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This report corresponds to Chapter XI of Japanese contribution report
to TAEA workshop, Phase Two A, Part 3, The purpose of this system analysis
is to clarify the reason why the INTOR-like designs of each delegation
differ from each other. Benchmark studies of INTOR (IAEA), FER (Japan),
NET (EC) TIBER (USA) and OTR (USSR) are carried out by the conceptual
design system code (TRESCODE). As results of the global sensitivity
analysis, it is found that the choices of design features/drivers give
the largest impact on the reactoer size and capital cost. There is smooth
correlation between plasma major radius and capital cost. Individual
sensitivity analysis reveals that additional ignition margin, higher Z.¢¢,
higher toroidal field coil design and change of operation scenario

(hybrid to full inductive) result in an increase of reactor size and cost.

Keyrords: INTOR, Phase Two A Part 3, IAEA System Analysis,
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1. Introduction

The c¢ritical analysis of INTOR-like designs was implemented as a
home task of engineering group at the session XIV session in December
1986. The purpose of this analysis is to clarify the reasons why the
INTOR-1ike designs differ from each other. The results of this analysis
is expected to give useful data base for discussing ITER design concept.

Some of the necessary input for this analysis was discussed and
prepared at the Speclalist Meeting on the next generation device last
March. However, the information about the design methods emplayed by
other parties, which is essential for this analysis, has nct been
obtained enough., Nevertheless, we conducted comparative studies between
INTOR and FER and between NET and FER. Preliminary results of the
analysis is described here,

At the session XIV the analytic procedure was defined as a giobal
comparison of each country's INTOR-like design., Then later at the
session XV, sensitivity analysis by changing single design option, for
example shield thickness, was added. The later process has been done

based on the own national INTCR-like design.
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2. Description of Systems Analysis Codes

The tokamak reactor system conceptual design code (TRESCODE) has
been developed at JAERI on the basis of FER design studiesgl) There are
two objécts for developing the design'éode. The first object is that
TRESCODE can be applicable to the scoping studies for various reactor
concepts. In this objeéts, rélative cost estimations in terms of
volume/weight and input/output energy can be carried out under the deéign
driver/constraints of physics and engineering. Cost effective reactor
concept is to be selected in this process, while optimization will be
desired for further studies. The second object is that TRESOCDE can be
uséd for engineering design of tokamak core structure for the selected
reactor concept. In this bbjécts, accurate radial-build and vertical-
build based on shield calculation and stress/strain analysis of maghet
system can be carried out under the design constraints/conditions.
Operation scenario is included with plasma equilibrium and poloidal
field calculations to obtain the final results.

The code consists of six major blocks namely plasma power balance
calculation with core structure restriction, toroidal field coil design,
poloidal field coils design with plasma equilibrium and field calculations,
operation scenario, electric power supply analysis and relative cost
estimation. Basic flow chart is shown in Fig. 2.1. In the process of
determining inner torus radial build, shield requirements given as
constraints for neutron wall load and liftime fluence are solved
consistently by introducing a simplified shield calculation model. The
radius of solencid coils is also solved consistently under necessary volt
second resulted from burn time and operation scenario as design driver
in physics. The current density of TFC's conductor is principally
determined by B-J; relation. TFC case is designed to satisfy allowable
stress Intensity for primary membrane stress agsinst in-plane and over-
turning force at all. Poloidal field coils positions are automatically
determined with reflecting prohibition regions such as access port, torus
core supporting leg, et. al.. PFC cross section and their final positions
are solved consistantely with conductor design constraints and operation
scenario. Operation scenario is one of important design driver to
determine not only reactor size but also reactor's capability. In this

code, however, one aspect of operation scenario, that is, a required volt
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second is discussed in detail. Reactor size and PFC system strongly
depends on this considerations. The electric power supply is also
estimated consistently with the operations secenario. The accumulated
capacity of the PFC power supplies will be dominant to compare with that

of TFC power supplies. Our main considerations in this code is appropriate
evaluation of the PFC power supplies. In addition, the power supplies

for heating and current driving is also discussed. Finally, cost esti-

mation in terms of weight and energy is provided.
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( START )

(/5esign Driver in Physics
Plasma configuration

Fusion performance

Burn pulse length

Operation scenario

Impurity/particle control

Heating/current drive
method

Toroicdal field ripole, etc,

,//Design Driver in Engineering
Tritium breeding

Lifetime fluence

Neutron wail loading
Number of TF coils

Access methods, etc,

(/;Iasmo conditions/constraints

Plasma confinement

Beta limit

Safety factor limit

Fuel concentration

Plasma scrape-off condition
Heating/CD efficiency, etc.

5

Fig. 2.1 Flow chart of TRESCODE

(Tokamak REactor System COnceptual DEsign code)
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//Engineering design conditions/
constraints

Coil shield reguirements
Radicl-build constraint
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Mognet'design conditions/
constraints 2
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Current density

Field ripple effect
Allowable stress intensity
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//glcsmavequilibrium calculation
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Fig. 2.1 (Continued)
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2. Representation of INTOR~like Designs

3.1 Compariscn of physics assumption

Each deligaticn has its own systems analysis code in order to
optimize reacter design. In these caliculational code many assumptions
have been made to model plasma characteristics and ccmponents
engineering designs and differe between countries. Table 3.1 summarizes
the physics assumptions used each countr}?) One of the most significant
difference is in the power balance considertion. FER takes radilation
loss into account as energy loss term while INTOR, NET and OTR neglect
it. For energy confinement various scaling laws are used. However all
deligation except TIBER employs H mode type scalings.

Troyon scaling is empleoyed by every deligation for the beta limit

£t
except those employed by NET design. the ratio of total beta and fuel

with a little different coeffficient. For Ze the difference i3 small

beta differs from 1.6 in TIBER to 1.2 in INTOR. The difference comes
from the choise of Zeff and fast o pressure contribution which largely
depends on plasma temperature. For safety factor differes in two
aspects, namely defined magnetic surface and plasma model (cylinder or
tours). JINTOR, OTR emplcys cylinder model, FER TIBER torus model and
defined on 95% ¢p and NET torus model and defined on the separatrix.
There is some confusion between plasma specifications and the Physies in
INTOR design. For example, the ratio of 8 and BDT should be 1,19
according to the specifications, but 1.28 {at 10 keV) in the Physics
constraints. The elongation of 1.6 described at both speciflcations and
Physics is not the averaged'elongation but the elongation at the non-
null point side (or upper side) according to a plasma configuration
figure. The averaged elongation should be about 1.75 on the surface

defined by 95% of wp.
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3.2 Benchmark calculation of INTOR-like design

Japanese delegation has performed a benchmark study reproducing
design parameters of INTOR and Next Step Machines of participating
countries by using our own systems code. As mentioned in the previous
section, there are lots of differences in the plasma physics assumptions.
However we tried to reproduce other country's machine design by chainging
algorithm and input of the systems analysis code. Table 3.2 shows the
design parameters of each INTOR-like designs calculated. Underlined
value is the input to the systems analysis code and others are the output.
Generally, plasma parameters of each delegation are well reproduced
implying that the differences of plasma physics assumptions among the
parties are well understood. TFig. 3.1 - 3.4 show calculated results
of each INTOR-like device.

