacement (Double-null divertor)

Table 3.2.15 Conclusion
DND SND LI L2
Reactor slze o s 4 X
TF Coii Stress by 5 o o
PF Coll Stress X R
Plasma Control X s o X
Power Supply Ca-
X X © (4]
pacity for PF Cojl
TF Coil AC loss X X s &
PF {oll AC loss o o o o
Xy (¥} (a) (s)

Maintenance
o ---~ good
s -~ medium
X ~--- bod

X <) ]
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Engineering design of divertor and pumped limiter plates

Several concepts have been considered for the FER impurity con-—
trol system. The purpose of this section is shown in Table 3.3.1.
Table 3.3.2 shows the design requirement of plates. The results of
the engineering-related consideration for the divertor and limiter

plates 1s presented.

Operating conditions and mechanical configﬁration

The divertor and limiter operating coﬁditions are given in Table
3.3.3 tc Table 3.3.5. The profiles of the divertor and limiter
operations are shown in Figure 3.3.1 to Figure 3.3.4. The divertor
collector plates are set with an angle which limits the peak heat
flux to 2 MW/m?. The electron temperature on divertor plate is 30
eV.

The limiter plate is a flat shape with twe leading edges. Two plasma
scrape-off conditions have been considered for the limiter operation.
For the medium edge temperature condition (L1), the peak heat flux
on the top surface is 3 MW/mZ. The peak electron temperature on
plate is 150 eV. The heat flux on the leading edge far from the
main plasma is small. For the low edge temperature condition (L2},

the peak heat flux is only 0.5 MW/m?. The peak electron temperature

is 25 eV.
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The collector plates of divertor and limiter are shown in Figure
3.3.5 to Figure 3.3.7. The divertor/limiter plate is composed of a
protective material, heat sink and supporting structure. The pro-
tective material in the form of tiles is brazed to the copper heat
sink. Reference materials considered for the tiles are tungsten for
the divertor plate and the-low edge temperature limiter, and beryl-

lium for the medium edge temperature limiter.

Thermal hydraulics and stress analysis

The operating conditions used in the thermal hydraulics and stress
analysis are listed in Table 3.3.6. The analysis is conducted by

a three-dimensional model as shown in Figure 3.3.8 and Figure 3.3.9.
Temperature and stress distributions in the divertor plate are shown
in Figure 373.10 and Figure 3.3.11. Temperature and stress distribu-
tions at the top surface of limiter are shown in Figure 3.3.12 to
Figu%e 3.3.15. Table 3.3.7 summarizes the maximum temperatures and
stresses of the cellector plate.

For the divertor concepts, Lhe maximum temperature in the tungsten
tile is 194°C. The maximum temperatures in.a 20 mm thick beryilium
tile is 651°C fer the limiter with the medium edge temperature con-
dition. The temperature in plate is very low for the limiter with

the low edge temperature condition.
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The stress Intensity in the copper heat sink is quite high (227 MPa)
for the divertor concepts. This stress is above the ASME allowable
stress of 117 MPa for anmealed OFHC copper. The stress intensity in
copper is 106 MPa for the medium edge temperature limiter with the
20 mm thick beryllium tile. The stress in plate is quite low for

the low edge temperature limiter.

Lifetime of divertor and limiter plates

The lifetime of the divertor/limiter plate has been estimated by the
erosion of plasma side material and the fatigue life of copper heat
sink. The erosion rate of divertor/limiter plate is shown in Table
3.3.8. The erosions considered for tile materials are the loss dur-
ing plasma disruption and the physical sputtering. The estimated
erosion rate by disruption is the total of vaporized and melt layers
assuming the melt layer is lost. The estimated erosion rate by sput-
tering does not include the effect of the redeposition on the plate
of the sputtered impurity fons.

Table 3.3.9 shows the estimated lifetime of plates. The lifetime
due to erosion is 1.4 year for the divertor, and 0.9 year for ﬁhe
medium edge temperature limiter with 20 mm thick tile. The effect
of the redeposition will extend the lifetime of plates. The life-

time is very long for the low edge temperature limiter.
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The fatigue life of the heat sink is 1 year for the divertor concepts,
even if the design curve of fatigue with the safety factor of 1.5 on
strain range or 20 on life is empleyed. The limiter concepts have

the long lifetime. The summary of engineering design of plates is

shown in Table 3.3.10.
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TapLe 3.3.1 Purprose oF ENGINEERING DESIGN FOR DIVERTOR
anD PumpeDp LIMITER PLATES

PurPosE

» To DEVELOP A FEASIBLE DIVERTOR AND LIMITER PLATES
DESIGN

o TO COMPARE DIVERTOR AND LIMITER SCLUTIONS

CoNceEPTS FOR ImPukiTy CONTROL SYSTEM

DouBLE-NULL DIVERTOR

o SINGLE-NULL DIVERTOR

o SINGLE PUMPED LIMITER WITH A MEDIUM EDGE TEMPERATURE

compiTion (L1) -

o SINGLE PUMPED LIMITER WITH A LOW EDGE TEMPERATURE
conpiTiON (1L2)

TaBLE 3,3.2 DesieN REQUIREMENT OF DIVERTOR/LIMITER |

PLATES OPerATING CONDITION

o HEAT AND PARTICLE FLUXES UNDER NORMAL GPERATION

o HEAT FLUX AND ELECTROMAGNETIC FORCE DURING PLASMA

DISRUPTION

ENGINEERING DESIGN OfF PLATE

o To HAVE THE SUFFICIENT LIFETIME FOR BOTH THERMAL
FATIGUE AND EROSION
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Table 3.3.3 Heat fluxes to divertor and limiter

Divertor Pumped limiter

Double- Single- Medium T Low T

null null
(Ref.) (L.1) (L2)
Peak thermonuclear power (MW) 437 455 455 4890
Neutrons {MW) 350 364 364 384
Alpha-heating (MW) 87 9% 91 9¢
First wall
Radiation (Bremsstrah- (MW) 10 10 10 10
lung and synchrotron)
Radiation (Impurity near (Mw) 12 12 12 12
plasma centre)
Radiation (Impurity at (MW) 15 15 15 60
plasma edge)
Charge exchange (1117} 5 5 ) 5
Divertor/Limiter
Conduction and connec- (MW) 60 60 60 10.
tion inte divertor/
limiter (1)
Radiation (MW) 44 45 - -
Icns and electrons on (MW ) 16 15 60 10

plates

{1) Design value considering the uncertainty of heat loss at

plasma edge region
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TaBLE 3,3,10 SumMARY OF ENGINEERING DESIGN OF PLATES

(1) LIMITER cONCEPT LZ HAS A LONG LIFETIME FOR BOTH
EROSION AND FATIGUE.

(IT 1S DESIRABLE IF THE PHYSICAL CONSIDERATION)

PERMITS THIS CONDITION,

(2} DIVERTOR CONCEPT HAS A SHORT FATIGUE LIFETIME,
THE PEAK HEAT FLUX 18 NEEDEC TO BE REDUCED.

TILES MADE OF LOW Z MATERIALS (BE ETC.) CAN BE
USED EGR THE LONG LIFETIME IF THERE IS A EFFECT

OF RE-DEPCSITIGN,

(3) | IMITER CONCEPT L1 HAS A SHORT LIFETIME DUE TO

ERCSION, WE HOPE THE LARGE EFFECT OF RE-DEPQSITION

ON THE PLATE OF THE SPUTTERED IMPURITY [ONS.

— 208 —



JAERI —M 84 — 107

I03I3ATP Tinu-afburs Jo arrioid

Z'g£g-bra

SPE
508

e

() 'z

IC3IAATP TINU-9Tquop 3O 2TTIoId

T ggbra

(W) Y

11 01 5 B [ 9 g L4 £ P2
T [T KT 1 @ \ F R _B_
N [n _

[ N C ”/ h (u N Nin
m mﬂ ~o /// \\\W Wy ﬁ ﬂﬁuw
R\ W. \,“W -
= |
7% =
T 2
&1 ]

52’5

(W)

- 209 —



JAERI — M 84 — 107

UOT3TPUOD @anjeradwsl 2HPO

MOT 2 U3Tm I531TWIT 3THuUTs J0 STTI0Xd

.

|

£E

o

N

SRR AN N NANNSY
A

Vi

L]

£E

T

i)

irxw L4

1

9

]

|

Pl

B

I U SN N WO S W | Ill E:l EE] [IjiE:J [;] B RO L S T 2N T

pretgbrg

UOT3TPUCD @injexadwsy abpe

wnTpaw B U3TM I83TwIiT sThbuTs Jo 8TTJ0Id cog-f bra
(W) o
11 01 ) 8 L q’ g £
| T T T T T T T T T § 1T — _
— ﬁl
L] 1
= ] O
E 955 Ap-
- 5% il
NG T e
3 FSSINNNG i
ﬁ&ﬁt@%&% a7 .
N
il 1
hw 0
h.O.. 1
NI il
) 4
—z
- _
- £
(=] 1,
b B
: -9
s

— 210 —



107

JAERI — M 84 -

23e1d I031313ATQ

{5'8)
e ALWTd L40d&Ns

¥¥ 08§
00%
(o8]
(=]
. ]
ol e
Z
| _ / ot ¢
—
(D)
THNNYHD DNITOOD
(M) HOWYY

dAdAYIH ONITO0D

WIAVIH €nS DNIT00D

g g gbrd

HOLVYINENIT

ALYTd HOTHHEAIG

- 211 —



M 84— 107

JAERI -

(17T ddAL)

~]._ T1aNwd

Scdid HNIT00D

o =
[T
BERERREETE
4 Pm_On_mDm_'
-
feed
om

AL

{131n0 )
Adid SNIN00D

HALIWIT ¥34d

9-¢rgbra

g g

(137N )
Adid .uz_.ES/

|

235

(la7uno)
3did HNHITTODD

/

. DUNLINALS
LA0ddNs

(1sm) £ 7
Fdid HNIT00)

1|q||.

T BNIM00D

r]\. .......

A4

je=e

5&8

— 212 —~



JAER] - M 84 - 107

=
R 2
Q? \
N1 =
gur?&te armot
CooQi'ng anta
<
<

il =a wallizalll=a
N

Sthucture  reinforce ment

Fig.3.3.7 Cross section at the top surface

10
e

of limiter plate

(Cu)
20

1
e
X —_—

(58}
20

I
__%____‘__* _
|

|

H

i t
Fig.3.3.8 Divertor plate geometry used for thermal

hydraulics and stress analysis

— 213 —



107

JAERI - M 84 -

I S SR BV
S . IR R
| WL RA AN
I
RN
TN
—11
1L J o Tl rr
M iy L 58 no
[ o o 07
. __..-=~n I 1 1 1 1
N HIT T ] 1 1 3 1
w/m NE: —t—t—%
W _ s
]
|
11
N " ; Il ]
|1 | |
2’38 "5 SS
of o/ Q7

Low edge temperature
limiter

{b)

Medium edge temperature

limiter

(a)

Limiter plate geometry used for thermal

Fig.3.3.9

hydraulics and stress analysis

— 214 —



JAERI - M 84— 107

(;W/MW 7z = XnTg 3esd) uTs 3eoy ioddod uo

.maa% ua3shuny ¥oTyl Ul T Y3Ts o3e(d JojIsATP JO UOTIRGTIISTP sanjersdus] OH.me.mﬂm

"D

R
I

S

T T t T T T -
R ; o
Ll N i i P
pesbli2 & Lo 8 L s
PRI A un ) = ) ) e ﬁ
_ _ H % _ _ & m.u q & ® Loty
Lo HE ' B . B H N tLd S
Lo u [ L
[ i H : i : b
R . o <
| | _

m : ! : ! Pt

P _ H i * T..}\

. ] O

Eo | ; j | il

SIS S S AU SN R S b7
t

— 215



107

JAERT — M 84 -

(,U/MW 7z = XNTF 3IVSK) HUTS 3¥3Y Taddon uo
87Ty ueishuny yorTyj WU T YaTA 83»Td I03ILATP JO UOTINGTIISTP S58138 TT°€ €7 bT4

(M) Y THT =¥ewy, 7

SS

SECTION NO.5

(") glyizz =y z

FER DIVERTOR

— 216 —



{,W/MW € = XNTJ 3©SH)
. Murs 3esy aaddoo uo o173 WRTITAISY ®¥OTY} W QT Y3Tm ISFTUTT
sanjexaduny obps wnTpauw e Jo soejans doj eyjl je UOTINQTIIISTP oInjeiodusg Z1'c e bTa

L

(W]
prd

—
L

e

M 84-107

JAERI -

] E P Lii
S G T S P e PR ——10

[

i 1
|

|

-4 | = -
_ "0 ‘ 8s _ v -

1

T

e
B
LS N
Tlo
e

—_

i p—
Ll

A
|

I R — |
.

R
[

L
|

- . . l .. S —
()
: _ 5
/ [as
2, 94 o
Do b0

— 217 —



JAERI — M 84 — 107

(,W/MW £ = X013 3IESH)
juts zeey xaddoo uc STT31 UMTTTAISQ ®OTY3F ww QT YITA ISITUTT .
sinjeisdwsy =bpa wnTpew ® Jo 82e3Ins dol Y3 e UOTINTIISTP SS3435 £T"c g bta

(og ) Yooz = Z

CTICN NO-S

5

S __ 85 A_ v
ﬂ

- -
—— ./,. N e -

P di \| Tt -~ e / X S

Lo i N T - |

e/ SO O S = U

\..l‘..lu\.\l.ﬁl ) \\.|\:.1|hw\\\\q||wri| T T e I.Hlllr.f.;.. f;.} \/ NN kY

R R V A T T N [ . ;1

g N e T N S T e n, T N L (el

AN
(") eflr L —xour) 7

L__ﬁr ,,,,, — - <_:\ | W

(ARMCR-BE)

- FER LIMITER

— 218 —



(;W/MW G'Q = XNTJI 3eap)
HuTs jesy a2ddod uo 21T3 us3ishuny YOTY; uww T Y3Tm I833TWIT
eanjersdwel sbpe moT e Jo =oeFans doy 8y3 3® uOr3INgTIFSIP 2anjersdus], $T7-c-¢-bHTa

JAERI =M 84—107

ot

-

=

-

V - _ - i
X : . - S p—
o Tl THITATRER T TR
S ._ SKEERE: IWT -
- | \ T et
| Hiil :
N | HI
\_% =
o

Do M &L m
o 0] —
"

fe !

5

.

R

%

F

— 219 —



JAERI — M -84 — 107

(;W/MW G0 = XNT3F 3IE2H)
quTs 3Ivay Joddeod ug T3 uelzsbuny OTyz uww T YITM ABJTWIT
aanjersdwsy obpo mol e Jo 9oejins doiy oyl e UCTIDGIIZISTP S5333S

(MICAH | =xm) 7

GT €-¢hbTa

(7D ) YhSE —rvu) 7

— 220 —



JAERT — M 84— 107

4, Machine Design Integration and Maintenance

4.1 Specifications and guidelines for the reference-FER engineering

design

Specifications and Guidelines for
the Reference-FER Engineering Design

Reactor Configuration and Maintenance
. First Wall/Blanket
Divertor

L0 N

Electromagnetics

(Controi of Plosma Positional Instobility)
Shleld

TF/PF Coils

Plasmag Heating System

Power Supply System

W o~ O N

. Looling System
10, Tritium System
11. Safety

12, Plaont Layout
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1. Reactor Configuration and Maintenance 1. Reactor Configuration and Mointenance

Guidelines

{continued)

5) Support of TF coil centering force by
1) Multisegmentation of torus for obtaining bucking cylinder,

smaller size of TF coil,

23 Compund motlon of segments during
assembling and disossembling the torus.

o Higher relicbility for TF coil

6) Tritium breeding blanket cn Inboard and

outboard sides.