For the engineering design, TF and PF coil design parameters are
listed in Table 3.2. Electromagnetic quantities are reproduced fairly
well. Difference observed is in the evaluation of the stress intensity
of the coils. Those difference may come from difference of the conductor
design and assumptions made for structural properties, including the
load ratio transfered from conductor to coil case.

This benchmark calculation was very useful to understand the
differences of physics and engineering approaches of participating
countries and to establish the common bases for having single machine

design by international cooperationm.
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INTOR PLASMA SCOPING STUDIES

INPLANE STRUCTURE

JOBNUM:

1 LOCPNO: !

|
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[

Fig. 3.1 (1)
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INTOR inplane core structure
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PLRSMR SCOPING STUDIES
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Fig. 3.1 (2)

INTOR plasma equilibrium calculation
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INTOR SCOPING STUDIES

BENCHMARK STUDIES FOR NET

INPLANE STRUCTURE

JOBNUM: 1 LOOPNO: 1

s 0.2 0.4 0.5 0.8 1.0

R-AXIS

Fig. 3.2 (1) NET inplane core structure
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BENCHMARK STUDIES FOR NET PRARAMETERS
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NET plasma equilibrium calculation
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BENCHMARK STUDIES FOR NET PARAMETERS

O — N W B~ g M J

|
a
~n

(%1 0%xx0 T)

BV

TIME = 1.000E Q00 SEC
C 2
|4 %
C Is I
|8 s
L1
R (M)
MIN=-1.200E 0O}
MAX= 1.900E 01
DEL= 1 .000E QO
0.0 _
o
» 4-1.0 ¥
=)
— = =-2.0 %
w
L ~—&UE
<
. H-4.07
=
LA T T T 0 S T ™
1 2 3456 78 9 10
R (M)
—8— BY

L ——%—  N-VALUE

e COILS 20 2 0 0 % % %6 % 3¢ % %

N

0
1
2
3
4
5
6
7
8
S
o
1

1
1

CURRENTI[R)

I

6

DN =N = NN

. 476E
.838E
.8477E
.5B4E
.555E
.0838E
LT12E
-487E
.468E
-312E
-403E

06
06
a7
a7
a7

-3.
2
7
1

-9,

-1.

-2.
!
6
3.

_3_

Fig. 3.2 (3) NET external field calculation
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OVERTURNING FORCE AT BURN START

JAERI-M 88-0862

PN NS TS T R I ST

PR Y YO TR N S U T S

IV 1 =1.79E+07
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LN R s R B S B B NN A B S

.0
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-NET overturning force on TFC

Fig. 3.2 (6)
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INTOR SCOPING STUDIES
TIBER SIMULATION

INPLANE STRUCTURE

JOBNUM: t LOOPNQO: t

Fig. 3.3 (1) TIBER inplane core structure
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INTOR SCOPING STUDIES
TIBER SIMULATION

TIME = 1.000E 0D SEC

£ *¥xxxxx PLASMA PARAMETERS mmxexkxxx
4 L ) (2] IP-CURRENT (A) 1 .003€ 07
. VLOOP-SURFACE (V) -4.065€ 01
3 E SELF INDUCTANCE(H; S.096E-06
i SMALL LI 8.467E-01
2 I E: R-AVERAGE (M) 3.003E QO
i w [:] R-INNER (M) 2.163E 00
E: R-OUTER (M} 3.842E 00

I ] ) - R-MAGNETIC AXIS(M) 3.118E 00
- ] ﬂ?:“% R-CURRENT MAX. (M) 3.286E 00
0 J —+ie A-HALF WIOTH  {M) 8.394E-01
- |7 A-AYERAGE (M) 1.296€E 00
-1 j ELLIPTICITY 2.382E 00
L IE _ CROSS RAREA (Mx%2 ) 5.274FE 0D
oL e VOLUME " (M»%*3)  9.738E 0!I
L A TOROLDAL BETA (MHD )  5.999F-02
g POLOIDAL BETA (MHD !}  2.104E 0O

30 LA -] POLOIDAL BETA (RREA)  1.146E 00
T T Ll POLOIDAL BETA (VOLUME) 1.183E 00
TRl 3 4] s s 7 0-VALUE (MHD }  5.323E 00
BY-SHAFRANOY  (T) -9.738E-C1

R (M) BV-CALCULATED (T ~8.820F-01

MIN= 9.694E-01 SUPPLIED FLUX (WB) 1.914E-04

MAX= 2.469E 00 RBS TOTAL AMP (AT) 1.373E 08

CEL= 5.000€E-0! STORED ENERGY (J) 3.992F Q9

i AMP-T METER (AT-M)  2.113E 09

LIMITER R (M) 2.601E 00

- 7 Z (M) -2.199E 00
PSI (WB) 8.469F 00

B 7 RP (95%) (M) 3.010E 00
AP (95%) (M) 8.122E-01

- n ZP {95%3) (M) -1.142E-04
ELON-UPPER  (95%) 2.362€ 00

- ] ELON-LOWER  (95%) 2 .368E 00
L CL TRIANG-UPPER (95%) 2 .582E-01

1 5 5 7 TRIANG-LOWER (95%) 2.682E-01

—&— MRG.FLUX MAX= 9.4B4E 00,.SURFACE= B.4B89E 00
—»— CUR.DENST. MAX= 3.475E 06 A/Mw%x2
—o— PRESSUR MAX= 2.263E 06 N/Mxx2

Fig. 3.3 (2) TIBER plasma equilibrium calculation



(M]

(x10x%x0 T)

Bv

JAERI-M 88-062

INTOR SCOPING STUDIES
TIBER SIMULRTICN
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Fig. 3.3 (3) TIBER external field calculation
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OVERTURNING FORCE AT BURN START

JAERI-M -88-082
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INTOR SCOPING STUDIES
- BTR SIMULATION

INPLANE STRUCTURE

JOENUM: 1 LOCPNO: 1

Fig. 3.4 (1) OTR inplane core structure



(M)
—_ O = N W e 13O

JAERI-M 88-062

INTGR SCOPING STUDIES

N
N

| R R I |
T e w

OTR SIMULATION

TIME = 1.000E 00 SEC
r el g
n Vi \
- ] NN
- =
- g 0
- H )
NG
— ) l,
o 7 -
o
- ==\
EEEEECR 1l el I O A
L2 3 406 f 7 39 10111213
R (M)
MIN=-5.572E Q0
MAX= 2.043E Ot
CEL= !.CODE 0O
P L I I T S I I
1 2 3 9 10111213

—&— MAG.-FLUX
—»— CUR.DENST.
—e— FRESSUR

Fig.