3) Double null diverter for impurity contrel. o Higher tritium breeding ratio
o Thinner width of the inboard scrope-off
layer in compariscn with Single-Null = 7) Connection ond disceonnection of the torus
divertor, segment should be done at the outside of

e Under review from other engineering point
of view,
Effects on TF/PF mangets
Required power suppty capacity for PF Colil
contro) of plosma position instabillty

4) Common vacuum boundary between plasma and
superconducting coils,

o Reduced size in radial built
{~10 cm

biological shieid,

1. Reactor Configuration and Maintenance

(continued)

o Guidelines

§) Plasma Heating Device

Number of Ports
ECRF 1
LHRF 1
1CRF 1~2
NBI 2-~3

9) Mointenonce classification

Replocement without
disassembling torus and
removing perlpheral
conmponents

Divertor Plates

Replacement with
disossembling torus and
removing periphercl
components

First Wall,
Blanket,
Removable Shield

Principally on
replacement after
0-T Burnning

— 222 —
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2. First Woll/Blanket 2. First Wall/Blanket
2-1 First Wall 2-1 First Wall (continued)

4) Heating Loads

At normal operation
Surface heat flux 12 W/cm?
Nuclear heating 10 W/cem?

1) Combined with blanket vessel
o Simple

© Higher tritium breeding ratio , ,
At plasma disruption {15 msec)

2} 316 35 with or without Ma grmor Max. energy deposition rate 130 J/cm?
Temperature of 316 ss < 300°C | 5) Particle Loads

Charge exchange neutral 4.6 x 10°/cm2.s
3) H,0 for coolgnt

o Low tempergture

Neutron fluence 3 MW Y/m?

© Low pressure

o]

Low Pumping Power

2-2 Tritium Breedinc Blanket (continued)
Specificaticn

1. Configuration and Dimension
© Tube-in-Shell Type

° 50 cm ----- Qutboard
40 cm ----- Inboard
2. Moteriol
o Breeding Matericl  ----- Li=0
o Structural Material ----- 316 ss
o Neutron Multiplier ----- Be or Pb
© Coolant -~--= H20
o Tritium Purge bas  ----- He

32, Jemperature Range
o 4oo°C < TLizO < 1000°C

© Tstructure < 300°C
° Tyg < 100°C

4, Tritium Breeding Ratio (TER)
o TBR > 1.0

— 223 —



3 Divertor Plate

1. Matericl

Heat Sink
Armor
Structure
Coolont

JAERLI - M 84 107

Cu

WiW alioy) or Mo
316 ss

Light Water

2. Conditions for Determing Armor Thickness

o Erosion due to lon Sputtering can be

neglected

o Fatigue analysis for

a) normal operation 106 cvcle

b) disruntion

1@3 cycle

4, Electromagnetic Design

(control of Plasma Vertical Position Instability)

1. Minimize the Reauired Power Supply Capocity
for the Active Contrcl Coil

p < 100 MVA acceptable

100 MVA < P < 500 MVA

Marainal

500 MVA < P not occeptable

2. Assumptions for Electromagnetic Analysis

o lpocation of Active Coil

Qutside of the TF Coil

o nitial Disturbance

_ t/t
Bd(t) = Bdg (1-e-"") _
T 1 msec Bdo : 10 Gous

o Shell Effects and Shielding Effects
Passive Shell, Blanket Vessel, Shield and

Cryostat

5, Shield

Guideline
1. Neutronics
0. Protection of Superconducting Magnet

b. Personal Access to the Reactor after
regctor Shutdown

© Detailed evaluation of radliction
Streaming

2. Structural Design

¢. Consistency with Electromagnetic Design

5. Shield (continued)

Specification

Criteria

Meximum neutron fluence (E>0.1 Mey)
in the SuDer—Conguctor <2x1p'®
(n/cm3/lifetime}

Max imum atomic displacement in the
Copper Stabilizer |<sx107°
(dpa/y)

Maximum dose in the insulator o
(rad/lifetime)*® <3X10

Total ruclear heating in the TF-Coils
(ki) < 10

* Lifetime: Wagll looding of 3 MWy/m3

Dose rate in the reactor

<2.5 mr/h
room after reocctor shutdown

- 224 —
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4.2 Design concepts

4.2.1 FER reactor structure and maintenance

The design of the machine configuration and maintenance for double-
null poloidal divertor were presented, stressing five points: (1) magnet
system, (2) additional heating system, (3) vacuum boundary, (4) torus
segmentation, (5) sector replacement. Table 4.2.1.1 and 4.2.1.2 indicate
the design philosophy and the design condition for FER mechanical configu-
ration and majntenance. A whole of reactor is covered with belljar type
crvostat of 23 m diameter and 20 m height. Perspective view of FER is
glven in Fig. 4.2.1.1. Vertical cross sectional view and plane view of
the reactor are shown in Fig. 4.2.1.2 and Fig. 4.2.1.3, respectively.

In addition, radial build of the reactor is indicated in Fig. 4.2.1.4,

(1) Magnet systems
Toroidal field coil (TF coil) system consists of 14 coils with the
bore size of 6.4n1x9.4in, providing 5.7T7 at plasma center (R=5.5m)
and 0.5% magnetic ripple at plasma outer edge.
Poloidal field coil system is composed of 12 inner solenoid coils
and 8 outer ring coils, which are completely located to be external
to the bore of 1F coil. The coil positions are arranged to provide
the clear access through TF coil window. The radius of the sole-

noid coils are 1.65 m and outermost ring coil of 10.8 m radius.

- 225 -
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All the outer ring coils are fixed on the support structures of TF
coils. The centering force of TF coil is sustained by center post
through the suppert rings between TF coil and the post, and over-
turning force primarily by shear panel installed between TF coils.
Hoop force is supported by the support structure and conductors for
TF coil, and solely supported by interturn reinforcement in conductoer
for PT coil. Mechanical stresses due to the above-mentioned forced are
calculated by 3-D FEM and satisfy the evaluatian standard of ASME

SEC DTI. Figures 4.2.1.6 and 4.2.1.7 show configuration of toroidal
field coil and its support structure. Inboard solenoid éoils and

the support structure of inboard torcidal coil are illustrated in
Fig. 4.2.1.8. TFigures 4.2.1.9 and 4.2.1.10 depict the configuration
of helium vessel for poloidal coil and the support structure for

outer poloidal coils.

Additional heating system

Additional heating system consists of NBI, ICRF, LHRF and ECRF, which
are set on 7 TF windows between toroidal field coils, 3 windows for
NBI, 2 windows for ICRF and one for each other, as gshown in Fig.
4.2.1.3. Seven other windows are used for removal of divertor sectors.
Fourteen exhaust ducts are installed at the top and bottom portions

of these 7 windows for the divertor replacement. The upper exhaust
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(3)

(4)

JAERI —M 84— 107

duct with enough thickness of shielding is supported from the dome
of the cryostat. Figure 4.2.1.4 indicates the support structure for

the upper cryopump.