*xxxxx PLASMA PARAMETERS omxx s xx

IP-CURRENT (A)
VLOOP-SURFACE (V)
SELF INDUCTANCE(H)

SMALL LI '
R-AVERARGE (M)
R-INNER (M)
R-OUTER (M)
R-MAGNETIC AXIS(M)
R-CURRENT MRX. (M)
A-HALF WIDTH M3
A-AVERAGE (M1}
ELLIPTICITY
CRCSS RRER (Mxx%2)
VOLUME (Mxx3)
TORCLDAL BETAR (MHOD
POLOIDAL BETA (MHD
POLOIDAL BETA (RREA]
POLOIDAL BETA
@-VALUE (MHD
BV-SHRFRANDY (T)
BY-CRLCULATED (T)
SUPPLIED FLUX (WB}
ABS TOTAL RAMP (AT
STORED ENERGY (J)
AMP-T METER (AT-M)
LIMITER R (M)

z (M)

PSI (WB
RP 195%) (M)
AP (95%) (M)
ZP (9571 (M)
ELON-UPPER (95%)
ELON-LOWER (95%)

)
)

MAX= 2.0G57E 01.SURFACE= 1.443E 0!

MAX= 1.418E 06 A/M=m2
MAX= 1.222E 06 N/Mmx2

3.4 (2)

OTR plasma equilibrium calculation

{VOLUME )

AN s e e D= PN UTW = = B W — R WS = D~ O — (D m

.011E 0B
.0BBE 01
.408BE-05
-B34E-0!
.304E @O
.817E 0O
-792E GO
+517E 0C
.B888E 00
-487E 00
.B38E 00
.526E 00
.061E 01
124E 02
-250E-02
-372E 00
.676E DO
-721E 0O
.947E 00
-871E-01
-415E-01
- 106E-04
-108E 08
.336E 10
.974E 09
.610E 00
.744€ 00
-443E 01
-318E 00
-438E 00
-899E-01
.363E 00
-760€ GO
.718E-01
-038E-01



INTOR SCOPING STUDIES
OTR SIMULATION

z

(*]10wx-1 T)

Bv

JAERI-M 88-062

TIME = 1.0QCQ0E 00 SEC
s [
n ‘
n 71T
- L] I/A
-
- ' (
= :
~ ¢E;;§§:
-—illli@I Ll | T I
1 2 3 40& (f 7 €149 10111213
R (M)
MIN=-2.000E 01
MAX= 1.900E 0!
DEL= 1.C00E QG
0.0 _
a
e ' —4-1.0 )
(v ]
- ‘ - -z.0 %
- =
— : —-3.0 33
(o
- J-4.07
=
I T N O Laoba v bad ) g
1 2 3 4 5 7 8 9 10111213
R (M)
—&-~ BV
—>— N-VALUE
Fig. 3.4 (3)

OTR external field calculation

=38 —

ek n COTLS  moomom mm ook e m

=

WD-1R N Wwr—0

10

CURRENT(R)

6.
1.
-5

— D ] 0 WM — —

176E
016k

-777E
641E
617k
522k
.750E
.853E
-613E
.234E
211E
-8B1E
.330E

BY(T}

-042E-01
-780E-01
.119E-01
.256E-01
-424E-02
.051E£-03
.988E-02
-166E~-04
-985E-02
.985E-02
.018E-G2
-134E-03
-184E-01



JAERI-M 88-062

weideIp 1-u ewserd ¥10 (¥} ¥°'¢ '813

L OT# ( A3 )3¥NidYIdUIL
02 g1 0°1 50 00
Y i 2 L i " Y L I | ) 1 2 1 1 L i L n @.D
- L 20
4 Ly 0
.” oo
- L 870
. -0 1
] g [
] -2 1
0°00S 8 m m
0-00¥F L ; Lyl
0-0DE 9 : [
0-00Z S ] [
0°0S1 + b L g1
0-00%1 € ] I
0'08 2 ] i
06'02 1 ] .
1-+%01  S3INTHA ¥NOLNDD ] A - 871
B T e | NLEESEESM L | S oy R
oz0 1%
I :ONdDD] T HUANEDT

(MWIHAMOd ONTLU4dH NIALD 904 HBH¥981d L-N

{EW/VALISNIO NOI



d
S'A 0Z- = ¢ 38 uisiled jusiand TIOO 44 ¥I0 (S) %°¢ 814

H3AHNN 1102
61 g1 i 50

y L 1 . i " 1 ! L " . " | " :

JAERI-M 88-062
ot

N
9
lan)
()]
D
o~

el

g1 g1 ¥l g

1 $ONdDDT T WONBOr

0 02-=15d LIN3IE¥ND J4d

IN3IHYNI 34d
—40 —

(L)




JAERI-M 88-0862

0" 0Z=XUWH
LO+3IBTE=1 Al

/

N4l Bo 22303 JuTuinjisac JYLO (9) ¥'¢ ‘811

L, 0T x SIXH-Y
»*1 21 01 868G 90 %0 2°0 00

oo b s b e e by by ey By s m.DI

LA el s e

LN S N E B S S A A A S D BN A ae

PR S TR SUN AN SN TN S T [N VAU ARG WORNY NN U VU S T W NN TN N S T S S T ST U VW S TR TR SR N T N O

e o U S FY

LIdglsS Ndndg LY 33d04 ONINGNLIIAD

S1Xd-Z



)

M

INTOR SCOPING STUDIES
OTR SIMULRTION

JAERI-

TIME = 1.00CE 00 SEC
8
1F
Sr
o \“-‘-:‘-'I lllll///
41—
3 4
" )« '
e
0_
-1
_2ij
-3
—4 -
-5 -
~5
_7_l]I
i
MIN= 1.294E 0O
MAX= 1.929E 01l
DEL_ 1.000F 00
Lol I| bl ]
1 2 9 11121314

—&8— MAG.FLUX
—»— CUR.DENST.

—&—  PRESSUR

Fig. 3.4 (7)

M 88-062

¥xxx%x PLASMA PRRAMETERS . % %% % % % % % %

IP-CURRENT (A)
VLEOP-SURFACE (V)
SELF INDUCTANCE(H)
SMALL LI

R-RVERRAGE (M}
R-INNER (M)
R-0OUTER (™)
R-MAGNETIC AXIS(M?
R-CURRENT MAX. (M)
A-HBLLF WIDTH (M)
A-RAVERAGE (M)
ELLIPTICITY

CROSS RRER (Mex2?)
VOLUME (M*xx%3)
TOROLGAL BETR (MHD )
POLOIDAL BETA (MHD )
POLOIDAL BETA (ARREA]
POLOIDAL BETR (VOLUME)
Q-VALUE {MHD

BV-SHAFRANDY (
BV-CARLCULATED
SUPPLIED FLUX ¢
ABS TOTRL AMP |
STORED ENERGY ¢
AMP-T METER (
{
{
(
(

LIMITER R

z

PSI )
RP (35%)
AF (95%) 1|
ZP (95%) (M)
ELON~UPPER (854
ELON-LOWER (95%)
TRIANG-UPPER (95%)
TRIANG-LOWER (95%)

MAX= 2.005E O1.SURFACE= 1.429E Q1
MAX= 1.352F 06 A/Mxx?
MAX= 1.247E 06 N/Mxx2

8.
-8.
1.
8.
6.
4.
7.
6.
6.
1.
1.
1.
1.
4.
3.
3.
2.
2.
5.
-0.
-4.
1.
1.
1.
2.
5.
J.
1.
6.
1.
2.
1.
1.
1.
2.