Vacuum boundary

In order to minimize inboard space between TF coll and shield struc-
ture, combined vacuum boundary for plasma chamber (shield structure)
and coil cryostat is adopted for FER vacuum boundary design, as indi-
cated in Fig. 4.2.1.11, Furthermore, access port attached to out-
board shield structure in each TF window for torus sector replacement
provides the vacuum boundary. Blanket and divertor sectors are re-
stracted through the éccess port for disassembly and replacement.
Figures 4.2.1.12 and 4.2.1.13 show the concept ¢f combined vacuum
boundary and configuration of torus access port.

In order to avoid the T shaped vacuum seal which seems to be less
reiiable, a blanket access door for the vacuum closure is provided

on the blanket access port.

Torus segmentation

Plasma chamber is composed of removable shield sectors and permanent
sectors, and divided into 28 sectors. Permanent sectors are located
behind outboard TF coils, and form into torus support structure such

as spool, as shown in Fig. 4.2.1.14. Bellows are installed in each

— 227 —
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permanent sector for eleefrical break in torus direction. Outer
edges of each shield sector are seal-welded. Shield sector is not
disassembled except in case of TF coil acciaent. Torus structures
of blanket integrated with first walls is divided into 2 sectors

for a TF coil, 28 sectors in total. Each sector of blanket is di-
vided to be symmetrical shape to avoid the unbalanced electromagnetic
force induced by plasma disruption, as shown in Fig. 4.2.1.14,
Figures 4.2.1.15 to 4.2.1.17 indicate conflguratiomns of the blanket
sectors and connecting structure of the sectors. Divertor is di-
vided into 3 sectors for 2 TF coils, 21 sectors in total. Segmenta-
tion of the divertor is depicted in Figure 4.2.1118. These are
composed of a central sector and 2 side sectors. Figures 4.2.1.19

and 4.2.1.20 show configurations of the divertor sectors.

Replacement procedures of blanket and divertor sectors
As shown in Fig. 4.2.1.21, one of Z blanket gectors/TF coil (sector
A) is withdrawn with a straight radial motion, and then the other

(sector B) with a straight oblique motion through each TF window,

‘using the blanket retraction vehicles. For the retraction of sector

B, the vehicles are at first inserted into the space which sector A
had cccupied, and sector B 1s set on the vehicles after oblique with-

drawal of the sector by means of the ball screw. Next it is retract-
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ed with a radial motion. The setting of vehicles on the guide rail
is conducted by persounel access in advance before the access door
is opened. Then, the vehicles are operated with remote handling.
The replacement procedure of the blanket sectors using the vehicles
is illustrated in Fig. 4.2.1.22 and Table 4.2.1.3. Retraction of
the divértor sectors is conducted with a single straight motion
(radial) for central sectér, and with 2 straight motions (radial and
oblique) for side sector.

Withdrawal of side sector is siwmilar with that of blanket sector B.
Figures 4.2.1.23 and 4.2,1.24 indicate the concept of the divertor
sector replacement. The divertor replacement procedure is shown in
Table 4.2.1.4. Figure 4.2.1.25 indicates access door removal and
access door carrier which is used after discennecting bolts between
the door and shield structure and the lip seal cutting. Figure
4.2.1.26 shows bolt rummer for connecting and disconnecting of the
bolts on the access door. The auto lip seal welder and cutter for
the access door removal is depicted in Figure 4.2.1.27. Figures
4,2.1.28 to 4.2.1.31 show the concept of in-vessel inspection sjstem
and the prototype of multi-joint robbot.

This manipulator can not only inspect the surfaces of the first wall

and the divertor plates, but also conduct the welding and cutting

— 229 —



JAERlI — M 84— 107

of the cooling pipes by replacement of the attachments.at the machine
edge.

The initial construction concept of the reactor system is illustrated
in Figure 4.2.1.32,

Table 4.2.1.5 shows the summary of mechanical integration and main-

tenance of FER. The discussion for future design of FER is described

in Table 4.2.1.6.
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TaBLE 4,2.1.1 Desien PHILOSOPHY

o DEVELOPMENT OF BALANCED AND COMPACT-SI1ZED
REACTOR SYSTEM DESIGN

© (00D ACCESSIBILITY TO REACTOR

AFTER PLASMA SHUT DOWN
©  DEVELOPMENT OF:RELIABLE MATNTENANCE DESIGHN

o EEASIBLE DESIGN OF COMPONENT STRUCTURES

TaLE 4.2.1.2 Desicy CoNpITiONS FOR MECHANICAL
CONFIGURATION AND MAINTENANCE

ADOPTION OF DOUBLE NULL DIVERTOR CONCEPT
EMPLOYMENT OF CGMBINED VACUUM BOUNDARY

SYMMETRICAL SEGMENTATION DF BLANKET

SupPORTING OF .TFC CENTERING FORCE WITH CENTER POST

REPLACEMENT OF DIVERTOR PLATES WiTHOUT REMOVAL
OF ADDITIONAL HEALING SYSTEM

RIPPLE RECUIREMENT OF LESS THAM U,75%
AT PLASMA EDGE
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Fig.4.2.1.2 Vertical View of FER
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4.2,2 A Scenario of FER electromagnetics design

An attainment of vertical positional stabilization of the elongated
plasma with the structural integrity even for the plasma disruption is
a main purpose of the electromagnetic design. This field of design has
been developing that the method and its application to the FER is de-
scribed here.

Three issues were discussed in the electromagnetics design: (1)
shell effect of blanket/shield, (2) eddy current, electromagnetic force
and structural problems, and (3) the plasma position comtrol. Adding
to them, the design of the divertor from the viewpoint of electromagnet-
ics design was also presented. The main design/analysis flow and the
representative parameters and figures of FER are shown in Figure |
4.2.2.1, and Table 4.2.2.1 and Figure 4.2.2.2 ~v 4, respectively.

For the shell effect, equation of motion of plasma and circuit
equation of control coil and eddy current modes are considered as basic
equations assuming dipole plasma approximation (Table 4.2.2.2 ~ 4).
Applying the Raplace transformation, we get the block diagram shown in
Figure 4.2.2.5. This block diagram shows that the electromagnetic
characteristics can be described by three parameters: N(S), M(S), and
K(S) (Table 4.2.2.5). Sensitivity analysis of shell effect was carried
out for five design parameters: (1) number of division (segmentation),
(2) existence of inboard shell, (3) thickness of outboard front-shell,
(4) thickness of outboard side-shell, and (5) existence of conductive
end-wall (Table 4.2.2.6 ~ 7, Figure 4.2.2.6 ~ 10). Based on this
sensitivity analysis and considering other design requirements (Table
4.2.2.8 v 9), two shell models were selected: reference shell model and
alternative shell model Figiure (4.2.2.11 ~ 12). The former is aiming
at higher shell effect and the latter is a model for lower electro-
magnetic forces. The plasma instability growth time of these models
are 44 msec and 32 msec, respectively (Figure 4.2.2.13 " 14). Coupling
and shielding functions are also shown in Figure 4.2.2.15 v 18. The

design/analysis of the shell effect are summarized in Table 4.2.2.10.
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The eddy current, electromagnetic force and structural behavior of
the blanket was analvsed by the newly developed computer program sys-
tem: EDDYTRAN (Figure 4.2.2.19). Electromagnetic forces of represen-
tative points for reference and alternative models at the plasma
disruption are shown in Figure 4.2.2.20 ~ 21. As shown in the figure,
value and occuring pesition of the maximum electromagnetic force are
32 kg/cm2 at the side-wall of outboard center module for the reference
shell model, and 30 kg/cm? at end-wall of inboard center module for
the alternative shell model, respectively. The maximum displacement
and stress intensities are summarized in Table 4.2.2.11. As shown in
the table, the electromagnetic force at the plasma disruption is a
dominant load for the blanket and the maximum displacement and stress
intensities are 4.6 mm and 17.2 kg/mm2 (membrene) and 21.8 kg/mm2
(membrene + bending) for reference model, and 3.7 mm and 17.3 kg/mm2
(membrene) and 18.1 kg/mm2 (membrene + bending) for alternative model.
The membrene stress intensity seems to be a little larger than the
value of ASME but it should be safe when we consider the number of the
occurence of the plasma disruption (1,000 for life time).