C11& 06
981E 01
378E-05
765E-01
Z68E 0O
859E 00
678E 00
o128 00
830E 00
410E 0O
928E 00
871E 00
168E 0!
5728 02
250E-02
¢65E 00
012E 00
0558 0C
095E 00
2Z4E-01
106E-01
172E-04
142t 08
096t 10
847FE 09
923E 00
305E €O
428E 01
265E 00
361t Q0
268E-01
977E 00
914E 0O
243E-01
B34E-01

OTR plasma equilibrium with original PFC locations



JAERI-M 88-062

4, Sensitivity Analysis

4,1 Guidelines

The critical analysis of INTOR-like designs was lmplemented in the
engineering group task at the session XIV on December 1986. The purpose
of this task is to clarify the reason why the INTOR~like designs differ
from each other, The results of this analysis is expected to give
useful database for discussing ITER design concept. The analysis is
coriducted in two ways, that is, global and individual sensitivity
analyses. Since some design cptions are closely related, for example
plasma elongation and selection of single or double null divertor,
compariscn of sets of certain design options gives us realistic effect
on the machine design, We mainly examine those effects betwesn INTCR
and FER, and between NET and FER by substituting each physics,
engineering and feature/driven constraints,

On the other hand, in order to have more clear individual effect,
sensitivity of single design option based on its own machine design by
each country has. been added at the last session.

Japanese sensitivity analysis has been performed using the TRESCODE
wnich was developed at JAERI for effective study of conceptual design of

tokamak machine,



JAERI-M 88-062

4,2 Global Sensitivities
4.,2.1 Procedure of the analysis

The INTOR and NET designs afe compared with FER design to clarify
global sensitivities of the design constraints and features (drivers).
Before the comparative procedure is conducted, the NET and INTOR designs
are reproduced by the TRESCODE in order to confirm the consistency of
each deligations design tools. The results are described at the top of
the next section 4.2,2, Tables 4.1~4.5 show the procedure employed in
comparison of NET and FER. Starting from the NET design, physics
constraints are replaced with those of FER as a first step (Step A) and
new machine parameters and relative cost are calculated, This step is
devided into two substeps, namely, Step A-1 and A~2. In the Step A-1,
inboard radial build is not changed although the required magnetic flux.
Is reduced as a indirect effect of replacing physics design constraints
in order to see the direct effect on plasma size. The indireect effect
is included in the Step A-2 which shows total effect of physics
constraints difference. The engineering constraints (Step B) and
features (Step C) are replaced with those of FER. The Step C has been
done agin with two substeps., At the first substep scme of features,
which 1s expected to increase machine dimensions by the substitution,
are replaced. Rest of the features are replaced at the second substep
decreasing reactor dimensions, Comparative study between INTOR and FER
is conducted in the same steps as the above except that the 4=1 and A=-2
are combined because the required magnetic flux scarcely changed by the
substitution of the physies constraints. The design features of the
INTOR, NET and FER are summarized in Table 4.6. In the above
procedures, missions of each machine are substituted not explicity but

implicitly when constraints and features are replaced.
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b,2.,2 Simulation of INTOR and NET plasmas

In a starting point of comparative studies, the differences in the
Physics are examined and summarized in Table 4.7. There is some
confusion between plasma specifications and the Physics in INTOR design.
For example, the ratio of g and BDT should be 1,19 according to the
specifications, byt 1.28 {at 10 keV) in the Physies constraints. The
elongation of 1.6 described at beth specifications and Physics
constraints is not the averaged elongation but the eleongation at the
ron#null point side (or upper side) according to a plasma configuration
figure. The averaged elongation shculd be about 1.75 on the surface
defined by 95% of wp. Nevertheless, we try to simulate the INTOR plasma
using the INTOR Physics shown in Table 4.7 and the results are shown in
Table 4.8. Here, the plasma size, shape, current and toroidal field on
axis are exactely simulated with adjusting a safety factor q and
ignition margin Ig. Similary, the NET plasma is also reproduced by
introducing the NET Physics described in Table 4,7. The results is also
shown in Table 4,8. One of the difficulties to simulate the NET plasma
is resulted from different definitions of the safety factor qI and
plasma non#acircularity.

We investigate ignition margins for three devices to use different
types of definition, The summary is shown in Table 4.9. The ignition

(1)
g

margin, I , is defined by the ratio of the alpha heating power and

the total loss power ineluding the convection power loss of ion and
electron and radiation losses. However, by the another definiticn the
ignition margin, IS(Z)' is defined as the ratio of the alpha heating
power and the convection power 1o0ss d?z)to fuel plasma. INTCR and NETDN

plasmas holds the ignition margin, Ig
I (1), those of INTOR and NETDN are 0.9 and 1.0

, of three, However, using the
former definition,
respectively. The aspect ratio of INTOR is 4.2. In this case of large
aspect ratio, the ASDEX&H type scaling may overestimate the confinement
time and the Mirnov type scaling may underestimate the confinement time.
This is why I (1)=O.9 in spite of I (2)=3.O. In NET, on the other hand,
I (2) is calculated to be 2.0 withoit considering radiation power loss.,
This is a little tricky. According to the NET Physics constraints,
Zope=2.0 and B/f,.=1.34 so that ne=1.7x1019 m~3, Then the radiation
power loss due to bremsstrahlung is 32 MW and synchrotron is 8 MW. The
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total radiation power loss is about 30% of the alpha heating power.