As the electromagnetic force at the plasma disruption is a impul-
sive, the natural frequencies of the blanket were also analized
(Figure 4.2.2.25 ~ 27). Comparing Figure 4.2.2.24 and Figure 4.2.2.26,
the deformation pattern of eigen mode = 2 is resembling to that by the
electromagnetic force. But the natural frequency of igen mode = 2 is
37.9 that the stiffness of the blanket is reasonably high. The summary
of the structural amalysis is shown in Table 4.2.2.12.

For plasma position control, numerical simulations assuming the
passive shell described above and active control coils were carried out.
Three control coil positions were assumed: A(R = 3.5 m, Z =6.15 m),
B(R=5.7m Z=26.5m), and C(R = 8.0m, Z = 6.0 m). Gain-phase dia-
gram of open-loop transfer functions of P-, PD- and PID- Control of
reference shell meodel with control coil position - B are shown in Figure
4.2.2.28 v 30. Some examples of plasma position control by reference
shell model with control coil position - B are shown in Figure 4.2.2.31

" 35. The gain-phase diagram of open-loop transfer functions and the

plasma position control by alternative shell model with control coil
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position-B are also shown in Figure 4.2.2.36 " 40. The results for
other contrel coil positions are similar to those shown here. These
simulations show that the plasma can be stabilized by P-, PD- and
PID-control and that the voltage limiter is effective for reducing tﬁe
required power supply capacity without losing the plasma controllahili-
ty. The maximum displacement and required power supply capacity are
18 mm and V30 MVA for reference shell model and ™29 mm and 35 MVA for
alternative one, respectively.

The parametric survey of plasma control by reference shell model
with control coil position-B were carried out (Table 4.2.2.13). This
survey showed that the plasma displacement and required power supply
capacity are not sensitive to the accuracy and delay time of the detec-
tor, thyristor dead time and time constant of the applied field dis-
turbance.

Based on these simulations, we conclude that reference shell model
is preferable from the viewpoints of smaller plasma displacement and
higher tritium b;eeding (Table 4.2.2.14) and that control ceoill position-
B is preferable because of lower induced voltage. The difference in
magnetic configurations for control coil-A, B and C (Figure 4.2.2.41
" 43) are not essential. The plasma position control discussed above
is based on the control coil outside TF coil and we got a satisfactory
control characteristics with reasonable power supply capacity. There-
fore, the control coil inside TF coil is not necessary in FER design
(Table 4.2.2.15). The summary of the plasma position control is shown
in Table 4.2.2.16.

The divertor is located at near plasma so that high electromagnetic
force will be exerted on it at the plasma disruption. On the other
hand, divertor accepts high heat flux so that mechanically weak struc-
ture is taken te reduce the thermal stress (Table 4.2.2.17). The
solution for this dilemma is to break the curremnt leoop of the divertor
structure to suppress the electromagnetic force. Two concepts of cur-
rent loop break of the divertor are shown in Flgure 4.2.2.44. The
divertor structure of FER followed to the "Type-I11" in Figure 4.2.2.44
is shown in Figure 4.2.2.45 ~ &7,

The summary of the electromagnetic design and the discussions for

future FER designs are shown in Table 4.2.2.18 v 19.
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Table 4.2.2.8 Results of the shell effect survey and design

considerations

EVALUATIONS (1D

No. oF Diviston INBOARD SHELL
{1) SwaLLer Is BETTER (1)  InBoARD SHELL 1s
PREFERABLE
(2) LarsE FLECTROMAGNETIC
Force
Mo
—_——— e e e B b e e INBOARD
SHELL
(1) No. orF TF/C ¢ 14 (1) SuprorT cF INBOARD
Buanker Is DiFFrcuLT
(2} FErectricaL CoNNECTION
By ManupuTATOR Is J:L
[MPOSSIBLE
SMALLEST No. @ 28 No SHELL FOR STRUCTURAL INTEGRITY
Table 4.2.2.6 Results of the shell effect survey and design
censiderations {(continued)
EVALUATIONS (23
THICKNESS OF F/W THICKNESS OF S/M Enp HaLL
(1} THicker ls BeTTER (1) THicker Is Berter (1} Notv So SEnsITIVE
No
________ _—— - —— ——— —{ 30 |-——————1 ConpucTive
Fup-HaLL
{1y Tuick Pe or Be [s (1) Cu EaTt NeuTrOM (1} Sus Enp-WaLt
DiericuLT To MANUFACTURE Is PREFERABLE
AND T¢ CooL FOR STRUCTURE
B0MM FOR 30mm CU FOR Sus Enp-WaLL
STRUCTURAL INTEGRITY PLASMA STABILITY FOR
STRUCTURAL
[NTEGRITY
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Table 4.2.2.10 Summary of the shell effect

SUMMARY ~--- SHELL EFFECT

I. WhaT Was Done

(1) DepeNDENCE OF DesieN FACTORS on SHELL EFFecT Were OBTAINED
THROUGH PARAMETRIC SURVEY.

(2) REFERENCE AND ALTERNATIVE DESIGNE FOR BLANKET / SHELL WERE
DETERMIND BasED ON- THE ABOVE AND OTHER DEsiGN CONSIDERATIONS

(3) ELECTROMAGNETIC ProPERTIES WERE CALCULATED FOR REFERENCE AND
ALTERNATIVE SHELL DEsigN

2, WHAT Was OBTAINED
(IY No. oF Division, SiDe WaLL THICKNESS, EXISTENCE OF INBOARD
SHELL STRUCTURES ARE SENSITIVE
3, WHAT Was DESIGNED
(1) No. or Divisicn Is 28 For HIGHER SHELL EFFECT
(2) INROARD SHELL Is RewmovED FOR STRUCTURAL INTEGRITY AT DISRUPTION

(3} THick Sipz Wall (Cu) Is ApopTeD FOR HIGHER SHELL EFFECT
(4) Be/Pr FronT WALL 1S ADOPTED FOR HIGHER TRITIUM BREEDING
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Table 4.2.2.12 Summary of the structural analysis

SUMMARY --~= STRUCTURAL ANALYSIS

1. WHAT Was Done

(1) Eopy CURRENT, INDUCED ELECTROMAGNETIC ForceEs Were CALCULATED
(2) STRESS AND DEFORMATION WERE CALCULATED
(3) NaTURAL FREGUENCIES WzRE CALCULATED

2, WHAT Was OBTAINED

(1) Max. ELECTROMAGNETIC FORCE:
32Kg/cn? For Rer, DESIGN
20Ke/ cn® For ALT. DEslcN
(2) Max. DIsPLACEMENT:
L6 mm  ForR Rer. DESIGN |
3,7 m  ror ALT. DESIGN
(3) Max, STRESS INTESITY:
17.2Ka/mnd (Meme.),21.8Ka/mm2 (Meme.+ Bewp.) For Rer. Des.
17.3Kg/mm2 (Meme.)}, 18.10Kg/mmé (MemB. + Benp,) FOR ALT. DES

(4 STiFeNESS oF BLankeT Is ReasoNaBLY HIGH

3, WHAT WAS DESIGNED

RerFer=nCE MopeL Is PReErsrABLE, AND SIiDE WaLL THICKNESS SHOULD
Be INCREASED,
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Parametric survey of plasma control, reference model

with contrel coil position-B

PARAMETRIC SURVEY oF Prasma ComtroL
(Rerzrencs Desien, Controu Coru - B)

Max . Max. P/S Max, Dis-
Voot CURRENT CapACITY PLACEMENT
W) (KA) (MVA) (rmm)
i 0.0 12 | 118.5 72.57 -18.27
LenT 2.0 630 118.5 74,67 ~18.24
(mm 1 5. 700 120.7 8:.50 | -18.32
. 1.0 612 118.5 72.57 . -18.27
T 2.5 534 117.1 §2.50 - | -15.59
w | (MSEC) | g g 438 | 112.5° | u09.21 | - -12:64
= ) 0.5 615 1152 70,87 -17.83
T DET 1.0 612 118.5 72.57 - -18.27
msec) | 9 g 592 125.9 78,49 -18.92
i 0.5 588 115.3 67.80 -17.82
CTHY 1.0 612 118.5 72.57 -18.27
(MseC) | 5 g 661 126.5 |  83.69 ~19,56
} 0.0 256 132.4 33.09 -19.08
LONT 2.0 250 132.0 | 33.01 -19.05
(mm | 5.g 250 133.1 | 33.28 -19.17
) 1.0 250 132.u 33,09 -19.08
> (7 Bp 2.5 250 128.3 32.08 -17.47
R | MO | 59| 250 | 114 | 3035 | -14.82
L T 250 130.4 32,50 | -18.90
= | TDET 1710 250 132.4 33,09 -19.08
msec) | 5.9 250 35.8 33.95 -19,35
0.5 250 129.2. 37.30 -18,66
© Ty 1.0 250 152.4 33.09 -19.08
(msec) | 99| 250 | 1386 | 3466 | -18.%0 |
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Table 4.2.2.18 Summary of electromagnetics design

SUMMARY ---- ELECTROMAGNETICS DESIGN
1. WHAT Was Done

(1) ProBLEMS AND METHOD OF ELECTROMAGNETICS DESIGN WERE
DiscusseD
(2) ErecTromacNETICS DEsion Was CarrIED OuT FOR FER

2. WHAT Was DESIGNED

(1) BLANKET/SHIELD Is DIVIDED INTO 28 INDEPENDENT MODULES
CONSIDERING REMOTO-MAINTENANCE AND PLAsMA CONTROL

(2) Be/Pb (60 mm) FronT WaLL anp Cu (30 rm) Sipe WaLL
SHELL STRUCTURE Was BulLT IN QUTBOARD BLANKET
CONSIDERING STRUCTURAL INTEGRITY AT PLasMA DISRUPTION,
PLasma CONTROL AND TRITIUM BREEDING

(3) AnaLvsIs SHows THAT PLasma Is CoNTROLLABLE,ELECTRO-
MAGNETIC FORCE AT DISRUPTION 1S ACCEPTABLE AND
Tr1TIUM BREEDING RaTIO Is More THan 1.0

(4) CURReNT Loop of DIVERTOR STRUCTURE ls BROKEN BY
INSULATION As To SUPPRESS INDUCTION CURRENT

Table 4.2.2.19 Discussions of future design from the view point of

electromagnetics design

DISCUSSIONS FOR FUTURE DESIGN
1. LimiTer CONFIGURATION PLASMA IS PREFERABLE

2. DisrupTion FREE or LonseER Decay ConsTANT oF PLASMA
CURRENT 1s DESIRED '

3, ELecTricAL CONNECTION BETWEEN MODULES BY MANUPULATOR
15 DEsrED

Iy, RepLace ofF Be To OTHER MaTerIiaL SHoulp Be STUDIED
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D(( NEUTRONICS j>

REMOTO-
MAINTENANCE

BLANKET/SHIELD
STRUCTURE

ECDY CURRENT

ANALYSIS | l
i
SHELL EFFECT ELECTRONAGNETIC
ANALYSIS FORCE ANALYSIS
v \L

PLASMA CONTROL STRUCTURAL
=

ANALYSIS ANALYSIS

POLOIDAL COIL &

POWER SUPPLY

Figure 4.2.2.1 Electromagnetics design/analysis procedure and

relations to other design field
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Figure 4.2.2.3 Bird's eye view of FER design

Center MoDuLE Sipe MoDuLE
BLANKET AND SHIELD (MovaBLE PART)

Figure 4.2.2.4 Bird's eye view of movable part of FER blanket and
shield (Center module and side module)
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Electromagnetic Model, 30-33,40

- Etectromognetic Model,10,20

4.2.2.6 Example of shell effect calculation model

Figure
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| [ MODELIO
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& HODEL 3g
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N-FUNCTIONS OF BLANKET SHELL MODELS
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‘Figure 4.2.2.7 Dependence of N-function on the segmentation number
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Figure 4.2.2.11 Reference shell model which is aiming for the higher
shell effect
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Figure 4.2.2.12 Alternative shell model which is aiming for lower

electromagnetic force
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Figure 4.2.2.31 Simulation of plasma vertical stabilization, P-control,
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Figure 4.2.2.32 Simulation of plasma vertical stabilization, P-control,
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Figure 4.2.2.33 Simulation of plasma vertical stabilization, P-control,
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Figure 4.2.2.34 Simulation of plasma vertical stabilization, PD-control,
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Figure 4.2.2.39 Simulation of plasma vertical stahilization, P-control,
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Figure 4.2.2.40 Simulation of plasma vertical stabilization, P-control,
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Figure 4.2.2.44 Schematic view of electromagnetic circuit configuration

in a divertor module
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4.2.3 A tritium breeding blanket design for FER

Mission of Fusion Experimental Reactor is integral test of tech-—
nologies concerned with future fusion reactors. Blanket is one of key
components in FER and its major functions are tritium production for
fuel self-sustaining, removal of fusion power as thermal energy and
plasma vertical stabilization. Design of FER blanket has to consist-
ently fulfill the following requirements.

i) Adequate tritium breeding.ratio

ii) In-situ continuous tritium recovery
iii) Heat removal
iv) Passive shell effect
v) Structural integrity for cyclic heat loads, internal pressure,
electromagnetic forces and intense heat loads during plasma
disruption etc.
vi) Maintainability by remote handling
vii) Shielding performance
viii) Safety
ix} Adequate lifetime
x) Simple structure for fabrication
¥i) Structure to accommodate to the uncertainties

Key features of presently designed FER blanket are Li,0 breeder in
pebble form and beryliium as both neutron'multiplier and passive shell
conductor Lig0 has felatively good tritium breeding performance and
small spherical pebble of breeder gives a solution for serious problems
of thermal cracking, mass transfer due to moisture in helium purge gas
and decreasing of tritium inventory. ﬁ

Blanket modulization has been studied on the basis of rembte
maintenance technique in straight motion. Blankets are removed with
outer shield which supports them. (Figs. 4.2.3.1 ~ 4.2.3.5)

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 ribbed-
panel type that is fabricated by HIP process. The minimum thickness of
the first wall is decided for 1.5 Mw—y/m2 of lifetime considering thermal

stress and erosions by physical sputtering and plasma disruption.