This is main reason why 18(1)=1.O in spite of Ig(2)=3.0 in NET. It can
say that confinement capability both of NET and FER i{s almost same under
FER power balance considerations, Differences on plasma parameters may

come from different physics constraints such as ne/n and q.

or+ B/fpr
§,2.3 Comparative study results between INTCR and FER
(1) Impact on the radial puild in Step A

The toroidal beta reduces because of changing the coefficient of
the Troyon scaling to 3.5 from 4,0, But the plasma current tends to
increase because of relatively lower g value in FER physics constraints.
These effects compensate each other and the resultant plasma is quite
similar to INTOR plasma, as shown in Table #.10. Thus there is almost
ne impact on the INTOR design due to substituting of FER Physics for the
INTOR Physics.
(2) Impact on the radial build in Step B

In the INTCR Engineering, maximum field of the solencid coil is § T
and the current density of superconductor is low. Substituting the FER
Engineering of which the maximum field and the current density for the
solenoids are 10 T and 30 A/mm® respectively, the end radius of the
solenoid coils can reduce about 30 com even the required volt second
slightly increase. On the other hand, the maximum field of TFC BTmax in
INTOR Engineering is 11 T, but the ripple effect o at the inner leg is

assumed only 1.04, uncdoutedly low. In the FER Engineering, =12T

BTmax

but ag=1.2 so that the useful field Bma (=B /a) is 10 T. As a

result, the torcidal field on the plas;a axizazends to be smaller, This
is the reason why the plasma minor radius increase about 8 em in Step B.
Comparison on radial-build is shown in Fig. 4.1. The shield thickness
shows no change. The thermal shield thickness reduces from (.15 m to
0.085 m. In conclusion, the impact on the INTCR in Step B is reduction
of the plasma major radius from 4.99 m to 4.76 m. Main contribution for
that come from the solenoid coil design conditions.
{(3) Impact on the radial build in Step C

Some of design features in Physics and Engineering for INTOR is the
similar to those for FER design. As discussed before, Step C 1s devided

in two substeps. In the first substep, Step C-1, we substitute the FER



JAERI-M 88-062

plasma shape for the INTOR plasma shape. Both shapes are quite similar
with single null divertor so that there is no big impact in this step.
In the second substep, Step C2, the reducticon of the designed volt
second due to hybrid operation scenario, the reduction of the life time
fluence and shield blanket without T-breeding are introduced as the FER
design features., As a result, FER device is obtained. Impact on the
major radius are the fcllowing;
i) Reduction of the designed volt second due to non inductive current
ramp ==

end radius of the solencid =+ -0.2% m
ii) Reduction of the tctal fluence ==

shield thickness - =0.085 m

plasma minor radius =+ =~0.06 m
(4) Impacts on machine cost

Because of smaller size of machine, Some cost reduction are

expected for FER on the reactor structure and assembly, magnet,
especially TFC, and power<supply system. The preliminary results of
cost estimation shows that the cost of the INTOR device is about 16%

higher than that of the FER device.

4,2.4 Comparative study results between NET and FER
{1) Impact on the radial build in Step A

In the calculation of the Step. A-1, inbeard radial build is not
changed in order to keep NET engineering donstraints unchanged. Then
some effects on the OH coil dimension due to the change of plasma
parameters, for example, plasma current, is nct ineluded. The plasma
minor radius decreases by ~2U4 ¢m by replacing NET Physics with FER
Physics as shown in Table 4.11. There are two reasons for that. At
first, the fraction of fuel density in FER Physics is higher than that
of FER Physies. Hence, the fusion power density is higher and radiation
loss is smaller in FER Physies. Second, the safety factor is relatively
lower in FER Physics. These two physics constraints allows to make
smaller plasma. As a results, the plasma current can reduce to 8.5 MA,
In a different point of view, if the plasma size and noncircularity
could be held as same as the NET plasma and FER Physics applied, then

the NET plasma would have the ignition margin, Ig(}), of 1.7.
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In the Step A2, further reduction of plasma major radius is
obtained. As discussed in the above, the plasma current can be reduced
with FER Physics. Using the Ejima's empirical formula for the required-
magnetic flux during full inductive current ramp~up, A¢=L§X1p + 1,35R Ip
magnetic flux with the burn time of 350 sec should be 143 volt second
with the reduced plasma current of'8.7 MA. Because of this reduction
the end radius of the solenoid ccils become 1.45 m, about 0.3 m less
than NET design.

(2) 1Impact on the radial build in Step B

Slight impacts come from the reduction of the plasma scraperoff
layer and TF coll design constraints such as the ripple effect at the
inner leg of TFC, Total impacts are the fecllowing, as snown in Fig.
4,2,

i) less scrape-off layer == As,o > =0T m
ii) TFC design constraints == a + +0,03 m.
Thus FER Physics associated with FER engineering can produce about 0.6 m
smaller plasma than original NET plasma.
{3) Impact on the NET design in Step C

AT the Step C~1, four features are replaced which increase reactor
size, Plasma elongation is changed to 1.7 from 2.2 and double null
divertor configuration is substituted with the single null, Wedging
support of centering froce of TF coil is changed t¢ the bucking cylinber
suppert. Those replacements increase plasma major radius by -90 cm in
total. The other changes, number of TF cecil and maintenance approach do
not change the plasma major radius but have effect on the outer leg
position of TF coil, At the step C~2 three features are replaced which
decreases plasma radius. They are operaticn mode, life time fluence and
T-breeding capability. Those replacements reduce plasma major radius
about 1 m in teotal leading to the exactly same radial dimensions as FER
firally. Combination effect of the reducing life time fluence and
eliminating T-breeding blanket correSponded to the 50 cm reduction and
cther half comes from the solenoid coil bore reduction due to the
operational mode change.

So impacts on the major radius in Step C-1 are summalized as
follows,

{i} change plasma elongation == a + +0.28 m
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{({i) scrape~off layer for SND == As,o + +0.13 m
{iii) bucking cylinder support == AB,C > +0.23 m
(iv) increass of the required flux == Ay ™ +0.25 m
Total increase +0.89 m
In Step Cr2 .
(i) choice of non-inductive current ramp-up == ROH + -0.52
(ii) no T-breeding blanket == Sg1 kT > -0.36
{1ii) reduce life-time fluence == ASLD
a =+ ~-0,17

Total reduction =~1.05

{4) Impacts on the machine cost

Impacts on the machine cost are shown in Fig. 4.3. This figure
shows the relative cost in each step. A3 explained above the change'
from "NET" to "Step A~2" can be taken as physics constraints effect and
it correspond to the -11% reduction of cost. Then if we reduce
elongantion te 1.7, and employ bucking cyelinder support for TFC the
cost inerease ~11%. Then elimination of T-breeding blanket and reducing
lifetime fluence and emplyment of non-inductive current drive operation

reduce reactor cost -27%.
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Table 4.1 Step A-1 Substitute the FER physics
for the NET physics

EC Japan
NET/DN FER
NET mission FER mission
NET features FER features
FER physies =—————— FER physics
NET engineering FER engineering

(1) Fix inner torus radial-build -—— NET engineerings

{2) Keep NET plasma shape --— NET features

Table 4.2 Step A-2 Substitute the FER physics
for the NET physics

EC Japan
NET/DN FER
NET mission FER mission
NET Features FER features
FER physies  ——f—— FER physics
NET engineering FER engineering

(1) Change designed volt-sec but
Keep full inductive ramp up ——— NET features
{2) Keep Magnet design condition —-—— NET engineering

(3) Keep NET plasma shape —-~= NET features
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Table 4.3 - Step B Substitute the FER physics and engineerings

for the NET physics and engineerings

EC
NET/DN

Japan
FER

NET mission
NET features

FER physics

FER mission
FER features

~—— FER physics

FER engineerings <—1t— FER engineering
(1) Keep NET plasma shape ——————— NET features
(2) Keep full inductive operation —— NET features
(3) Keep life time fluence —————— NET features

{4#) Keep blanket

NET features

(5) Keep vertical access —————— NET features

(6) Keep wedge support

NET features

Table 4.4 Step C-1 Substitute the FER Physics, engineerings

& some features
for the NET Physics, engineerings

& some features

EC
NET/DN

Japan
FER

NET mission
FER features
FER physics

FER engineering

FER mission

«<-+-- TER features
= TFER features
<—+— FER engineering

Changed some features

(1) Plasma shape, DN

(2) Wedge support

-+ 8N
-+ Bucking Cylinder

(3) Number of TFC - 16 - 12

(4) Vertical access

Kept other features

-+ Horizontal access

{1) Full inductive operation

(2) Life time fluence

(3) Blanket

-+ Shield blanket
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Table 4.5 Step C-2 Substitute the FER Physics, engineering

& all features

for the NET Physics, engineering

& all features
EC Japan
NET/DN FER
NET mission FER mission
FER features =—1+—— TFER features
FER physics <—+— FER features
FER engineering =—r—— FER engineering
Table 4.6 bifference of Design Drivers (Features)
INTOR NET FER
1) Plasma Shspe
Divertor SN DN SN
K 2.2 1.7
§ 0.65 0.2
2) Operation full inductive full inductive non-inductive
Mode ramp-up
3) Fluence 3 MWY/m?2 3 MWY/m2 0.3 MWY/m?2
(0.8)
4) Blanket T-breeding blanket T~breeding blanket Shield
5) Maintenance Horizontal Vertical Horizontal
6) TF Support Not specified Wedge Bucking cylinder
(Bucking cylinder) ‘
7) Number of 12 16 12
TFC
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Table 4.8 Plasma Major Parameters of NET,FER and INTOR
NET FER INTOR
Plasma major madius 5.18 4.42 m | 5.0 m
Plasma minor madius 1.25 1.25 m 1.2 m
Aspect ratio 3.83 3.54 4.17
Plasma elongation 2.18 at null | = 1.7 SND | K = 1.75 SND
Plasma triangularity 0.65 at null {8 = 0.2 SND | & = 0.2 SND
Plasma current 10.8 MA 8.7 MA 8.0 MA
Toroidal field om axis 5.0 T 4.6 T 5.5 T
Safety factor 2,241 2.6¢2) 2.0(3)
Toroidal beta 5.6 % 5.3 % 4.9 %
Fuel beta 4.2 % 4.3 % 4.1 7
Electron density 1.7 x 10%° 1.1 x 10%° 1.8 x 10%°
Ion density 1.4 x 10%° | 1.0 x 10%° 1.6 x 10%°
Fuel density 1.3 x 10%° |0.96 x 10%% | 1.5 x 10%°
Zeff 1.9 3 1.5 1.5
Plasma volume 409 M3(4) 230 M%(3) 245 M3 &
Fusion power 661 MW 404 MW 558 MW
Alpha power 133 MW 81 MW 112 MW
Bremsstrahlung { 32 MW) 7MW 17 MW
Synchrotron radiation { 8 MW) 5 MW 7 MW
Neutron wall load 1.1 MW/m? 1.1 MW/m? 1.3 MW/m*
Maximum field 11.4 T 12 T 11.7 T
Required volt. sec (18l v.s) 85 v.s (130 v.s)
5a? B dl
(1) qp = E—EETE%T K2 K = J 552
5a2 B 5a% B ~

(2) Q = ﬁ;(—m% f(K,0,A) (3)a; =3 IP(ME) l+2K2
() m,, =8 % a_=n_=1.0% 0y =na,=4507
(4) Vol = 2ﬁ2KNazR N 2t separatrix
(5) Vol = 2m%Ra’R K at Pss
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Table 4.9 The assessment of the ignition margin for FER, NET and INTER

FER NET NTOR
Iél) MIRNOV-TYPE 1.0 1.0 0.9
ASDEX-H 1.7 1.4 1.7
(2)
Iy MIRNOV-TYPE 1.4 1.7 1.2
ASDEX-H 2.5 3.0 3.0
I(1) - ‘ Pcz
+
G I3 (N + N)KIVor 7 t_ + P+ P,
() Yo
G
3.On.DTkTVo,Q, / TE
z;‘“n"" = 0.155 a I () K
ri:SDhX“H = 0.065 R I, (Ma) /M
A -
TESDEX B (INTOR) = 0.12 R I, (M)
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Table 4.10 Plasma Parameters (INTOR/FER)
INTOR Step A Step B  Step C-1 (Ste};:E%-Z)
Plasma major madius 5.0 m 4.99 m 4.76 m 4.8l m 4.42 m
Plasma minor madius 1.2 m 1.19 m 1.27 m 1.31 m 1.25 m
Aspect ratio 4.17 6.2 3.75 1.68 .54
Plasma elongation Zu==l_1%g - - R=1.7 atsgss +
Plasma triangularity §=0.2 « - 9=0.2 atsigs +
Plasma current 8.0 Ma §.3 Ma 8.8 Ma 8.9 MA 8.7 Ma
Toroidal field on axis 5.5 T 5.5 T 4.8 T 4.8 T 4.6 T
Safety factor 2.01(D) 2.6%2) + + A
Toroidal beca 4.8 7 (6=4-00 | 4.4 7z 5.1 % 5.0 % 5.3 %
Fuel beta 4.0 % 3.6 % 4.1 % 4.1 7% 4.3 %
Electron density (x10%%) 1.7 1.35 1.18 1.14 L.14
Iou density (x10%%) 1.61 1.22 1.06 1.03 1.03
Fuel density (x10%%) 1.50 1.13 0.99 0.96 0.96
Leff 1.5 1.5 1.5 1.5 1.5
‘Plasma volume 250 M2(4) | 243 M2(5) | 263 M%(5) 276 u1(5) 1 230(5)
Fusion power 557 MW 538 MW 445 MW 440 MW 404
Alpha power 111 MW 108 MW 89 MW 88 MW 81
Bremsstrahlung 17 MW 10 MW 8 MW 8 MW 7
Synchrotron radiation 7 MW 8 MW & MW 6 MW 5
Neutron wall load 1.3 Mw/m? 1.3 MW/m? | 1.0 MW/m? 1.0 M/m? 1.1
Maximum toroidal field 11.0 T/1.04 + 12.0 T/1.20 + ' -
Required volt. sec 130 v.s 134 v.s 138 v.s 139 v.s 85 v.s
Burn temperature 10 KeV 10 KeV + + ha
Burn time 200 sec + - “ 800 sec-
Operation scenario full ind. + + h hybrid
5a% B ~
(1) qlgiﬂ'M_i)-Kz K=1+K2
P
Sa? B