- 312 —
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(Table &4.2.3.1, Fig. 4.2.3.6, Figs. 4.2.3.10 ~ 4.2,3,11)

The type of the blanket is tube-in-shell, sometimes called as BOT/
NM type. Beryllium neutron multiplier is adopted in this design. And
this beryllium acts as passive shell conductor in the outer blarket
region. Pressurized light water, HZO, is selected as the coolants of
both of the breeder region and the first wall. Its inlet and outlet
temperatures are 60°C and 100°C, respectively. The outlet temperature
is low because of no electricity gemeration. Type 316 stainless steel
is selected as the structural material because it provides adequate
radiation damage resistance and allowable design stress intensities
under the anticipated operating conditions. (Table 4.2.3.2, Figs.
4.2.3.7 % 4.2.3.9) |

Net tritium breeding ratio greater than unity (1.05) is obtained

by adoption of Li,0 breeder and beryllium neutron multiplier.

(Figs. 4.2.3.12 %24.2.3.14)

Tritium produced in the blanket is continuously carried out and
recovered by helium purge gas. Temperature of LiZO breeder is controlled
between 400°C and 1000°C teo decrease tritium inventory, promote decom-
position of LiOT and reduce mass transfer rate of LiZO. (Figs. 4.2.3.15
v 4.2.3.18)

Stress analyses show that the integrity of blanket structures 1is
maintained to electromagnetic force during plasma disruption, thermal
load during plasma cperation and inner pressure of helium purge gas.
(Fig. 4.2.3.19)

Performance for plasma vertical stabilization is fulfilled by use
of beryllium shell conductor that serves as well neutron multiplier
without vicious effects on tritium breeding performance. (Table 4.2.3.3,
Figs. 4.2.3.20 ~ 4.2.3.21)

Fabricability for subassembly process adopted in this design has

also been studied (Figs. 4.2.3.22 ~ 4.2.3.25) and technology issues for

future design are identified.
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Mission of Fusion Experimental Reactor:

Integral tests of technologies concerned with future
fusion reacfors

Major Functlions af FER Blanket
{ Key Component for Fusion Energy Recovery }

o Tritium production for fuel self-sustaining
( In-situ continuous tritium recovery )

0 Heat remgval from fusion energy
( Non electricity generation )

0 Passive shell effect for vertical plasma stabllization
Requirements for FER Blanket Design

o Tritium Breeding TBRnet:> 1.0
0 In-situ continuous tritium recovery
Low tritium inventory
o Heat removal
Low temperature structure
Temperature control of Li,0 breeder
0 Passive shell effect
o Structural integrity for cyclic heat loads, internal
pressure, electromagnetic forces and 1lntense heat
loads during plasma disruptions, etc.
ol Maintainability Dy remote handling
o0 Shielding performance
o Safety
0 Adeguate lifetime
o Simple structure ( Fabricability )

o Structure to accommgdate to the uncertainties

Reactor Concept

Comoined vacuum boundary
Number af sectors 14
Mumber of blanket units 56 ( 4units/sector ?

Mumber of mcdules 42 3 modules/sector
1 center module:2 bilanket units
72 side modules-:1 hlanket units

Module remaval Stralght motion

Module support by shield structure
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Fig. 4.2.3.2 Plan view of reactor configuration {(Option D)

Fig. 4.2.3.3 Blauket module transfer machine
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Blanket Structure

Tube-In-Shell type ( BOT/NM )

Integral first wall : Ribbed-panel, lifetime 1.5 My-y/mZ
Breeder : LIZU pebble

Breeder temperature control :

Maximum -- Coolant tube arrangement

Minimum -- Hellum gap around caoslant tube

Neutron multiplier : Be

Shell conductar

: Be ( in outer blanket design )
Tritium purge : He flow

Table 4.2.3.1 Summary of design parameters for
FER first wall

Configuration
Form
Structural Material

Coalant
Flow Direction
Inlet Pressure
Inlet/0utlet Temperature
Velocity
Pressure Loss

Wall Thickness
Beogining-of-Life
End-of-Life(i.5 Mi-y/m?)

Coolant Channel
Size
Pitch

Maximum Wall temperature
during Normal Operation
during Neutral Beam

Shine-through
during Major Plasma Disruptian

Integral with Blanket
Ribbed Panel
Type 316 Stainless steel

Pressurized Water(HZU)
Toroidal

1.5 MPa

&0 °C/100 °C

1.7 m/s

36 kPa

15 mm
10 mm

6 m x 3 mah

9 mm

208 °C
219 °C

~1300 °C
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Table 4.2.3.2 Summary of design parameters for FER
tritium breeding blanket

Blanket Type

Thickness(including F/W)
Inboard
Qutboard

Structure Material

Breeder
Form
Diameter
Thegretical Density
Effective Density
Packing Fraction

Acceptable Temperature Range
Operating Temperature Range

Minimum Temperature
Control Method

Neutron Multiplier

Shell Conductor
Location
Thickness

Neutron Modefator

~Coglant
Inlet Pressure
Inlet/0utlet Temperature
Flow Direction

~ Tube ID/0D
Velocity
Pressure Loss

Net Tritium Breeding Ratlo

Tritium Recavery
Purge Gas
Pressure
Fiow Rate

Tube-1n-Shell Fype(BOT/NM)

40 cm
50 cm

Type 316 Stainless Steel

L1,0030% L1 enrich)
Spherical Pebble

1 mm

2.0 g/cc

85 ¥T.D.

0.7(bulk)

0.3(near wall)

400 °C - 1000 °C

450 °C - 790 °C
Helium Gas Gap

around Ccolant Tube

Beryllium

Beryllium
Outboard
60 mm

Nonre

Pressurized Water(HZU)
1.5 MPa -
g0 °C/100 °C
Poloidal
8 mm/10 mm
<1.5 m/s
21 kPa

1.05

Continuously by Purge Gas
Helium

0.1 MPa

200 Nm’/hr
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Fig. 4.2.3.8 Configuration of blanket structutres
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Analytical model of two-dimensional neutronics analysis
for the effect of torus geometry
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Tritium Recaovery

0 Li,0 petble ¢ 1 mn? )
To avoid thermal cracking
Redecomposition of transfered LiOT
Simplicity for blanket fabrication process

{ess sensitive to irradiation effects on thermal
conductance

o0 Temperature range of LiZU breeder for continuous tritium
recovery

Lower limit 400 °C Decomposition of LIiOT
Tritium inventory

Upper limit 1000 °C Lizo mass transfer

0 Breeder temperature control

Coolant tube arrangement according to heat generation
rates

Melium thermal gap between coolant tubes and breeder

o Nominal operating temperature range
450 °C - 790 °C FER reference operation mode
( duty factor 0.5, burn/dwell:100/100 s )
Temperature can be maintained within allowable range
up to duty factor 0.7
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Fig. 4.2.3.15 L1,0/Li0H Phase equiliblia as
a function of P and temperature
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Fig. 4.2.3.16 Concept of Lj20 Transport

— 327 —



JAERL —M 84— 107
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Analytical Conditlons of Blanket and Shield

Results of 3-D Stress Analysis

Analytical Model 1/56 Torus Mogel Load Case Maximum Stress
; Intensity
Structural Material Type 316 Stalnless Steel Internal Pressure Pmax 31 MPa
Wall Thickness Fy Su Ew {( He pressure Q.1 Mpa J){1.5 Sm 200 MPa
Inner Blankat 15 18.75 10c Thermal Load Tmax 323 MPa
guter Blanket 15 o225 55 2s, 380 MPa
shield 50 50 50 (5x10° cycles)
Cunlt mm) Electromagnetic Force Emax 117 MPa
_ 1.5 5m 200 MPa
Wall Temperature Fu SW Ew
Blanket 200 1677133 100-
shleld 60 60 50 * Imposed electromagnetic farce are those
{unlt:°C) at 25 msec after plasma disruption.
{ ohtalned fram 3-D translent eddy

=7

il
I

|

A

A=i.

LS
y

==
i)

Wi

current analysls

)

Fig. 4.2.3.19 Model for stress analyses and locations of maximum stress

intensities
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Passive Shell Structure

Saddle type conducior
-~ Consistent te blanket maintenance
-- Installed only 1n the outer blanket region to avoid
the excess electromagnetic force in the Inner blanket

region
Candidate material : Be 60 mm
Ph high eléctric reslstance

Cu,Al low breeding performance

Table 4.2.3.3 Summary of Design Parameters
for Passive Shell Conductor

Type : Rectangular Coil
Lacation : Quter Blanket
Number of Conductors
Center Mcdule 14
Slde Module : 28
Material : Beryllivm
Thickness : 6 cm
Shell Effect : Ng ~—2.635
( Including Shield and Ts ~ 30 msec
Beiljar ) { growth time }
Maximum Temperature
of Conductsr ¢ 150°C
Coolino Systems
Coolant ¢ Water ( HpD )
Pressure : 1.5 MPg
Inlet/0utlet
Temperature :00°C/100°C
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Fig. 4.2.3.20 Concept of Shell Conductor

Fig. 4.2.3.21 Model for electromagnetic analyses
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Technolagy Issues of the FER Blanket Development

Material data hLase
Plasma-Wall interaction data

Erosion physical sputtering, chemical sputtering,
evaporation by plasma disruption

Neutron irradiation data

Strength and fatigue data of structural material
including welding part

Physical properties of breeder, structural and
shell materials

Structural data base
First wall structure
Structure for erosions
Structure for heat removal

Structure withstanding cyclic heat load including
plasma disruption

Temperature control of breeder
Effective thermal conductivity of breeder zone
Thermal resistance around cooling tubes
Spacers for coolant tubes
Coolant tube arrangements near headers
Uncertainties to be accommodated
Structural integrity
Thermal expansion
tlectromagnetic force
Detection of coolant leakage
Pressure relief for rupture of cooling tube
Mechanism for one-turn resistance

Mechanlism against arcing
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Blanket-Tritium Systems
Fabrication technique of Li0 pebbles
Physical and chemical properties of Lip0 breeder

Hydrolysis reaction rate and welght loss rate In
flowing helium containing moisture

Major vapor specles over Liz0 and their vapori-
zation pressure in operating temprature range

Effective thermal conductivity in helium atmosphere
( including Lip0 pebble packing fraction and wall
effect )

Compatibllity with structural material
Integrity assurance of Li,0 breeder

Grain growth, sintering and pore-closure under
high temperature and neutron fluence

Mechanical Integrity of breeder under cyclic
thermal condition

Tritium release rate from Lip0 Dreeder

Effects on tritium release for a number of
variables such as chemical composition of breeder,
particle and grain size, temperature, ang purge
gas flow rafe .

Tritium permeation
Fabricafion
Joining
Feasibllity of first wall fabrication by HIP process
Production of large-size HIP machine
Feasibility of blanket shell-to-shell Joining by EBW

Small-size tube-to-tubesheet Inner bore welding

Feasibility of shell conductor joining

Non-destructive examination
Practical examination of first wall joint by HIP
Feasinility of examinatlon of blanket sheill Jjoint by EBW
Reliable examination of tube-to-tubesheet jolnt

Assembly
Final assembly of blanket component

Plastic work
Bending first wall and integrity

Dimension measurement

Precise measurement of blankel component

Mock-up test

Corraoboration of element techniques through mock-up test
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Appendix
Agenda
Japan-US FER/ETR DESIGN WORKSHOP

Fusion Engineering Design Center
March 26-30, 1984

Monday, March 26, 1984

9:00 a.m. Welcome 0.B. Morgan, Divisiocn
Director, Fusion
Energy Division

Opening Comments P.M. Stone, OFE
Opening Comments T. Tone, JAERI
Status of U.S5. Program Relative P.M. Stone, OFE

to TFIR/TFCX/ETR Strategy

Overview of TFCX Design J. Schmidt, PPPL
C. Flanagan, ORNL/W

12:00 LUNCH
1:30 p.m. Japanese Program Strategy T. Tone, JAERL
Status of JT-60 Construction T. Tone, JAERI

Status of FER Design

Scope of FER Design Activities T. Tone, JAERI
Overview of FER Physics Design M. Sugihara, JAERI
Overview of FER Engineering Design H. Iida, JAERI
4:30 p.m. Discussion
5:00 p.m. Adjourn
Tuesday, March 27, 1984
RF HEATING & CURRENT DRIVE ~ PHYSICS
9:00 a.m. RF Heating Physics Basis D.L. Hwang, PPPL
Current Drive Physics Basis J. Stevens, PPPL
Plasma Performance & Operating Y-K.M. Peng, FEDC
Scenario
RF Assisted Plasma Operation M. Sugihara, JAERI

Scenario for FER
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12:00 LUNCH

RF HEATING & CURRENT DRIVE - ENGINEERLING

1:30 p.m. Intreduction D. Metzler, FEDC/GE
Plasma Heating Systems for TFCX D. Metzler, FEDC/GE
RF Technology Developments for TFCX W. Becraft, ORNL/GE

F. Baity, ORNL
D. Hoffman, ORNL

Current Drive Systems for TFCX D. Metzler, FEDC/GE
Engineering Design of an Advanced T. Kasaghara,
FER Based on Steady-State Plasma Hitachi Ltd.

Operation Scenario

RF Launcher Designs for FER K. Kitamura,
Teshiba Corp.

4330 p.m. Discussion
5:00 p.m. Adjourn
5:00 p.m. Reception

Wednesday, March 28, 1984

IMPURITY CONTROL ~ PHYSICS
G:00 a.m. Tmpurity Control Appreoaches J.L. Cecchi, PPPL

Modeling Plasma Behavior for D. Post, PPPL
Impurity Control

Physics Design Comnsiderations for M. Sugihara, JAERI
Impurity Control by Divertor and
Pumped Limiter

12:00 LUNCH

IMPURITY CONTROL -~ ENGINEERING

1:30 p.m. Limiter/Divertor Design Issues R.F. Mattas, ANL
Timiter/Diverter Design & Analysis J.R. Haines, FEDC/MDAC
Comparative Study of Engineering H. Iida, JAERI

Features for Divertor and Pumped
Limiter Reactor Concepts

Engineering Design of Divertor and K. Kitamura, Toshiba
Pumped Limiter Plates Corporation
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4:30 p.m. Discussion

5:00 p.m. Adjourn

Thursday, March 29, 1984

DESIGN INTEGRATION & MAINTENANCE - US

9:00 a.m. Configuration Engineering; TFCX
Configuration Studies

Maintenance Requirements and Design
Guidelines

TFCX Maintenance and Configuraticn
Development

Specifications and Guidelines for
the Reference FER Engineering Design

12:00 LUNCH
DESIGN INTEGRATION & MAINTENANCE - JAPAN

1:30 p.m. Design Concepts

FER Reactor Structure &
Maintenance

A Scenario of FER Electro-
magnetics Design

A Tritium Breeding Blanket
Design for FER

4:30 p.m. Discussion

5:00 p.m. Adjourn

Friday, March 30, 1984

9:00 a.m. Discussion on Future Exchanges and
Joint Pregrams

Key Technical Issues; Bilateral Work
Program; Joint Design Effort

Prepare Report

12:00 LUNCH
1:30 p.m. Tour of ORNL Fusion Facilities
5:00 p.m. Japanese Delegation Depart
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T, Brown, FEDC/GAC

P. Spampinato, FEDC/GAC

K. Watts, EG&G Idaho

0. Tida, JAERI

XK. Kitamura,
Toshiba Corp.

M, Nishikawa
Mitsubishi

T. Kurcda,
Kawasaki

U.S./Japan, Delegates

U.S./Japan, Delegates