(2) QY TR IP(MA) f(x,0,A)

{3 nHé=82, a,=n =10%, n, = n. = 45.0%

(4) Vol = ZTTZKNAZR <y at separatrix

(5) vol = 2n*Ra’R K at Vss
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Table 4.11 Plasma Parameter (NET/FER)
NET Step A Step B Step C-1 FER
Step C-2)
Plasma major madius 5.18 m 4.94 m 4.58 m 5.7 m 4,42 m
Plasma minor madius 1.35m 1.1l m I.l4m 1,42 m 1.25 m
Aspect ratic ' 3.83 4,46 4.00 3.86 3.54
Plasma elongatoin .18 at null + - K=1.7 atsgss -
Plasma triangularicy .65 at null - < 002 atsiss -
Plasma current 10.8 Ma 8.5 MA 8.9 MA 9.0 MA 8.7 MA
Toroidal field on axis 5.0 T 5.2 T 4.5 T £.7 T 4.6 T
Safety factor 2,24 (1) 2.6(2) hat + -
Toreidal beta 5.6 % 5.1 % 6.0 % 4.7 7 5. A
Fuel beta 4.2 % 4.2 7% 4,9 % 3.9 % 4.3 7
Electron density (x10%°) 1.7 1.4 1.2 1.05 1.14
Ion densiry (%1029} 1.4 1.3 1.1 0.75 1.03
Fuel density (x1027) 1.3 1.2 1.0 0.88 0.96
Zoff 1.9(3) 1.5 - - -
Plasma volume 509 u3(4) 1 222 w3(5) | 220 M3(S) 370¢3) 230¢5)
Fusion power 661 MW Shb MW 411 MW 495 MW 404
Alpha power 133 MW 109 MW 82 MW 59 MW 81
Brémsstrahlung ( 32 MW) 10 MW 8 MW 9 MW 7
Synchrotron radiation ( 8 MW) 7 MW 5 MW 7 MW 5
Neutron wall load 1.1 MW/m? 1.4 MW/m? 1.1 ¥MW/m? 0.9 MW/m? 1.1,
Maximum teroidal field 11,4 T/1.09 | 11.4 T/1.09 |12 T/1.20 - *
Required volt. sec 181 v.s 137 v.s - 143 167 85
Burn temperaturs 12 KeV 10 Kev -~ A “
Burn time 350 sec + + - 800 sec
Operation scenaric full ind. + - * hy brid
2
1) o = 2Ty N
I R IP(MA) 2Ta
Sa2 By
(2) 9 - FP(MA_)- f(x,0,A)
(3) m, =817, n, o = 1:0% mp=mn,=4501%
(4) Vol = ZWZKNaZR Ky 4t separatrix
(5) Vol = 2m%Za’r K at Yas
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Fig. 4.3 Relative Ccst of Each Ster From NET to FER
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4.3 Individual Sensitivities

At the last session, new sensitivity study was added as a home task
of the group H in order to make this comparative study more detail.
Since the global sensitivity analysis does not necessarily reveal the
sensitivities of individual design options it is prefered to conduct
some sensitivity analysis for the single change which is expected to
give large impact on the machine design. In our analysis FER design is
taken as a base machine according tc the guideline. Machine parameters
anc¢ assumptions are shown in Table 4,12, Mirnor type scaling law is
used for the energy confinement time. The eight design options are
listed in Table 4,13 with their ranges and impacts on the plasma major
radius and direct capital cost of the reactor. When one of the design
options changed the rest options remaines same as selected in FER. The
calculational results are shewn also in Fig. 4.4-4.6. 1In the Rp-a plane
the changes of ignition margin, Troyon ccefficient, safety factor,
plasma elcongation and Zeff give the machine dimensions on the single
line ‘as shown in Fig. 4.4 because the end radius of solenoid coils and
other engineering radial-build are fixed. Magnetic flux capability
gives big impact on the major radius but slight on minor radius.
Increase of the peak field of TF magnet gives smaller plasma minor
radius but not necessarily smaller major radius. Arcound 11.5 T the
major radius become minimum. The above calculation abeut the maximum
field change is conducted with the assumption of inversly decreasing
average current density in conductor with the maximum field. Since
neutron wall lcading increases with the maximum field, the required
thickness of the shield is alsc changed. The more detailed calculation
with constant tensile stress in TFC inboard leg is also conducted and
the results are shown in Fig. 4.5. From this figure this effect seems
to be not large. However, it is noted that the risk of having higher
bending stress in the side wall of TF coil case possiblly increase.
Figure 4.5 also shows a case with constant shielding thickness case. 1In
this case the minimum plasma major radius appears around 13 T. As shown
in Fig. 4.6 the capital cost of the reactor alway increase with the
plasma major radius except the case of chainging the TFC maximum field

around 11T, Then the plasma major radius is the one of the gcod
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indicator for the capital cost. However, the individual sensitivities
for the capital cost are different. For example, if the plasma holds
larger ignition margin, that means not only an increase of plasma size
but also an increase of fusion power output due to the power balance
requirement, Fusicn power enhancement results in an increase of plasma
current, Larger plasma current requires higher cost for magnet systems.
Large fusion power also requires a cost-up for cooling systems,. Thus we
have to pay for also of this and the sensitivity of Ignition margin to
the cost beccme very large. For the caée of heigher magnetic field,
increase of the major radius is caused by mainly thicker TF ccoil that
means signiticant increase of the cost. In addition fusion power
increases proportionally to B; leading to the further cost increass,
Then the sensitivity of the higher magnetic field is even larger than

that of the ignition margin. 1In a case of increasing 2 fusion power

'
also increases to compensate the power 1loss due to radi:iions. Cn the
other hand, changing of qw, G or k does not mean increase of plasma
current, thus fusion power doesn't increase signifiecantly, As a
résults, cost sensitivity for these opticns is rather weak. Changing cof
disigned volt second affect greatly to plasma major radius but slightly
to the plasma minor radius and other pilasma parameters. The cost
sensitivity of A¢ is thus weak. It is noted, however, that additional
cost for electric power supply will be required if full inductive plasma
ramp up scenario is introduced with plasma break down of 35 V.0.3 sec.

When total lifetime fluence restrains to 0.3 MWYr/m?, the shield
thickness is determined by criteria for nuclear heating rate (3 mW/cc)
or total nuclear heating (35 kW)}. In a case of 3 MWYr/m?, dose for a
organic insulator becomes decisive criteria (3x10° rad). It requires
additional shield thickness and cost, However, a large amount of cost
increase 1s due to additional blanket cost.

Introducing the new FER magnet design conditicns for TFC, winding
pack averaged current density can be achieved to 43 A/mm? at the peak
field of 12 T. Follewing the same design conditions for magnets,
optimum magnetic field of TFC for both R-minimum and cost minimum may
exist between 11 T and 12 T. Relative cost will increase slightly with
decreasing magnetic field because the plasma size enlarges. On the

other hand, cost sensitivity for higher field design is more sensitive
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than that for lower field design. That's because not only increase of
magnet cost but also Inerease of shield thickness and cooling cost due
to high fusion power density in the case of high field coil design. If.
the plasma minor radius is kept constant as 1.25 m with increasing the
magnetic field, some ignition margin can be expeted to plasmas. In a
case of 16 T, ignition margin of 1.9 is obtained. However, the relative
cost of FER weould increase to about 140%. Cost efective conditions for
the magnet designh will exist between 11 T and 12 T.

Several other options can be considered to be sensitive. For
example, scrape-coff layer thickness, field ripple etc. However the
ranges of these options are rather small so that total impact due to

them will be small., These options are excluded from these analysis.
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Table 4.12 Design assumptions and conditions for FER

Confinement scaling 0.155 a I Ve

Beta scaling G Ip/a B., G = 3.3

T,
qu* = 2.6

k=1.7/8 = 0.2, SND

Safety facter

Plasma shape

Ignition margin

1.0

Plasma temperature 12 kev
Zeff 1.48
3/8, 1.23
Maximum field of TFC 12T
Conducteor occupation factor 0.65
Correction coef. of BTmax/Bmax 1.2
Ripple at outer plasma edge 0.753 %
Free space between TFC and V.V

in vertical-build 0.6 m
Number of TFC 12
Yield strength of TFC case 765 MPa
Shield attenuation in SC 0.1326
Effective shield thickness 0.81 m
Bioclogical shield requirement 5 m rem.
Max. hot spot temp. of SC 100 K
Temperature margin of SC 2 K
Bulk temperature 4.2 K
Allowable strain of winding 8 x lOf’3
Voild area fraction 0.4
Quench voltage 10 KV
Peak field of Solenoid coils 1o T
Volt sec supplied by OHC 62.5 v.s.

Plasma breack down

10 v+1 sec

Plasma current ramp-up time 80 sec
Ignition approach time 20 sec
Plasma burn time ~ 800 sec
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Table 4.13 Sensitivity of selected parameters on
plasma major radius and cost

Palameters value Rp(m) cost{%) de/dR(%/m)
Ignition margin, Ig 1.0 4,42 100.0
' 1.5 4.65 110.1 43.9
2.0 4.84 121.3 >8.9
Troyon coceff., G 3.5 4.42 100.0
2.8 4. 54 103.1 25.8
Safety factor, qw 2.6 4.42 - 100.0
- 20.0
3.0 4.58 103.2
3.5 4.72 107.5 30.7
Elongation, K 1.3 4.63 103.2
1.7 442 100.0 15.2
2.0 4.23 100.8 4.2
Averaged Z,r¢ ' 1.48 4.42 100.0
1.85  4.54 107.1 29.2
2.0 4,38 109.8 67.5
Available volt-sec 65.0 4.29 28.6
82.0 442 100.0 10.8
150.0 4,92 111.1 22.2
Fluence (MW Yr/m?) 0.3 4,42 100.0
1.0 4.68 102.6 10.0
28.8
+ blanket 3.0 4.68 107.5
Peak field of TFC 8.0 4.62 105.0
(1) 10.0 4.39 99.4 2.3
12.0 4.37 99.3 >-0
14.0 4 .46 105.3 31.6
16.0 4.80 120.1 43.3
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4.4 Observations

The results of the both of global and individual sensitivity

sftudies are summarized as follows:

{1

(2)

(3)

(4

(5)

(6}

(1)

For the global sensitivity studies

INTOR plasma physics design

There is little impact on the INTOR design by substituting FER
Physies.

PFC design constraints in INTOR Engineering is rather conservative
than FER.

The preliminary result of cost estimations reveals that the cost of
INTCR device is about 16% higher than that of the FER device.
Plasma parameter sets of the both NET and FER machines give almost
same ignition margin when the same Mirnov type scaling law and FER
Power balance equation is used., However, some physics constraints,
for example ion composition, safety factor etc., are assumed more
conservatively in NET design. If FER physie¢s assumptions and
constraints are introduced in NET design, plasma major radius

decreases by about 60 c¢m, and cost ~11%.

"Substitution of NET engineering constraints with those of FER,

almost gives no effect on the thickness of TF coil and shield/
blanket, then plasma major radius. The difference of allowable TF
ripple values (FER: +0.75%, NET: +1.2%) gives different TF coil
bore (-15 cm)., However, the cost difference can be expected to be
noct so large.

Compactness and cost reduction of the devices will be carried out
mainly by choices of some design features such as (1) high
noncircularity (2) nybrid operation scenario (3) thinner shield
thickness assoclated to lower life time fluence.

For individual sensitivity studies

With few exception the changes which increase piasma major radius
generally leads to capital cost increase.

The changes which leads to the major radius (Rp) change are divided
into the feollowing three groups by the intensity of impact on the
capital cost ( 5%5 bR

Strong impact group:

B, larger than 12 T, Ignition margin, Z

L eff
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Medium impact group:
Shield thickness, safety factor, elongaticn smaller than 1.7,
Bt smaller than 10 T, A¢ larger than 50 v.s.

Week or no impact group:

elongation larger than 1.7, A¢ smaller than 50 v.s.
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5. Relative cost comparison

Relative cost estimations are carried out for five INTOR-1like
devices. Fig.5.1 shows the comparative pictures of the reactor core
structures for five machines. Itemized direct capital cost breakdown
relative to FER/ACS is shown in Fig.5.2. The total construction costs
of INTOR, NET, TIBER, and OTR relative to FER are 1167, 127%, 82%,
and 1607 respectively. Fraction of direct cost for each device is
shown in Table 5.1. It is shown in Fig. 5.3 that the relative cost
is smoothly correlate to the plasma maior radius. Some remarks for the

above results are following

(1) Basically, the relative cost of five INTOP-like devices appears on
a smooth correlation with reactor size. Deviation from the smoecth
function seems to be different choices of design features/drivers.

(2} FER and TIBER have no tritium breeding blanket. That means a
direct cost reduction of that amount.

(3) FER and TIBER chose non-inductive current ramp~up. Other three,
INTOR, NET, and OTR choose full inductive current ramp-up as reference
operation scenario. Latter operation scenario gives a great impact on
electric power supply system.

{(4) The reference of current drive and heating systems in FER is LHCD
and ICRH respectively. However, LH system is designed to be capable

for plasma heating also. In ignition apprecach phase, both powers of
LHH and TCRH are injected for plasma heating. If LHCD and ICRH systems
are installed individually, additional cost for heating system is
required.

(5) IN TIBER, the cost of NBI system is not included. On the other hand,
LHCD system is included in the initial capital cost of INTOR.

{6) For a large machine such as OTR, the cost of magnet systems, especially
TF coils, becomes a dominant element. It is, on the other hand, greatly

saved for smaller machine such as TIBER.
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